$38% B3 " + T B %
2016 4 3 H
DOI: 10.11779/CJGE201603018

SO
Chinese Journal of Geotechnical Engineering

Vol. 38 No.3
Mar.

BIRTERSTMEEEN T ERETIENHE

m =

R\, KB

G R LR ERT, W Kb 410082)

W% T2 B 2 R AT B G PR AT T R ZE (M KR O T ST AR EATAAL AT AT b A K1 5 15

W2, LT RTHHERE MRS R BRI LG P RERFERUR AN KN s iltehs, BT — R BRIG ERRHT IR A%

EIEN SR o 1758, BINETHTHEE DA J o AR, SEIAE WA A= il P rpont B0 RGE RIR (K R s ok, K4
AL PR R 5 BT RE R AR AR AT KN AL A B TS A R B e RS I A S T AR A= B 15 A 1 A=
TSI T AT BR G BRSBTS RS I FE AR f T, B S AT B E T T ERE O VR A
FHEIE: LT AR ARICIE: WA B IE N A

FESES: TU43 CHERFRIRAD: A

EEE N

mhzhaohd@21cn.com.

TEHS: 1000 - 4548(2016)03 - 0537 - 09
RAIAE(1956 ~ ), B, WIRGTH BN, #bz, ARSI, 3B NGEPERE R A M S A A Y

E-mail:
applications in geotechnical engineering

Adaptive mesh refinement of upper bound finite element method and its
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Abstract: The grid discretization error is the main source of calculation error of finite element upper bound limit analysis. To

optimize the calculation mesh and reduce the numerical discretization error, an adaptive mesh refinement strategy is proposed

based on the advancing front grid generation technique and taking the relative value of elemental energy dissipation as control

index. Firstly, the advancing front grid generation technique is introduced to gain a more flexible control of sizes and shapes of
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elements during the mesh generation process. Secondly, the relative value of elemental energy dissipation in the current mesh is
transformed into the distribution information of element sizes in the new mesh, and then this information is used to indicate the

new mesh generation, which successfully realizes the optimization of calculation mesh of finite element upper bound limit
analysis. Finally, the effectiveness of the proposed method is verified by example analysis.
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Fig. 2 Sketch of velocity discontinuity based on degenerated
triangular elements
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Table 1 Calculated results of adaptive finite element upper bound limit analysis
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Table 2 Comparison of calculation efficiencies under uniform or adaptively refined meshes (¢=1 and ¢’ =30° )
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5Bk 0 8000 8064 691 36 91.69 30.4300 0.9636
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Fig. 8 Energy dissipation of plastic zone underneath footing

B 7 st T AN R A RN R] H b e
PRI ks B E N RS IS LU O TR 8 gy
Y TANTE P RS AT T AT 5 BRI RE AL
I At OL. XTECIEN 7, 8 WTLUAHL, Bt MRS LA TcE
(RIs o, AR (K B Te RO I A A 2R T W R AR
6, RIFEREREFEROBURI 2L DI, o0 R B i/,
T AE RE R AE U BN DR E NI PR, Fe R 2
Wa Ko XU, AT T DR S M X e E B AL
KA A Bt B SR A R R A T i

XA, AT LAMEORER S T eSO T, T
B3 A S P E AR TR 2 1) DX A B K I AR T B
. M AT 2 AR B B S R 22

6 & &

A SCHEF R R 5B AR L G Rl B
FERCRIOARA AN b, 1 T — i e b
LAY BT I LTI 7. SURR AU, T LRSS
X il BRERUR IR I, 9 5 S8 1 2



544 a5 oE L OB ¥

2016 4F

A XA, TR OR KRR o E M
THOLT A TSR P BRI REAE R 2 X301 5K
AR A R, AT Rt PR 2 o 22 . T
HAE B HOR 3] 1A OS], AESRAFAH F) o SORS
FEMRTER T, ASCERT R IR S ICOCK D>,
FESERR N TR, AT B AR KV U AT ST A
FEDEUR, AT TR AR I, A0y
T20T LSRG i B S s TR T IR 7 2

S

(1] Bk, 0yt g dim A B T B R IRAR D). A+
FE244R, 2002, 24(1): 1-11. (CHEN Zu-yu. Limit analysis
for the classic problems of soil mechanics[J]. Chinese Journal
of Geotechnical Engineering, 2002, 24(1): 1 - 11. (in
Chinese))

[2] CHEN W F. Limit analysis and soil plasticity[M]. Amsterdam:
Elsevier Scientific Publishing Company, 1975.

[3] SLOAN S W. Geotechnical stability analysis[J]. Géotechnique,
2013, 63(7): 531 - 572.

[4] ANDERHEGGEN E, KNOPFEL H. Finite element limit
analysis using linear programming[J]. International Journal of
Solids and Structures, 1972, 8(12): 1413 - 1431.

[5] BOTTERO A, NEGRE R, PASTOR J, et al. Finite element
method and limit analysis theory for soil mechanics
problems[J]. Computer Methods in Applied Mechanics and
Engineering, 1980, 22(1): 131 - 149.

[6] PASTOR J, TURGEMAN S. Limit analysis in axisymmetrical
problems: numerical determination of complete statical
solutions[J]. International Journal of Mechanical Sciences,
1982, 24(2): 95 - 117.

[7] SLOAN S W, KLEEMAN P W. Upper bound limit analysis
using discontinuous velocity fields[J]. Computer Methods in
Applied Mechanics and Engineering, 1995, 127: 293 - 314.

(8] EHE, EDUE, M. +3A5E A T PR RS
BT EBRYEBFTC[]. A4 )12 5 T RE2EHR, 2004, 23(11):
1867 - 1873. (WANG Jun-xing, WANG Han-hui, WU
Ya-feng. Stability analysis of soil slope by finite element

method with plastic limit upper bound[J]. Chinese Journal of

Rock Mechanics and Engineering, 2004, 23(11): 1867 - 1873.

(in Chinese))

91 #/haL, 2 5, XIEER KRB A S HAE b B e BT
BTCH R I £ TREAAR, 2001, 23(5): 602 - 605.
(YANG Xiao-li, LI Liang, LIU Bao-chen. Large-scale

optimization and its application to upper bound theorem

using kinematical element method[J]. Chinese Journal of
Geotechnical Engineering, 2001, 23(5): 602 - 605. (in
Chinese))

[10] ¥ W, BAZEAR, sk2% TG, e T2 M RURIBIRL B R 4 B
ERRATBRITISEBL]. A e, 2011, 32(3): 914 - 921.
(YANG Feng, YANG Jun-sheng, ZHANG Xue-min.
Implementation of finite element upper bound solution of
limit analysis based on linear programming model[J]. Rock
and Soil Mechanics, 2011, 32(3): 914 - 921. (in Chinese))

[11] LYAMIN A V, SLOAN S W. Upper bound limit analysis
using linear finite elements and non-linear programming[J].
International Journal for Numerical and Analytical Methods
in Geomechanics, 2002, 26: 573 - 611.

[12] CIRIA H. Computation of upper and lower bounds in limit
analysis using second-order cone programming and mesh
adaptivity[D]. Massachusetts  Institute of
Rechnology, 2002.

[13] KRABBENHOFT K, LYAMIN AV, HAJIAJ M, et al. A new

Cambridge:

discontinuous upper bound limit analysis formulaiton[J].
International Journal of Numerical Methods for Engineering,
2005, 63(7): 1069 - 1083.

[14] MAKRODIMOPOULOS A, MARTIN C M. Upper bound
limit analysis using simplex strain elements and second-order
cone programming[J]. International Journal for Numerical
and Analytical Methods in Geomechanics, 2007, 31(6): 835
- 865.

[15] CHRISTIANSEN E, EDMUND O S. Automatic mesh
refinement in limit analysis[J]. International Journal for
Numerical Methods in Engineering, 2001, 50(6): 1331 -
1346.

[16] 4 RPh, MW, Tz, 55 HENA RTCH R T &
HETREPHMHN. A TR, 2013, 35(5): 922 -
929. (LI Da-zhong, ZHENG Rong-ming, WANG Jin-an, et al.
Application of finite-element-based limit analysis with mesh
adaptation in geotechnical engineering[J]. Chinese Journal of
Geotechnical Engineering, 2013, 35(5): 922 - 929. (in
Chinese))

[17] BORGES L, ZOUAIN N, COSTA C, et al. An adaptive
approach to limit analysis[J]. International Journal of Solids
and Structures, 2001, 38(10/11/12/13): 1707 - 1720.

[18] LYAMIN A V, SLOAN S W, KRABBENHOFT K, et al.
Lower bound limit analysis with adaptive remeshing[J].
International Journal for Numerical Methods in Engineering,

2005, 63(14): 1961 - 1974.



53

B, S5 ATIRTT R BT A% I 7 i R TR 545

[19] CIRIA H, PERAIRE J, BONET J. Mesh adaptive
computation of upper and lower bounds in limit analysis[J].
International Journal for Numerical Methods in Engineering,
2008, 75(8): 899 - 944.

[20] MUNOZ J J, BONET J, HUERTA A, et al. Upper and lower
bounds in limit analysis: adaptive meshing strategies and
discontinuous loading[J]. International Journal for Numerical
Methods in Engineering, 2009, 77(4): 471 - 501.

[21] COHN M Z, MAIER G Engineering plasticity by
mathematical programming[M]. New York: Pergamon Press,
1979.

[22] R, 5k Bl & B JET AT AR L IRAT
PR TEIEALA SR AR, 4 1 TR 23R, 2014, 36(4): 604 -
611. (ZHAO Ming-hua, ZHANG Rui, LEI Yong.

Optimization of upper bound finite element method based on

feasible arc interior point algorithm[J]. Chinese Journal of

Geotechnical Engineering, 2014, 36(4): 604 - 611. (in

Chinese))

[23] HERSKOVITS J, SANTOS G. Feasible arc interior point
algorithm for nonlinear optimization[C]// Computational
Mechanics, New Trends and Applications. Barcelona, 1998.

[24] HERSKOVITS J, MAPPA P, GOULART E, et al
Mathematical programming model and algorithms for
engineering design optimization[J]. Computer Methods in
Applied Mechanics and Engineering, 2005, 194(33): 3244 -
3268.

[25] THOMPSON J F, SONI B K, WEATHERILL N P. Hand
book of Grid Generation[M]. Boca Raton London New York
Washington D C: CCR Press, 1998.

[26] BRAEKXK, Boasde. LR IEML 2 B dbat: hE
KA 7K e AR AL, 1996. (QIAN Jia-huan, YIN Zong-ze.
Principles of soil engineering and calculation[M]. 2nd ed.

Beijing: China Water Power Press, 1996. (in Chinese))

(BXIRFHkR) EITRE

CH TR QT 1979 £, 2HREAR. LK,
D15 BT KL IRENESNA B E L S G E I EARNE
BEEOWT . B sOKRIRRARE e T, BASATFRIT. &
BEPEJ05E AA EuEh ReAR A S BEE IR RS K
SPIMRFERE UM TR B S . IEH P FHAR #iiX
A AR TORR ] o R E 5 E SRR S A T H B oAt
TR H RS R o) A TR, A8 AN B AT S B 45 (1 AE
FE, U IR SR k. R B O YR SRR
WL R0, TRk, SRREE. IR AR,

AT RSO IITIE H B SR A %L
T, IFEEFERZOITI AL T HT8 s A TR b R
BRI R ERHEAZOITD & “rhEBHGESC
551 SCHARE” e AT AR © b BRSSO
FE” s AT A E AR A Sofek & E AT T 2R
GV BERE” W ATIHE “ TFEZS] Ei Compendex (4

JE” 0 HARRE RSN U E e TST” 4615 b i i
o ATIMEE (www.cgejournal.com) 43K ATATI T T
SCEE

AT SR Ry EARBS . KRS WISk, 7 1A
G TREHL TS N TR B SE TL FRMIF A 5
WA T BB SRR L AT A

AT AT, A4 FF, XUREHERR, 192 58, 453 H ) iR,
[EEN 25 76, 44 300 JC.

A [ B ARE TS ISSN 1000 - 4548, [H 45 —F 5 CN 32
- 1124/TU, ERRATRT 28 - 62, HINRITAS MO 0520.
A KA AR A [ S H = 1T, ] FEgmEiiT e CRY)
WHB SR o R 1) Mtk R RO OC 34 5 (i R LREERD
YR MBgw: 210024; BEFRHLLE: 025-85829534, 85829543,
85829553, 85829556; 11+ 025-85829555; E-mail: ge@nhri.cn.

(AT G



