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Study on hydraulic fracture of gravity dam
using the numerical manifold method
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Abstract: The hydraulic fracture of the gravity dam was analysed by considering the advantages of the numerical manifold method in
the non-continuum field and the basic principle of fracture mechanics. Besides, this study realised the whole process of dam crack
initiation, propagation and progressive failure. With the respective advantages of the Mohr-Coulomb failure criterion with tensile
strength and the stress intensity factor discriminant criterion, the fracture and its propagating direction were determined according to
different conditions, and no pre-notched model was required. One example under two different conditions was selected to analyse the
hydraulic fracture of the gravity dam with or without considering the inner water pressure on crack. The results showed that for the
hydraulic fracture of gravity dam without considering inner water pressure on crack, the crack of dam site propagated toward the
direction of downstream and depth, and the crack propagation at the upstream slope belonged to the compression-shear failure.
However, when considering the inner water pressure on crack, the crack of the dam site was extended in the direction of depth, and
the crack propagation of slope point belonged to the tension-shear failure. Furthermore, the required time steps for the dam failure
were reduced, resulting in the decrease of the safety factor of the dam. This study has deepened the understanding of hydraulic
fracture of the gravity dam and has great practical application value.

Keywords: gravity dam; hydraulic fracture; numerical manifold method; stress intensity factor; Mohr-Coulomb failure criterion

18 = I IR 2 A BCRIEL . BRI, X CEE )
- USRI 22 PP+ 2L, KINZ i PA

HAIWE KA TREFE RGNz —, B ERERE OA R R RE, BEaT U
W RRI R, ERERZMRNMAEZ. RE LB TTRERIBIAEN,  DUEAE A TR G
Pas 41PN EEICY) NS NS B Y S B2/ S S O T~ T B

ek E39T: 2016-11-03

BHEHH: EREAREIESE (No. 51739006); ELEREHESTH (No. 2017M611678).

This work was supported by the National Natural Science Foundation of China(51739006) and the China Postdoctoral Science Foundation (2017M611678).
FEEEN: Ba, 5, 1985 F4, fit, FENFEKTHU R TR MKW TA/E. E-mail: yangshikou@126.com

WIS DO, 55, 1963 4FA4, W, #HdZ, MASm, EEANFSIURE A, N EMRE . KD SIWIRR IS N B BoR577 i it 7t
TAE. E-mail: renxh@hhu.edu.cn



3056 Fer +

I 2018 4F

7K 1B R E 2 I B EE i
IKEJIER RIS 3R B JIHUK TS 2R 2 7
R TAEFEARN GHEFH ORI, —E Pk
Z R TAES B0 TIX e SR 7. o WAHEE
S ITEFEERY BARITE (XFEM). |7 H
FtiE (GFEMD. JaM#%E (Meshless) FIEL{E I
Bk (NMM) %5, HUEREEH TATREY B
PR CH B BR BRG], o] DL R 25 4 () R
SRR, ATAERAZBITIZ R

TR G B SR T B T T kAT R a8y
R . RS BI op R AEEE IR TR TE N A
EEBERA, T RS SERIE T, 3B
T ARG BB LY 771 A By R B R HE . 4
P RO L 7T A AR AE 52 B ok 4y 2 FH I R
NGO R Z SR FHEUB R AU T2 #0 4
W/, RAF T ARITHZE TR Ry, FEAEEEEH g
1T 7 AR . AR MR S5 01OV 3 e 2 0 P A
Ut HEE LT 1R A BE AT S R A e e, T
AT E NI ZRAY R . K EFERHE T
NE N RGN R . TR A RO
a3 it 7 NS IN# 7 . Zhang 5504
RBUETRICAER T T — BRI K B 20 . ik
W, Bz om0 S EUERIEE S S T B i
T AR E 1) R

DLAEXT B Sy HUK I BS RBOR I 7T, B ARA
FERGBEY R, BEARAHERLMAKE
JIWIEENR o B S HUEI7K 77 BS BRI & — Nl gk i 51
A, ROy R SR NKETH
PR AR o O 1 ST MR R SR (1) 73 7 e
ASAEAL GRUA T I 5] NGO 6T 7 7 o bRy
By RAESEUE R, B, ¥ ROBERIEE
(ENMM), FHMNRGEHit Mg, KT
3 HTE THUK 1B RERIR B AR, FF BT AT &
YU MK I [ ZRALH A 7K TP R o

2 YRKMEERIEE

2.1 fEGERRE

FHRILIE R A RRAEIOT 1991 SE7E LA
Hit (KBT) FAEZELART 508 (DDA) HAEFl F
e, FEAE 3RS, PHFES. Y
HAEGARILR T, BrES (MO ZH— RS
B S W9 DX A PR S A BT A, A4S /NP A
MRR—NHEE R, WM, , i=1~ny,, n, N
1 0 x - x" 0

CT(x): 0 y 0 ;
01 0 x 0 yp = 0 x

FREGLE, WE PR BURMAR T LUE =M TE
PR, AT DU DY s B 2 1T Itk . I SEE
A ES M, FIEFSERN R 9 (x), JFH
T 2 T A AR
9,(x)=0,xeM,
9(x)=0,xe M,
Z{klxeM‘}q)k (x)=1

(D

WA RIS E(P,,B,,P,)

/1 \/Pz\\/x\/:\/f va V4
NAVAVAVAVAVAN

v
A/

W M,

B 1 BERTGER BRI E T
Fig.1 Covers and elements in the NMM

Y 5 (PC) 78 7 AT 7 X Hl R 22
F, BT S BT TR SN A AR S 4y
Jimy, A NP, MBI B ny, AN BRSEI N G IX LS
INBEWINEE S, IR, j=1~n,, W
Bl 1 R B A P TR . TEIRIR O AR BT
AEESE, By IE SIS ST, &
AN, MBS, WA XX R: P>
P, I=1~N,. V&L (WPp,, P,MP
AFEXIBNE L MR IC, 1IN E(P,, By, By)
w1 R,

X YEE S P, E B S AER u, (x)
D32 e T e 757 i 87 7 b BRI A B 57T LA R

¢i1 (x)= 51 (x)(/’,- (x)

A 6 (x) WL RE, XA TE & P N A
ERCN 15 B 0.

R —YHER P, L, Ea R u, (x) W
K2Rl X4 m 2 TG,
B R u, (x) TTLLE R

u,(x)=C'd, 3

X d, WRFARSIE; CT OH R e 4 2 I
A, B

2

x"ily O

. xynfl 0 yn 0 j| ( 4 )

O xnfly e 0 xyn71



% 8 1 (ZLEE{IE=F

T BAE TR IE I B0 300K 785 240 7 3057

dJZ{dn d, d; dy, ds dg

PR u(x) "LV A

Ny fp

u(x) = 2.3 0] (0 () = 20,(0) 23, (x)a, (x) (6)
22 ¥ RIBEREE

N T 53 ph T B LA A T 31 B 7T P R
Ak L T SR B 02 A,
BALURIGIHE — BN ORT Rt TR,
— B 2.5 fEHTE PR AN % P
WIS TR 75 R R U i
B 36 GRS B0 B () TR

bp(x) = w, (x)+uy (x) (7
K ) (x) NN RS AL pR 2L
u/ (xy=¥d/ €
A wONH AR RE:
Gladdaaiy addssaa 9)
=% L ¥ L ¥]

Y,_|:V/1 0 v, 0 w3 0 vy,
(=

0O vy 0 wv, 0 y, O
[l//pl//zal//p‘//zt]:

{\/;sing,\/;cosg,\/;sinﬁsing,\/;sinHcosg}

(1D
Kb n AWEE S B RARRSOSREH , &Y
M & B ARG, Wn, =0 dy IR
AIES (el
(3 Fs (8) AN (7) I BN 3
F)7 5 F% B KU B (x) TT LA A
Bp(x) = OO d (12)

Rrb: Ao O RECRI I RSB €8 JytA R
F4 4= 22 T QA0 IR e o BT R R, D

0
:| (10D
L2

%:[CT MY’] (13)
d

o= L (14)
dy

P (12) A 6) , FHINIF S ALFS iR
Hou(x) "TLLE A

U =303, (S

T
d](n+1)(n+2)71 dl(n+1)(n+2)} (5

2.3 ENMM K572

P R BB R E 42 1) 5 72 7T DL e A% i U
IR T RERAS, R b i T oR 5
N FRAR AR B e iR 2P 5 24 020 i J2 R
BT BR B R NI S A8 B 3 S B BRIAT, 042
TR LS A

Kd=R (16)

K d AR BEINE; K AR 53770 8 WI A R
Afar B 1m) &

SHE—ANHTt e, HXT K AR 5T AT LR

A
c 2p
K° =] B DBuQ+| . Kﬁrﬂ/elr+F [PRALRLL:Ye;
QVD)
R=[ NwWr+| Mbdo+k| Muadl -
[ Bc'do +%p [, R Reodby,) (18)
Hr:
E&L}%{pr B - B B“] (19
B=[LN, MLN!]=[B, MB'] (D
CAAA444444447 444444444448
B/ =LN/=|B" B” B” B L | QD
(q)il//a),x O
B = 0  (pw,),|.(@a=1~4) Q2
((Dil//a),y (¢il//a),x

3 EHUKIIESZAE NMM H ) S

3.1 PHERGY ERBRAEN
H Al R Z WA 4 4, RIS RN A4
JIHEN /)N AR B S8 DR T HE U e KR R AR 7
AN e K RE R FBORMEN o T 5 R R ) 1
My tai B, SEHMETT (3, MO AR SCR e, B
K, =K (23)

T, HREAN
K, =chos3&—§Kucos&sin90 (24
d 2 2 2

RE e 6,8



3058 = + 71 =% 2018 4E
(« PARY SIS T AL A 2 7K R T BIAS280r J1 F AR
MMmZg%+[E%+8 Ky <0 TR E L, BEEFN, &M%, T
' ! IR, I AL A R AR Sh A 5 X

6, = 0 K, =0 (25)

K;>0

2arctanl[ﬁ [ﬁj +8
4 Kll Kll
EEAA A TSR el e I WA
THITHRE R g g, IR 758 FE R
THHE OB EHEAT, Ahmed!'S), RREIMEH,
AT LR B IE TR AT , (R TH RO R AR R B %
M HAER SR WA A T Ft B oc B, b 54s
RRZERIRKI . ASCKH A —Fo7ikidr, M
RN R EER N TR —AME (R 2.5 1%
AT R I, AR W R0 AR Dy Lk 4t
T A S FH A o R JBE 7R — O U U647 0T,
EY R EWE SRR ER AT R, Rl
(26)
Q7D

7, =c+0; tand
o; =0,

X o Ml 0 A EME T SR CRER T b I3 0]
N A BRI N J153 & e o~ 0 HINTRTE
FITHTBAPRIOERSE 1. PUhrsm s fpy B A
3.2 KESHHEM
IKEIIWER—FhESNF7, TERFFRE SIK 15
ZABRE, XEHUARME EE EOCE S, 76 R EK
PAERTS, HUARR 752 LU R iER KIS 71 LA
WHNIBIE S, IH S R SHE 280 F Pk
JE 770 ARSCEZ IR B IR X RS IE Y K
71, BKE g g o p e =Cnein . EE R E
RIGRES TR, RLnT DU R T, R
QUi 5w IC B 2 LB AB BT
N, s s ARER N (x 0y ,) B (g, ) BV
IKBLN v, > TZREL AB Wit (197K K 715351 H

R =pgh =pg(y,—y,) (28)

P, =pgh,=pg(y,—ys) (29

B2 RO MK E DN

Fig.2 The applied water pressure on crack surface

4 FAENH

P9 T ETF AT, SRR 196.5 m i
FAYL, LKL 190 m, AR R ~F 5 20% 15y
SO ERUR, L 3,

B3 EAIHEAE (BA: m)
Fig.3 The sketch of a gravity dam (unit: m)

WAL G 22 GPa, JHFAEL N 0.163,
1
HE N 25 000 N/m* , WiZ4H)E K. = 10 000 Pa* m? ,

N EEE AR 54° , BEER 1IN 2.5 MPa, BRI A
2.5 MPa; A MRLHEVERIE DY 16 GPa, AL

027, W K . = 10000 Pa- m% , 925000 N/
m’, WEEESR 52°, FhEEJ150 2.0 MPa, $ifiisfE
N 2.0 MPa; USRI A Bl T N BRI A N 52°
FHE SRk sR 4 2.0 MPa. _EiF/KIE A 190 m,
FOX T WU U ()4 A 4% T g, R IETEK,
RINHIIRRLL, N2 L &, =39, MIYHEE 5
ARG EE 73908 3 439 1 6 555,
WAL Y K Aa=5.0 m, KESEKH
A LR e, BIKSK4ERE 190 m A
A, RIKE R, AR R/ TR 7K R A
BN R, AEHIP R R K =225 A~
TE T Mt LR ST P 7K 7755 A 3 A R 1
SO, VR ARTE RGO K R A RE RS
KR TR L, I 4% T- T S AR 1) BUBEAT THE
AN FEZASLIHT N 7K s g () R g 300 S I
WK 4 Frow . HEERSA VIR0 101 5 KF )7 )
FLIN 470, FEIZEIA TR R, SR
()2 3 PRSI FE R 600, BEH Hijf
WA AL 7 HUEEH R R PR, e T IR
SUREIRT MR RIS IaG 2807 171 5K
A ML 120, RemabTEERRAS, R4



% 8 1 (ZLEE{IE=F

T BAE TR IE I B0 300K 785 240 7 3059

B A T PIEMTIL,  SHESVARIR, X5k
UESC20L RothMAE R 78 R A2 — B

K FARTR AR AT RS (LIRS 4(a)), 5 &AL
T A 7K s A3 PR 5 8K 7785 28t iR i e an B 5
Btz o IUEEAT_E i385 R AL FIRTIR R AT e 7 1 5
K 4 AR, (I AT 3 R AL RSO e R A2

A T A IR AU IR LT Y s i
TROCGREKIEIIVER, iR a ek
PR IR A7 18, VAR i s BT R A J T 4t
BURIR . B S(byRI, 25 R8T A K A AR
S Fir 5 LA AL, i 2 RESR LT A K BRI
T E I 2 A R

(@) 0w

(b) 27

() %5

(d

B4 B EEEREUE WK R 5T B 73 M R S

Fig.4 The failure process of gravity at various time steps without considering the water pressure on the crack surface

(a) H 8
B 5 EERBLE A KEIA RS T RIS RE

Fig.S The failure process of gravity at various time steps by considering the water pressure on the crack surface

5 4 1w

(1) ASCWIER T2 B M 1 33K
JIBS BRI, I BB AR SEEL T I
o PRSI IR, IR 1O E B
ZIRHIAIR, BRI SERR R A {E -

(2) N T RBIERSUR I 72 H) AR ESAEAN R /)
frar st R A SN T Wi DI AT iR

o) F175

TR BRI B 0TI Y L RS R, K
AN ISR TR MRS, IF AR E
PRETTIR XA A R GUR I, R 4L
a7 56 J3E ) P R - P HE A i 20958, IF HLAR ST
5 EOR N 05 AT BT A e . E 73t
P REPIA T TS RR I 1 SR IriE T AT
L

(3) FEE SR ABER T, A RERAH



3060 Fer +

71

% 2018 4E

WK, SR AR EUR T o ARy e, L
PR AR SR T B RURIR ;. 25 I8 R G0 K
JE A, B ZRSU FR L T Ry R, Frsoniat
IR SUZHT b S BT R AR B T Hr BT R, JF B g
LT N 7K SIUABEA P 5 ZE I A2 b, i =5
JEZRECTH A 7K Ja BEAR 1 T30 22 42 R H

(2]

(6]

(7]

Z % X W

RS, B, 64 =30 REE 2 Hrwt 7).
K23, 2005, 36(9): 1035—1042.

DU Xiao-hu, DUAN Yun-ling, WANG Guang-lun.
Numerical analysis of fracture in gravity dam[J]. Journal
of Hydraulic Engineering, 2005, 36(9): 1035—1042.
HEW, AEH L, RRE. §RA WAL E IR
AT R BEFE[T]. E R HUR 244, 2008, 30(3):
36—40.

DONG Yu-wen, REN Qing-wen, YU Tian-tang.
Application of extended finite element method to
fracturing analysis of gravity dam[J]. Journal of
Chongqing Jianzhu University, 2008, 30(3): 36 —40.
EER, EF. EIPUKIE Ry A R oo
VE[I]. KRR, 2011, 42(11): 1361 —1367.

DONG Yu-wen, REN Qing-wen. An extended finite
element method for modeling hydraulic fracturing in
gravity dam[J]. Journal of Hydraulic Engineering, 2011,
42(11): 1361 —1367.

FIKMR, BRI, IR IO VAR R ALY R
R[], HA 155 TR, 1997, 16(5): 405—410.
WANG Shui-lin, GE Xiu-run. Application of manifold
method in simulating crack propagation[J]. Chinese
Journal of Rock Mechanics and Engineering, 1997,
16(5): 405—410.

BWTL, FERR. BT ST A1 1 TG I R BB TR
JTEE[T]. J12E544R, 2004, 36(4): 496—500.

LI Shu-chen, CHENG Yu-min. Meshless numerical
manifold based on unit partition[J]. Acta Mechanica
Sinica, 2004, 36(4): 496 —500.

RIZLE, 5. 158 R o BOR B BUE RO 77 1%
B[], & L J3%, 2009, 30(11): 3523 —3527

LIU Hong-yan, WANG Gui-he. Simulation of impact
failure of jointed rock mass by numerical manifold
method[J]. Rock and Soil Mechanics, 2009, 30(11):
3523—3527.

REZE, XeAm, AR, BUERIE IS £ TR
F2 850 fr 1) PR EL[D). 5 = F35, 2006, 27(2): 179—

(8]

(9]

[10]

[11]

[12]

[13]

183.

ZHU Ai-jun, DENG An-fu, ZENG Xiang-yong, et al.
Numerical manifold method for simulation of excavation
unloading in geotechnical engineering[J]. Rock and Soil
Mechanics, 2006, 27(2): 179—183.

FEf, REAE, TR THZBERUE L T7E T
SEIT]. Bt 1%, 2010, 31(9): 2951—2957.

JIAO Jian, QIAO Chun-sheng, XU Gan-cheng.

Simulation of excavation in numerical manifold
method[J]. Rock and Seil Mechanics, 2010, 31(9): 2951
—2957.

TRERER, M. BUETRIGIEAE AL B 58 25 53 1 10 IS )
W T[], 5 Ji%#, 2014, 35(8): 2385—2393
XU Dong-dong, ZHENG Hong. Mesh independence of
numerical manifold method in
singularity[J]. Rock and Soil Mechanics, 2014, 35(8):
2385—2393.

R, Mk, R, & FETRUERIE R E
ZRLY R, &%, 2016, 37(12): 3598 —
3607.

XU Dong-dong, YANG Yong-tao, ZHENG Hong, et al.

treating  strong

Study of multiple crack growth of gravity dam based on
manifold method[J]. Rock and Soil
Mechanics, 2016, 37(12): 3598—3607.

Mok, ARbibk, KB, ST RGN LR T it 5
MR TGIAD]. 155441, 2014, 46(5): 730—738.
YANG Yong-tao, XU Dong-dong, ZHENG Hong.

numerical

Evaluation on stress intensity factor of crack under
dynamic load using numerical manifold method[J].
Chinese Journal of Theoretical
Mechanics, 2014, 46(5): 730—738.
AR, XEF, Xt BUERIBIER T RN
R[], 1%, 2016, 37(8): 2404—2410.

ZHANG You-liang, LIU Deng-xue, LIU Gao-min.

and Applied

T-splines local refinement algorithm for numerical
manifold method[J]. Rock and Soil Mechanics, 2016,
37(8): 2404—2410.

Badn, fEee, skakm. FET 7 SR A i BUE IR TR
FEAARAY RPN, TEA%, 2013, 30(11):
47—54.

YANG Shi-kou, REN Xu-hua, ZHANG Ji-xun. Cover
based refinement in the numerical manifold method and
its application in crack propagation[J]. Engineering

Mechanics, 2013, 30(11): 47—54.

THS 3070 |



