37 H10H
20154F 10H

Eo R S &

Chinese Journal of Geotechnical Engineering

e 2

{4

Vol. 37 No. 10
Oct. 2015

DOI: 10.11779/CJGE201510015

E TR EINOYIEE SFIEMIARE R E X

WHE, BARES AR BEE
(L RITRREBRRIAE T % 5 TR S0, Wt R 430010, 2. oI RPEBRIRSUH -+ BRI 0y 5 TR R S e,
WidE #i 430071)

8 FE. BERIEE (NMMD ST SR EE S n) N e — sk, AR R4 2 05 S0 R 0 11 A b A ey B =6 A
fREREE . 15, R UADE SRR B S AR AR, MR T 4 BT o5 A A bR 2 AN R . Horp, AT
HRIFEE SIS, X2 NMM f B R O . B0, SE T SHT B i R IR oA s 1) SR, 4R 7 — ot
M TENGIE NMM AR 12480 RN (1) B o6 F el n s A e 5ids, B8 bl i AT R ML R K FERN i 4L
PRI AL TCIT AT, TR IR T 0T PG I AOBrE . e, i — A2 RGd REGINE S T ik &
PERNIE AL

KR BUEWIGIE;, YR WEER B HURESS; RIS, ARl ZRAY R

PESES: 0302 XRAFRIRAD: A NEHRS: 1000 - 4548(2015)10 - 1865 - 11

EEEI: RHR(1986 - ), T3, 184, FZMNFIMES T % 5N, E-mail: xdhappy717@163.com.

Algorithm for generation of physical cover and contact loops based on loop
updating
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Abstract: The numerical manifold method has been successful in solving continuous and discontinuous problems in a unified
way, but the precondition is to generate the physical cover and contact loops correctly. For problem domains invariant during
analysis, at first, the generation process of the physical cover and contact loops is expounded, where an algorithm for searching
for loops, as the core of NMM pre-processing, is emphasized. Furthermore, a new algorithm much closer to the nature of NMM
for the generation of physical cover and contact loops during the crack growth is proposed based on the concept of updating
physical patch loops and contact loops. In theory, it is suitable for the cases of arbitrary crack growth length, and the crack tips
are allowed to stop at any point of the manifold element, which has eliminated the mesh dependence to a great degree. Finally,
the robustness and correctness of the proposed method is confirmed by an example of multiple crack growth.
Key words: numerical manifold method; physical patch; physical cover; mathematical patch; mathematical cover; physical

patch loop; contact loop; multiple crack growth
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Fig. 14 Geometric model intersected with mathematical cover

35 36 37 88,
31 32 33
30 34
24 20
26
20 Z 28
21
19 25 22 =
15 18
16 17
11 12 13
10 14
5
9
6 7 8
1 2 3 4

15 JH BT
Fig. 15 Manifold element

16 YIRE =
Fig. 16 Physical cover

17 #ha1EfRIRgs
Fig. 17 Initial contact loop

(D FIANZRGU ) UTE B, B HEREURE AR
L i AAKR o

(2) ARG AR — AT, e i %
HITAN 5y, ARRAORAN 53 5T LR /N BTG T 0) Y. [ EE
AR A S 40 B BT — 3. Wi 15 PR, 4L
Rt T ERE IR 21, SR IYIEL R 5308 14, 15
A21, Wl 16; 40551 4 AS/NRITA 38, 39, 40
A4, Gl 18 Fraxs TR B MR A2 14,
15 121, Wil 19 Prox. SR Ja AT BT B ZE )
SEOF, WRIE RTINS AR, BTk b, TiE
HITHH, WUBRITI SRS, GO IT TR R
R FRT G B IR % L 0 5 4

34 35 36 37
30 31 32

15 18
16 17

1" 12 13

18 WS RRIRHE T

Fig. 18 Manifold element after refinement

25 26 26 \ 26 27 27 \ 27 28 28 \ 28 29

19 WA ERIRM B TIYIEES

Fig. 19 Manifold elements and physical cover after refinement

(3R RLUR S FITAE Ui 1 B0 A B AR R 1 24 4
LBINAZIE 17 Fros iyiaaamIaes b 2, 3F Hife
AR BRI T B W&l 20 o

COWIERAC B TS I FRIFA i S HL TS IV PR 2k
B B 21 St 7RO A SPEREDIEIN 5
MR IR, DU T2 e Ja 1R LE R A 1)
ffxft. il 21, PP-14. PP-15 FI PP-21 Py
HUL, FATRLRY TR R, X e B T



510 3] TRMRER, S5, T BRI S K40 I e R A i 7 BB 1871

ESCHAF PR . PP-16 FIl PP-22 AN&344r, Al

SO ARRT S HL

—_—

[ 20 & T RSN B KSR IR RN EE

Fig. 20 Joining truncated crack into intimal contact loop

(A E

(a) PP-14 (b) PP-15

(IS

(e¢) PP-16 (d) pPP-21

U

e) PP-22

& 21 MEHFEXTFEI'JH\E%
Fig. 21 Loops of physical patches

34 30 35 31 36 32 37

2g
2% 43
20 49| 47
19 24 /45 48\ 44,52

22 Ry RIEM AR ET
Fig. 22 New manifold elements after crack growth

(5) M — 2 IR HEI, RECRAEY T, i
W RAGUE s 28 05 MGz MIAHAS B80S K i
X3 FATIEWS o A N R RSO AL

(6) ¥ LU I MR IE eI E], TR
TGIRTT [R5 J )5 R S0 1) T AE 5 TT N,
TR LA 7y, A5 o T I SR e (A s S P HE
R IRIFERT 5 40 7 T e oo R R — 3. Wil 22 o,
TERCT 8 ASHIIIIE T, Si'5 o0k 43, 44, 47,
48, 50, 51, 52 F153. il 23 Fios, B E
FTT W ER A7 5 D) B 43 BT IR SRR —
o MRy KL RN, §RJE MR K
SRIEAEAN 43 5 (R BATC IR, 475 AT LIOKs FL 4k 241 47
WK 24 PR ERIXBAAEUIR ST BOR P HE
TG, AR A A

21 2.

15
14
13 14 14 (141 15

23 RYY RIEEMHATYIEE S
Fig. 23 Physical cover before updating after crack propagation

34 35 36 37
30 31 32
29 33
28

24 RYY BRRKEREMNMAD EHIRIET
Fig. 24 Manifold element after refinement when crack growth
length is very short
(7D B B L G B TT TRt . (1 B A ) B
FEPSEARCEREE /RN o BT P LIRS g h7/BL D
RPN FN I LAV R B A e i g 5o, AR5



1872 A" + T

o2 R 2015 4F

Y8 2B BGRE F T TR G0 R BEIMN BZ B
PRI LBz o SRR B R Y A OB () B
FREE . I 0 S T R B S e S
(PIEAN) B PO, R SE BT AU SR T o0 B IR ) B
G ' AR A AR

W 25 B WG e G BB T B R
n] WL PP-14 1 PP-21 7R 4 & Ja 301 H 148 AN I
YRR, JIBTRE RTINS, AT iR E T
BRSBTS 35 . PP-16 K1 PP-22 4 Rgry)E
k. PP-15 MRV

(a) PP-14 (b) PP-15

(c) PP-16 (d) PP-21

(e) PP-22
25 R R IFRYIIE A B X R RYERER
Fig. 25 Loops of physical patches after crack growth
(8) KB L BRI ULV I 2 S A3 e o, JF
R EI BB, ROt i, Wk 26 fros, X
FUANTE5 HE A A A B PRV R TT T R i 5

\ —

E—

26 WU RIFRYIEARINER
Fig. 26 Contact loop after crack growth
(9) X IBHTC S T R B a5, LAORFR S

MIRELENE; AR5 SR IR B R B R PR Bk s
B P S TTA O ) & AL S ST RS 1 T
WHRICE A TUEEG WUBRIoH N Y EE
SRRk IEL 27, 28 By il o SR IR oA

=%
P
82 38 34 85,
28 29 30
27 31
26
2% /oW 36 /44 "
20 "
19 2 a9

3g 41\ 87/45 21

46
15 18
16 17

1 12 13
10 14
5 9|
6 7 8
1 2 3 4

21 BIRHIREETRS
Fig. 27 Numbering of manifold elements after updating

25 26 26 26 27 27 27 28 28 28 29

25\ 20 31 2 23 /29
20 31 31 22 2 23

20 1(31

13 30 30 /3p15p30 15 /1516 5
19 1942 41521 IAIS 211522 51622 7
2 14 14 15 15
4 4 15 15

12 1

28 EHRHYIEES
Fig. 28 Physical cover after updating

(100 MIPIR (9) B3| (5) Ry J.

4 ZRYYTREH

N H AN 2 2L R AR E S T
(RZLLrd el R v (R 32 s B AR B 2 BBV )
A .

Wik 29 R, FOBSFAR, PNz B L i [l AL
A5 40544, IR 449 i Bouchard HE TR AU,
RIS TEARAT B H (2L R i R o (R R R T3 B AR 1
EHITE. MEHRSPERCE N E=2X10° MPa, 1AL
Hv=03, WIEPIEAN K,=1300 MPa-mm? . X
R JH 1) 82 R o P81 30 SR FH MBI 1, % T3 b
ERPREL FA— B W RR ) T e B VR I A 7 32
Rt K31 K Azadi YRS R



510

®

MR, S BET PR B SR I ) BB e A A I 7 J S 1873

10

20

RAFHAL: mm

29 BMFINRGHNFL TR
Fig. 29 A rectangular plate with two holes and two cracks

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

\ AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA"A
NNNININININININININININININININININININININININININININININT

30 BERMFBRIMAL TR BFEEE
Fig. 30 Mathematical cover for plate

/,/’*

—MCS

B 31 Azadi B9ERILER
Fig. 31 Results by Azadi
ik 32 s, AARSCIIBHUE R . 32 (a),

HMBLREE Sk Y R, TR E K. 32 (b)
JEMPZREABTTHIRY e, B BT R K
s 32 (o) ARG RRA—HY e, HIY
AN AEALAZL, ARG A R E: RN
W, FEMERAHEze i T BT BSLIN, A 1 [ 5L 1)
IR, B R LRSS T AR B A S . 32 (dD
FMZRGOTT IR PRGBS IR m R ALAZ
ZAREY M ARFATIEC W, HHXRBL T BL
BAAE o T 2 R R R0 ARG R 25™ M i i
S D)5 A RN T ) B 4 A

O 10 ]
- Ol O

(a) (b)

O — 1O

32 Ry RIEE
Fig. 32 Procedure chart for crack growth

5 45 iﬁ

HG, FET NSRBI IE T PG
%ﬂﬂ%?%ﬁ%%ﬁ%@%%%i&ﬁﬁoﬁiﬁ
I TR, e WS NMM A BEFR A%
Lo JFUA—WEEA AN G, BE— D s T A ki
PG S M AR o BUR IR SRR I T M B R #,
HAR A G4 BILARTARKI B PR, i 5 TR BUE
N4

R, BRI T Bl A AN AT Al SOk A
ALY I I BT i MU AR R AR, 1 50E
S 5y PLAE AN LG NMM T35 A . RE et
P, ﬁ&“WTU%%EﬁmmEMME T
FERE R KL ZFERIAZ O T R
%%&K%ﬂ%ﬁ%ﬁﬁ%%ﬁ%%%%;@#&ﬂ
HE) ] B = YRR G i ]

tJer, TR AR 2 R R EBIIESE Ty
2 A RN

SE K-

[1] SHI G H. Manifold method of material analysis[C]//
Transactions of the 9th Army Conference on Applied
Mathematics and Computing. Minneapolis, 1991: 57 = 76.

[2] ZHENG H, LIU F, LI C G The MLS-based numerical
manifold method with applications to crack analysis[J].
International Journal of Fracture, 2014, 190(2): 47 — 166.

[3] ZHENG H, LIU F, LI C G Primal mixed solution to
unconfined seepage flow in porous media with numerical
manifold method[J]. Applied Mathematical Modelling, 2015,
39(2): 794 - 808.

[4] ®OCot, B E. B & RS H BT iR,
A TRE2ER, 2001, 23(2): 187 — 190. (CAO Wen-gui, SU
Bao-yu. A study on techniques of automatically forming of
cover system of numerical manifold method[J]. Chinese
Journal of Geotechnical Engineering, 2001, 23(2): 187 — 190.
(in Chinese))

[51 KR, Z9%H, B K, & BUHRIBIHER A% A 3)
'm%&ﬁﬁhﬁﬁﬁ&n.EEﬁ%%Lﬁ%m,mm,



1874 P

2015 4F

23(11): 1836 — 1840. (ZHANG Da-lin, LUAN Mao-tian,
YANG Qing, et al. Automatic mesh generation and numerical
algorithm of numerical manifold method[J]. Chinese Journal
of Rock Mechanics and Engineering, 2004, 23(11): 1836 —
1840. (in Chinese))

[6] TKHiIh, BOKE, B, BAERIEIVEY B & RSN
ABl )], RO (A AREARR), 2000, 23(1): 28
— 31. (ZHANG Xiang-wei, CAI Yong-chang, LIAO Lin-can.
Auto mesh algorithm of the finite cover system in the
numerical manifold method[J]. Journal of Chongging
University (Natural Science Edition), 2000, 23(1): 28 — 31.
(in Chinese))

(71 8K 5, KRG, ZAY. WK EE GRS AN
L[ FSER AR (ARBREANR), 2004, 32(5): 585 -
590. (CAI Yong-chang, ZHU He-hua, XIA Cai-chu.
Automatic forming of cover system in numerical manifold
method[J]. Journal of Tongji University (Natural Science),
2004, 32(5): 585 — 590. (in Chinese))

(8] %K, TRt WL o R g e H A A gk
JREALT]. ERR 22 (FARRERR), 2001, 24(1): 42
— 46.(CAI Yong-chang, ZHANG Xiang-wei. Rectangular
cover system of manifold method and its auto mesh
algorithm[J]. Journal of Chongqing University (Natural
Science Edition), 2001, 24(1): 42 — 46. (in Chinese))

91 st A&, KA. FTVULIE MRS IR IE I A o R 9L
IRERED]. FBERZ2AR (FARREARR), 2013, 41(5): 641
— 645. (WU lie, CAI Yong-chang. Generation algorithm of
cover system in manifold method with quadrangular meshes
[J]. Journal of Tongji University (Natural Science), 2013,
41(5): 641 — 645. (in Chinese))

(10] F& M, XI5, STETCR o R GTHA i) 1 it s A 10k
WESE]. A 1% 5 TR, 2003, 22(5): 711 - 716.
(CHEN Gang, LIU You-rong. Generation of cover system for
numerical manifold in travel theory of the oriented graph[J].
Chinese Journal of Rock Mechanics and Engineering, 2003,
22(5): 711 = 716. (in Chinese))

(117 wiE R, fTEdd, % BUERIE RoCiREes: Mk A&
[T THE 224k, 2008, 25(2): 201 - 205. (LING
Dao-sheng, HE Chun-jian, YE Mao. Mathematical mesh

adaptation of numerical manifold element method[J]. Chinese

Journal of Computational Mechanics, 2008, 25(2): 201 — 205.

(in Chinese))

[12] AT, Poei, TR, & Ry RIS SR
BT e RS A T RESER, 2005, 27(6): 662 -
666.(HAN You-min, LUO Xian-qi, WANG Shui-lin, et al.

Formulation algorithm of covers and manifold elements in

NMM during propagation of cracks[J]. Chinese Journal of
Geotechnical Engineering, 2005, 27(6): 662 — 666. (in
Chinese))

[13] AEIN, TRIEGET, AARAE, &5, WRIBUIE B AT B I A% 7
i R = ERIBIC KT, A )2E S TR, 2010,
29(4): 731 - 742. (LI Hai-feng, ZHANG Guo-xin, SHI
Gen-hua, et al. Manifold cut and generation of
three-dimensional manifold element under fe mesh cover[J].
Chinese Journal of Rock Mechanics and Engineering, 2010,
29(4): 731 — 742. (in Chinese))

[14] 22440, J8/0W). = YERUEIRIE T77E S R I Al 2
SR, MR~ E AR (HARRLERR), 2002, 17(3): 29 - 36.
(JIANG Dong-ru, LUO Shao-ming. 3-dimensional numerical
manifold method and a definite algorithm for its integral
domain [J]. Journal of Shantou University (Natural Science),
2002, 17(3):29 — 36. (in Chinese))

(15] 205, JAa0 5. DY mnARA B R Io8 o i) — R iR e 77
L) A1 E TR, 2005, 24(24): 4455 — 4460.
(JIANG Qing-hui, ZHOU Chuang-bing. Three-dimensional
numerical manifold method with tetrahedron finite element
covers[J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(24): 4455 — 4460. (in Chinese))

[16] ZHEHE, XS4, AR =24 m b EUqEm e I vE o).
b J1%4, 2006, 27(9): 1471 - 1474, (JIANG Qing-hui,
DENG Shu-shen, ZHOU Chuang-bing. Study of
three-dimensional high-order numerical manifold method[J].
Rock and Soil Mechanics, 2006, 27(9): 1471 — 1474. (in
Chinese))

(17] 2058, EASE. Bl A A = 4 B it B 7 VA B ).
B S TR, 2006, 25(3): 528 - 532. (JIANG
Qing-hui, WANG Shu-fa. Three-dimensional numerical
manifold method simulation of anchor bolt-supported rock
mass[J]. Chinese Journal of Rock Mechanics and Engineering,
2006, 25(3): 528 — 532. (in Chinese))

(18] FREHIE, WHgee. 3 ] T BB BV A 0 R e AR AR 5
HEAXD]. KILRFEREBER, 2010, 27(7): 56 = 59. (LIN
Shao-zhong, MING Zheng-rong. Recursive formulae of
concrete creep suitable for numerical manifold method
analysis[J]. Journal of Yangtze River Scientific Research
Institute, 2010, 27(7): 56 — 59. (in Chinese))

[19] FRiE2R, FRH5 U6, &5 7) o B 28 i UL AR (VO i I ik 0],
AT R BBk, 2013, 30(7): 95 = 100. (SU Hai-dong, QI
Yong-feng. Cover refinement for numerical manifold method
with partially overlapping covers[J]. Journal of Yangtze River
Scientific Research Institute, 2013, 30(7): 95 - 100.(in
Chinese))



10 #

®

MR, S BET PR B SR I ) BB e A A I 7 J S 1875

[20] JRifEAR, FRB30E, FENEEY, 4%, BRGSO BUERTE
TAERPERIEI]. KATRPARLER, 2013, 30(12): 91 - 96.
(SU Hai-dong, QI Yong-feng, GONG Ya-qi, et al
Preliminary research of numerical manifold method based on
covers of arbitrary shapye[J]. Journal of Yangtze River
Scientific Research Institute, 2013, 30(12): 91 - 96.(in
Chinese))

(217 FAKAR, BB, B TCTAAE BRG],
A1 S TR, 1997, 16(5): 7 = 12. (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): 7 — 12. (in Chinese))

[22] TKM, BB, = o ZIRRE TR EEE Y
M. AR %S TR, 1999, 18(6): 671 — 675.
(WANG Shui-lin, GE Xiu-run, ZHANG Guang. Numerical
analysis of crack propagation under compression[J]. Chinese
Journal of Rock Mechanics and Engineering, 1999, 18(6):
671 — 675.(in Chinese))

[23] ZHANG G X, SUGIURA Y, HASEGAWA H. Application of
manifold method to jointed dam foundation[C]// Proc Third
Int Conf Analysis of Discontinuous Deformation (ICADD-3).
Colorado, 1999: 211 — 220.

[24] ZHANG G X, ZHU B F, LU Z C. Cracking simulation of the
Wugiangxi ship lock by manifold method[C]// Proc Sixth Int
Conf Analysis of Discontinuous Deformation (ICADD-6).
Trondheim, 2003: 133 — 140.

[25] WU Z, WONG L N Y. Modeling cracking behavior of rock
mass containing inclusions using the enriched numerical
manifold method[J]. Engineering Geology, 2013, 162: 1 —
13.

[26] WU Z, WONG L N Y, FAN L. Dynamic study on fracture
problems in viscoelastic sedimentary rocks using the
numerical manifold method[J]. Rock mechanics and Rock
Engineering, 2013, 46(6): 1415 — 1427.

[27] WU Z, WONG L N Y. Elastic—plastic cracking analysis for
brittle-ductile rocks using manifold method[J]. International
Journal of Fracture, 2013, 180(1): 71 — 91.

[28] WU Z, WONG L N Y. Frictional crack initiation and
propagation analysis using the numerical manifold method[J].
Computers and Geotechnics, 2012, 39: 38 — 53.

[29] ZHENG H, XU D. New strategies for some issues of
numerical manifold method in simulation of crack
propagation[J]. International Journal for Numerical Methods
in Engineering, 2014, 97(13): 986 - 1010.

[30] XU D D, ZHENG H, XIA K W. New numerical quadrature of

integrand with singularity of 1/r and its application[J].
Applied Mechanics and Materials, 2014, 444: 641 — 649.

[31] XU D D, ZHENG H. Mesh independence test of numerical
manifold method in treating strong singularity[C]//
Proceedings of 11th International Conference on Analysis of
Discontinuous Deformation. Fukuoka, 2013: 91 — 96.

[32] tRbbk, 6 5. BUEREIEAE AL B o Ay S fn) U )
¥R &S, 2014, 35(8): 2385 - 2394. (XU
Dong-dong, ZHENG Hong. Mesh independence of numerical
manifold method in treating strong singularity[J]. Rock and
Soil Mechanics, 2014, 35(8): 2385 — 2394. (in Chinese))

[33] TrMibk, A &, BIFC, & mbri AR B AR R
L R ). A A R S TR, 2014, 33(7):
1375 - 1387. (XU Dong-dong, ZHENG Hong, XIA Kai-wen,
et al. Application of higher-order enriched numerical
manifold method to crack propagation[J]. Chinese Journal of
Rock Mechanics and Engineering, 2014, 33(7): 1375 - 1387.
(in Chinese))

[34] Mk, TRERER, A k. BhBCT RGN Jy s 1k 5
B B JT ik (3] 15 %3, 2014, 46(5): 730 -
738.(YANG Yong-tao, XU Dong-dong, ZHENG Hong.
Evaluation on stress intensity factor of crack under dynamic
load using numerical manifold method[J]. Chinese Journal of
Theoretical and Applied Mechanics, 2014, 46(5): 730 -
738.(in Chinese))

[35] Wbk, K 2%, Mukik. St oG s BUE ).
A TFESEH, 2014, 36(3): 482 — 488. (XU Dong-dong,
ZHENG Hong, YANG Yong-tao. Linearly independent
higher-order numerical manifold method[J]. Chinese Journal
of Geotechnical Engineering, 2014, 36(3): 482 — 488. (in
Chinese))

[36] ZHENG H, LIU Z J, GE X R. Numerical manifold space of
Hermitian form and application to Kirchhoff's thin plate
problems[J]. International Journal for Numerical Methods in
Engineering, 2013, 95(9): 721 - 739.

[37] BOUCHARD P O, BAY F, CHASTEL Y. Numerical
modelling of crack propagation: automatic remeshing and
comparison of different criteria[J]. Computer Methods in
Applied Mechanics and Engineering, 2003, 192(35): 3887 —
3908.

[38] AZADI H, KHOEI A R. Numerical simulation of multiple
crack growth in brittle materials with adaptive remeshing[J].
International Journal for Numerical Methods in Engineering,

2011, 85(8): 1017 ~ 1048.



