%030 % % 34 %

2007 4 5 H

Chinese Journal of Theoretical and Applied Mechanics

= Vol. 39, No. 3

May, 2007

FITERTITE PREZEMEE"

ERE )

EAH -

Wt kX

*(hER KSR S A T RSB, b5 100083)
T (B HEAEMEMIER, JL3 100084)

WE XSS R A BT TR, RE T MM E k. BRI R KRR T BOR R
Befih gy, T RIS 8 T B I A 2 R A A A AR Ao A LR, B TR SIS EE, Bk
G A ) RS A N R G2 A T R AR B S SR A I A2 . AR SR B v SRS BE T AE R AR T R EBeR, B
B RABRKECR, BS BN BN RESMAE. A, W HEE T X BT R, ST R
BARTEPFROEREB FEBEIITIEN BiR. BESOIERY, R \EmE®RaHRIFNIHT
P, ZEORUE T Bl BT BRI R, RS T MR IR AT RCR

KA

RESES: 0034, 00246  TEHRIAM: A

5l

il

TR A A A K B Bl AR Bl ) R, T e LA
HZ B AF 5 A R A B R S A AR BB
YERTBUER TR, T X RN A E
B R R TE AR B Ve 2 e FE AR R R AE, EH U,
X AT 3 A R oT iy, SRA AT AL
KRk U BEEFATHIRN KR, AR R
fisly i) RS BL R, A MR OGIEAT I B S HUS AR R
T, REH TR B R LSS 85% KIFFAT80R
PR BRSNS A . HE, HTHA
MR K2 A BT IR i, AR
BAEFTHE, NHSEREEROEBFERT#
fih i 43 AT B, R A E A L R 9 AT SR 1230,

P M SR 32 A AR B A 4 R AT Bl
B B AR K B R 8 A o S R g
BEANMCRES . BRI RE — B A R RERM
RTFER. RRERERE TR RDIET—R, H
P 2 KEL I b R T R s A B A BV AR B R
R W BT IAT, 55 R e 5L bRt il
X AR R E R SRR EIE AT ROR, R
BREZWRBEITERE. HiAZMERER
Sk )RR A O AT, R R
R AW R R B e Z B UM SR Rk, HORT
2006-08-28 HF% 1 &, 2007-01-12 K E s i
1) BxRERBEES (10372114) %EBH.

2) E-mail: wangfj@cau.edu.cn

NEHRS:

ARk, TS, BEaEk, BXARERS, X

0459-1879(2007)03-0422-06

HERTHTHE, BEREREERE XEZ MM
WAL F B R B3, Hik, AHTEP
TR K2 REREE BN REEEM TIHTHE.
A, FAEE T IR T §XA BT H AT E
AR R B0 R Rl A AR M SR 7 R AR AN [
I B R B BT ACR, B R AT R AR
. BRTER T TEEEARE S TR
WREE, HATR A XS 8 5 Ao 5 %575 T
HEAT K B A (1100,

ol 7y S50k B S PR AR AR B 2R 4 W R R il S
EERFEARKMNE. FHEMOE R ERAHENK
ReF ik MR S 8k PO BRI R M
T 0 e LT T 27 B W AR AR, R — R R O
B E, BRTIAFRME, EHRANHE
fEAE, N 5 B U A T7 R A, Tish
A i) R ) R R 4 DR E T A B DT A AT R
RESR A S B2 75 SR e i, xR, T S8k
JUZATEMAR. NSBEEISIANSHEE R
T 27 3% B RBUE A B g, SR B AWM
EUFEW L. ESBAREBRS T RERRA,
HgR g, EY0 5851250 K T 5852350
TR, XS0 e H AT IC U T,
Rt HE mERkduE P BARE — kK



® 3 M

FRES  HITA BT P R Bk 423

Bl SR T BN MR 4 5 &, /RS 0]
R e (16 & {H X e 3 76 F T 34735
I Y9 FE 7 — S e R, B R0 1B A SR R
&, Fa Rk 1.

AU, ASCAERA Sk R b, X T 4
REMEL T X BB, LT AEFTER
TR A A A R E .
RIEE, 38T —Rr ok o e AT s,
R AR B M AR A BRI ERSWE, PBR
BT R . F B M AR
FEF AT

1 )75 HE A ] 78 AY £ 1 i

7

L1 HRTA R
WA AL B, K ¢ B 22 B ST S A S R
BB B R T 16

/ [6:e]tirdV =

2%
/ [6fu]TbdV + / [6u]TTdS—
0 0s

\%

[6u]t ptidV + / S(fu )t f)ds (1)
tV tSC
ERXNEEFE GBI AT, &S S, B SR
fili 77 B BT, XA RIS TR U BUE, BIAM
BB RA, MANAEBRR, W@V FHHE

M'i='Q-'F+'F. 2)

SRR P 22 40, T S B s 2 5 (17
Ay = MTUAR('Q —'F +'Fo)+

2Mtu — Mt~ Aty) (3)

AT P, Rl R A
LA E L T Se, SR 5 R filk g SR AR
R R H M.

1.2 Bl R A8

e MRS, EFERHMEIIART R
RRAE D MREmEREE O AR, TH
Fe A X e B R AT IR AT IR, EAT R R EXT
BOOTHEAT IR B g S, I T X 4 i R AR
DERBHER. BAEEFTSR 2195, 2.2 X
ik [10,18].

13 B Sk

XETSE R BERRY, TR AE AR DI &4
1B SERR, IR ARG (3) TR T
FUA 5GBS WY RS, B O
BB X TR C AR, BT YR
B EREX, uAlAEt A A iR ML B X
BN, RS HOCR R 192
s 1,

P IR A SR C % REE), T
BB RIET W% FESTRE (14 A g
BB AR 1307, B O MOUPBBUR L 4R 11 %57)

MG =tF* +'R® . a =111 (4)

Horp: Theon RERLTTH; M R EGRE, i,
RANE, CFS RBRT B LAS R A RS
TRERM; RS, REMS. 'RE, WTAEA

‘R, = R, + f7 ()

A, f R T AR MO I A R i &
R, R H e B oot e By ik 7 B SUTRR.

T A C RIEAERTm B £, Rk, B
RO BBTR, HERE. IR, A AT A,
YIur fE By oG B R AT R B R R ROk R
fiE, Bln, 3 (4) FEM A C RmE AT £ oR A

iyt = Nyl (6)
k=1
Horp, SRANEIFEHE n 4 BOCH B K5 KB N, ting
ARk TERE. m#EE. X (4) FEMAC K
prit MY, B

n n
MH:ka, mk:Mka/ZNjQ (7)
k=1 j=1

A, my Bk XM A C BTRTTER, M
AT kSR
KHAEZMERS 1) X, BE

2
ety = ap=sg 4+ O i R, 1 g ()
t—ALTT _ 1 t t—At
He, U= A_t(2 u — w). BB NEMAR
ot
t+At

Gn = tgn + t+AtuLI _ t+AtU£L =0 (9)



424 ) £

= i 2007 F i 39 %

XA, g0 AR A SEMA C NI (EAR).
EAFIRAERZ t+ At TFE. KX (8) AKX (9),
HEBIBT R A FR C BRI RN, T A
K, &

/ L+,
n

_ MIMU TR )
MI 4+ M M1 M1
thtUrlll B ththlz

At At

LR S, R AR 2T A AL A Bk
BHE. Bl O Rbiy B IR RR £ = — ) IHEL
WG, HHAZRITH B & s KR T B E
TaRLbx, A

t
e (19)

mg
fnk = Wfalzl (11)

X for ARICTE B K35 515 2 032 ) B ik 773
B2 RIEE BT 1 e S T R AR B i Bl 77,
BTE 2.3 4.

BET A ARG B /£ C #il, #WitH
5 1 B fl 7 0 (R Ok T A5 B D) e 4 ol T 3

L = MMM [tFtIg +Rge '+ R£t£+
& Al 4+ M M1 M1
t—Atr7ll t—AtrTl
Utg _ Utg _ tgtg ] (12)
At At (At)?
ftI = MM [tFtIrg + Rg‘,n _ tFtIy + R}:tn_i_
n M+ M1 M1 M1
—AtT —AtT
¢ tUtI'rly ¢ tUtIn tgtn

At At _(At)z] (13)

K, TR & Ay 735 R B fl AL AN DI T
BEIAI T E X

¢:|ft|_ﬂ|fn|: \/ft£+ftn_u|fn| (14)

Horf, p N BERARML, AT OCHR [14] HF T TS
WG, BATAIEEN T AW & ¢ <0, MBI R
S, HE fie, fon WEEBETIMERE, F >0, R A
Bt B A TSR, W fie, fr, WTHER S
Jr, W pfn A EEEE IR,

% BB AR AR B 2 M R A A B i, B —
AN BT PR T AR RS AR AR, Bl
BB AR AR o R . B, R AN AR
T R B R B . R ARAE — NI R 2B AR B
MRGEA KT xS, B E DRI

(1) 2B ERE =1

(2) Xt R GE A BB e, 73545 5K (10)~(14)
TS 16 Ay 3 R EE R T M

(3) A MILH, EH LA MRS, 4
(Ren)) = (Ren)D + £, (Ret)9) = (Ret)) + f3

(4) TR R, He 7 E N TTA T 5 0 5
TR E &5 b, EHEmh i R, st

MEKRT 0, &H A 0, DUBG bt b H B4 B 7R
e

(5) # |(R)Y) — (R /|(R)D| < & Si4EEF
W ] KRTFEANERGTHE R REE, WgREAR,
B0 =g+ 1 FFE (2) HaREEAR.

2 EmEEMFITIHE

2.1 FHEFOTRE E X
HITHEBRATHALTE. £AXF,
AT B — % T -5 AR T FAT I S5 AOR FRUE,
WE 1 s, AT ERKES @R, 5IATT
HREMX S FWXK—FEETFHZIA, 7
—¥FAETHORZH. bR E T FH 6 Mg
X. XF, BANTEHA 3 ML ERKEZHRE:
FEIX, AKX, SX, LE 1

internal box subdomain box  external box
\ [
S1 \S 2 / S3 S4
r/// ////}///// /j/ S
‘V // // % /}' //////////// 1
3 7/
7
S5 S6 ST
///////

//////////////////

buffer zone

B 1 FH. S KRR M FRRX, AKX
Fig.1 Subdomains, buffer zones and their subdomain box,

internal box and external box

G X i RS Ho T 7 SR A B R 3. et
DX 3587 18 B 2850 R e A W 1) 282 B S TR OT 65 A A [ 5%
Wi K H S ph R S AR T A A E L KT,
TR R v B S R, B —J5, R b
BEAT XS R AR R T . ARIEEH AR,
B R G RAPITCRA I —¥, BUER X5
B EER.

AT AEFAT R R o AR A O R AT R R
TFR KM R, £— DT ITA L ouH
X4y A oG, S oA T UYL
— MG R FEEINIX, WBE 8 AR



® 3 M

FRES  HITA BT P R Bk 425

Jos AR TS TR v X AR 22 HH AL R AE T
X2Z A, JU# e SO FUm s, Brf e Oon#oE
SCA SRR, X T s A E S, 40 %
T AT RASMRAT L AR S WO (18]

2.2 XI5

X343 A ¥ B R SR g AN Y B ) ) 4 R T
TR, 5 BIEE T m L BT TR, TS
BRCR A K S HI, 5 X0 B EEERE LR
BaR. e, AT RS B & XS R I,
S5 5 1OV B IX 843 18 3 AR R ORI R R R R
filr. 7RI B IR B X84 i b, RGEH TR 7L B Rl
& F 1) SR ST SR T AR R 2 XA
B F i) A B PS8, X N 3 F) 2 ) 4 00 47
HAEH. X, BMRGEK S X (partitioning) &
BERE R XSS B BTl E % T e
HRE RS R BRI X IE 5%, RTHDSH:
ARG BRI RN 5 & 4k 2 3% 7 i) 51 38 P 4
FE. 2B B E| Akt 8 5 A RS o S A FY 40% DL
E O R, RIS TR, B AN RRER
WEMXFIR (BEH) KMEE. —BokYE, wTEHS
Jri 48 2R T A RSB B AN B R ORAG SRS R. SR T
JZ VR B 2 DX 43 8 0D 1 4 250k AT 2 L SR ([10].
2.3 FHATIHE SR

70K 2 T H 0 22 40 SRR B i v BB, R TS
AR B T SEAT BT L. B A L AR
TEL BRS, MIEERH %, ASCRA T BT
WAT I EMBE R O eI AT, REPEE—
DN EAEBFAE T NN, EAEBATTEY
AMLBR B AT, R TFEN SR L ES BT
fE. B NAL B ERAE AF T AH N 7 3B 1 7 ) 4
FRECHE, FFHEATIE N BB ER. BT A 21
TR R OLRB ST T HB E X, Hb AL TAE
WG — A2 AT AT RE AR A ) 3% 3 4 B 3 — 4,
FEBENEL T —EE RN LES KA
% B 3 A B 2% AT He B

ERABES N, FAAE ST 5 R IEATIF
(i X

(1) B B F 45 M Ak B 2% 7 & 3% 1 86 K B A
%

(2) HR4E AR B K ML S R & A B3 1 SRR
S48 R R e AR B HE AT X8 4 A

(3) B BIEAT XA, WK B T &ML B A
MRS, ARG HEAT XA R, B R KR

BB BB NAL B A

FERAS G A, A B 348 51 72 T AE -

(1) MR R G LR, Y27 I Bl 4
JRAE R 4R T PN BV A B X 5

(2) VA JR 4 R SRR A R S B B Al X

(3) A P4 fs g S50 4 L7 8 AT 45 5 xS 45
715

(4) Btxh 748 A BT A A A R B G R SR T
gt, WHEWI. 51

(5) #FXTFEARPTH T A, #HATTAKA
#;

(6) 5 HE AL B 5 52 e ST 0 5 SR T
95 575

(7) X 48 A B P T S REAT I DR 20 (B B3
T B 2 A D)

(8) HH B NI B 85 S B A T B T AR 5
R

(9) 1] F= 4k B 45 % & Fie K RIMALE 5

(10) BEWCR B T EA BB —MrEE, HU
Wt B R 75 £ A IR ) A2 AT DX I 2

(11) G SRBEREAT DXBR A 8, e 3 4 B 8 Rk o
BRI BE, HRCE X B0 2 5 H 32 A B s Rk
SO QI ¥ TR i ok &

3 BEEH

AT TR A ST HR H 1 il Bk 1 IR AT BUR,
AR SOX — 3 5 2R 4R 5 WP 5 A R 1) s A o R R AT
TIHATIHE. ERBAATUA BRI SCHR [17], 4R
S SR B PR A P 2 TR, R AR A R A R B R
A1 900kg, ALK SN, EREWREFREN
400kg, FALMERIR B R B HEE. BANERLRIS
7208 AN 4 AT RIG, RER BHHER 35950, AT
HHEIRBE A PC PLEE, 24T LINUX #1ER %, AR

B 2 EREWIH BT RS REE
Fig.2 The mesh model of vehicle front part



426 b2 ¥ % i 2007 4 39 %
TR PR AET MPI {8 #r4 MPICH fEA T EfE 4 & #

BYG. K3 4l T AR /AL E T 4 )5 65.8 ms
f KT8, T LB S Y 2 A e A 2 R R A A L
Suma R M ws. F1AHTRA 4 MbHERE
BEAT BT, FAT 2R Bl Al B R E AR AL A DL
MR DA B, B A A A AR R Al AR R

B 3 EBREIBIERTE 65.8 ms J5 KR TBAE i

Fig.3 The deformation of vehicle front part at time 65.8 ms

1 FTHESHWEMNENXR RA4IMTENHE)
Table 1 Parallel-execution efficiency with

time elapse of impact

Elapsed time 10 20 30 40 50 60 70
for impact/s

Parallel —execution o0 1 60 5 70.1 72.2 75.8 79.3 84.4
efficiency /%

AT P12 il B0 R K KA fk ) B ) 3 R
PE, SR X EEXT TR [17] 45 B — N 65051 4
POITHLRR. S E MR 323045 M ERIRIYEAT T
BT, B 45 H T A RRA 1~8 ML BLAEHEAT
HATIHE R B IATROR. AIEH, BIEE 8 Mk
BT, ERGEMEARENIFTHRER, BIT 85%.

100

80

60

40

efficiency /%

20

1 2 3 4 5 6 7 8
number of processors

B 4 AR RHLEE IR R

Fig.4 Parallel-excution efficiency when executing on

different processors

ASCHRM T —Far T A R ITIHAT R

Bk BSEREA DT R A

(1) By Efh B R T R R Rk, AR

R—MRENRERE, B5 8 H RoTr RS T7
EERME. ER{ETNISEEER IR EK R

Hﬂ"

AR R
(2) 1 3 7 DX 35 7 S50 o X AL T S B T

TCREATREIR T RAL B, AR A 8 AT P T I K
KR EREENRREREE, AHEME
B AT E B TS

(3) B BB b EL AR W & B THAEFFATIREE T 4

ShAS A B EORAR PR AE I AT HLER BRI

i,

5

AR E2E ST MPP FHEIHATHE.

s % X W

Har J, Futon RE. A parallel finite element procedure for
contact-impact problems. Engineering with Computers.
2003, 19(2-3): 67~84

Malone JG, Johnson NL. A parallel finite-element con-
tact/impact algorithm for nonlinear explicit transient anal-
ysis, Partl: The search algorithm and contact mechanics.
International Journal for Numerical Methods in Engineer-
ing, 1994, 37(4): 559~590

Attaway SW, Hendrickson BA, Plimpton SJ. Parallel con-
tact detection algorithm for transient solid dynamics sim-
ulations using PRONTO3D. Computational Mechanics,
1998, 22(2): 143~159

Feng YT, Owen DRJ. An augmented spatial digital tree al-
gorithm for contact detection in computational mechanics.
International Journal for Numerical Methods in Engineer-
ing, 2002, 55: 159~176

Wang FJ, Cheng JG, Yao ZH. A contact searching algo-
rithm for finite element analysis of contact-impact prob-
lems. Acta Mechanica Sinica, 2000, 16(4): 374~382
Wang FJ, Cheng JG, Yao ZH. FFS contact searching
algorithm for dynamic finite element analysis. Inter-
national Journal for Numerical Methods in Engineering,
2001, 52(7): 655~672

Belytschko T, Daniel WJT, Ventura G. A monolithic
smoothing-gap algorithm for contact-impact based on the
signed distance function. International Journal for Nu-
merical Methods in Engineering, 2002, 55: 101~125
Cirak F, West M. Decomposition contact response (DCR)
for explicit finite element dynamics. International Jour-
nal for Numerical Methods in FEngineering, 2005, 64:
1078~1110

Oishi A, Yoshimura S, Yagawa G. Domain decomposition

based parallel contact algorithm and its implementation to



# 34 FRES  HITA BT P R Bk 427

explicit finite element analysis. JSME International Jour- large deformation impact-contact problems with friction.

nal, Series A: Solid Mechanics and Material Engineering, Computers and Structures, 1990, 37: 319~331

2002, 45(2): 123~130 15 Belytschko T, Neal MO. Contact-impact by the pinball al-
10 Wang FJ, Feng YT, Owen DRJ. Parallelisation for finite- gorithm with penalty and Langrangian methods. Inter-

discrete element analysis on distributed-memory environ- national Journal for Numerical Methods in Engineering,

ment. International Journal of Computational Engineer- 1991, 31: 547~572

ing Science, 2004, 5(1): 1~23 16 Zhong ZH. Finite Element Procedures for Contact-Impact
11 Hallquist JO, Goudreau GL, Benson DJ. Sliding interfaces Problems. Oxford: Oxford University Press, 1993

with contact-impact in large-scale Lagrangian computa- 17 EWRE. sl EE RooB It Tt E XA TENA. (Bt

tions. International Journal for Numerical Methods in En- w3, dbxl: H4K¥%, 2000 (Wang Fujun. Parallel com-

gineering, 1985, 51: 107~137 putation of contact-impact problems with FEM and its en-
12 Hughes TJR, Taylor RL, Sackman JL, et al. A finite gineering application. [Ph D thesis]. Beijing: Tsinghua

element method for a class of contact-impact problems. University, 2000 (in Chinese))

Computer Methods in Applied Mechanics and Engineer- 18 Wang FJ, Feng YT, Owen DRJ. Interprocessor communi-

ing, 1976, 8: 249~276 cation schemes in parallel finite-discrete element analysis
13 Carpenter NJ, Taylor RL, Katona MG. Lagrange con- on PC cluster. Engineering Computations, 2003, 20(8):

straints for transient finite-element surface-contact. Inter- 1065~1084

national Journal for Numerical Methods in Engineering, 19 Krysl P, Belytschko T. Object-oriented parallelization of

1991, 32: 103~128 explicit structural dynamics with PVM. Computers and
14 Wriggers P, Vu VT, Stein E. Finite-element formulation of Structures, 1998, 66(2-3): 259~273

A CONTACT ALGORITHM FOR PARALLEL COMPUTATION OF FEM "

2 Wang Liping* Cheng Jiangang! Yao Zhenhant

*(College of Water Conservancy & Civil Engineering, China Agricultural University, Beijing, 100083, China)

Wang Fujun*

T(School of Aerospace, Tsinghua University, Beijing 100084, China)

Abstract A general contact algorithm for parallel finite element simulation of dynamic contact problem
is presented in this paper. The local Lagrange multiplier approach is used in the new contact algorithm.
Since the impenetrability condition and the interaction of adjacent contact pairs are all considered in this
algorithm, the contact constraint and equilibrium equations of the system are better satisfied as compared with
the traditional penalty method. Although some local iterations have to be done, the algorithm has a high
computational efficiency, and is totally consistent with the explicit time integration. In addition, the existing
contact search algorithms developed for serial finite element programs could be transfered into the parallel finite
element program without any modification by the design of a special domain decomposition scheme. Numerical
examples show that the new contact algorithm is effective for parallel finite element computations. The new

algorithm ensures not only a good simulation accuracy, but also a high parallel-execution efficiency.

Key words finite element method, parallel computation, contact algorithm, explicit time integration, domain

decomposition
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