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H AT, BOE V57 B AR R A i SR LR
AR T T ZNH (Belytschko 2000, Zhang
2007), 5 B F SEIRWF AL K T BACRE 4R
ff) 3 KSZKE (USA-T 2005), JF H A B, 24
AR AR A AEE, 3 B BHRE K AR TE
T AR 2 A A AR 11 ) R A v B g VR AT ok
TERMBREE, wlan, s A, mE S &
1By 7y 2 R K A i A8 A L e L A% SR
AV T, s W H AR ok o
VEFIRR R 79, 7 Ak B X 28 ) I 38 1) o 4%
WA o T B RS I8 00 Ak B 45 R 3 (M 2009,
Huang 2010, Liu 2010). ¥T4F K & fE 1 T0 Mk ik
TE 0K ) (SRR R IR T BRI g, 2 )
TR D) 2E AU 2 A 1) v B EE A (Zhang 2009,
Liu 2003, Belytschko 1996).

R H W 2012-12-24, &A1 H I - 2013-03-21

DOI: 10.6052/1000-0992-12-122

HT, CA R 2 T2 000 M MR 4 e, 9
ATEARGETERIIk 30 . J0 RS VA IR R R A
46T Lucy (1977) A1 Gingold % (1977) #£ 1977
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SR AR R AR ) . E ) 20 tH22 90 AR,
VHEL )25 FEGGER T R TG MR VE I BT FAG (Be-
lytschko 1996). JG A% v% 5 fr ks W1 H A Rt ik
¥ 3 X AE TR H TG M B G R ) R
MORMX S5k, I B T B TR 28 AL 0L R 2, AT B
A0 JE B 43 b V0 B o0 0 ks TR ARORSE. 5K R0
(Zhang 2004, 2009) if B T+ 5% 3l bk HOIMAL A2
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FEAR D ek ZE ik T
BAVE « BT A3 AL A ) B e O L R
Sibson ffi{H « dF Sibson #fi{H %1 NURBS ¥4 %%.
DRI, % TG 190 6 36 1 32 2 DX TR T AT
FRASL (K30 ) B HORT A A o £

W) )it £17% (material point method, MPM) &
Sulsky 1 Chen %% (1994) $& H i) — PP B0 5 7%,
FJCORUEFT3E W] 2] 20 AT 50 FFEACAKSRE R it s
W A% (particle-in-cell, PIC) J5ik. A T KfEE
T (R AR Ty 2 o) @, 5% ] 3% 307 o] o 5 30 [ 5 s
%% (Los Alamos National Laboratory, LANL)
(1) Harlow M L41F Mo 8w AR s) ) 2% N T
1955 4F42 T PIC Jjik (Harlow 1964). PIC
DA E R 3 NS P E TV OE T 1B W AR L b
B 2050 R, ot s AR A B A A R DA
TER AL RE S, A5 R R L v SRR N
Py, T A (E RR 0 OB R B R 2
) A AT L. Oy 1 il ok o s A8 ks Joe AN A
B BB PIC 77k HAT iy B AR U Bk b,
Brackbill %% (1986, 1988) 7t PIC F:fil Ik i
T FLIP (fluid implicit particle) J7i%. 7E FLIP
R AR T B 2 B, s R
&5 Sulsky (1994) 4 T ¥ FLIP N T [l 44 J)
S0, X FLIP 5y AT 7 W s et (1), il
s AT B AR R, AR TR AT AR
J7REEEL, DLE T AL B B s A DG B A R (2).
T A5 R 43 59 T 2, SR FH BT 8 O S 8
iR HO S (3). SR ANm A gy &
BRI FLIP J7vE Rk AW i sk, 5 Al G
WL M B, P50k B b o S5 R Y H A TR
TCVE SRR RALL, I AN B 4 57 5T a5 ) I 20 o
MR, DR Sk A e MR 2k % B B AT 34
(Ma 2009).

MPM B G 75 A 265 0 100 SCRE 5 1 19 A Wi
A ] A IE A A BE RS K MR K AR TE [ )
AL MPM K485 45 A4 RE T A A5 5L I 4 Joit g
RO B D3, AR AE A R XI5 32 3)) AR TR

A, JFE G T A BRI I MPM SR FH B ) Rk
P S5 PR T 523 ) S ORI B 7 B, AT 8K
LT B TR A AR SRR, G T R A%
WA AZ ) B Sulsky %5 (1994) 8 56K i% 07 %5
T T AR 18 K3 2y R A 1D G i ) L, e B
T MPM #{EMLH. IS, MPM %2 3]z %
A3 T RS R R, NI B K
PEIF R AN 3 A Sz 10 P 5T b AT R4
TR,

2 YMREEBEREYTRE

2.1 WREMRSE

2.1.1 EHIFREREEN

SRR RS B RS SR i R (A 8 4
BATH) N

RS Ep(X 1) (X, 1) = po(X) (1)
T Mo ; + pb = pii (2)
B 1R 7 FEpu™ = Dyjoy; (3)
KKK RV =0V (Dyj, 04, etc.) (4)
IR 5 = 5 (v + 030 (5)
iﬂ?%%%ﬁt{ et ©)
WIUH S AT

UZ(X,O) :UOZ(X),’LLZ(X7O) :’LLO,L(X) (7)

B2 R TR A B N o TR Y 7 P B G A
Einstein KLY E, TAr 0 R YI4a I %1 1 4H;
p NN ZIR B R, T A EeAT A5 b Tk
WI1, i NALRE, w™ O AL TR I N BE, o
ARTPY RN ki, Dy ARG KR, I, ML,
3 99 2 7 DI F40 1 Hh [ 46 A T g 32 5 R S
Fr, & Aoy 23 9k 2 BT )RR E ny AL
FFi 5K B AR Z T ).
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(b) (c)

1 WFEEEFEE: (a) AR RXE; (b) M
BERERE; (c) WA FEHEK

W0 VAR AR DX O — AR T
SRR IE BB (W), WiE 1 PR,
AN T AR — YO R X 345 41 T 6 ) o
B WpTR L HRE L N RN AR AR DR T A
M A R T A MR I 15 55 Pk R
VLA B 3 BRI SR Bl =7 . BUB AL du; €
Ro, Ro = {0u; | du; € C° 6u; |, = 0} VE AL
K, WA ETRE (2) MY E 1A A& (6)
(A5 Ry 59 T 2 (D 7 /) A

/5u1pude+/ 5ui7jaijdV—
\%4 14
\% I

W5t R R R X R 5 — 2 B
BERS BB E p AT I
plas) =Y mpd(x; — i) 9)
p=1

ot ny, R A RBL, my, R AR X
S FURE, § 0 Divac 4L, o, £ 50N p O AR

W T ARG LR E, AR (8) TEIA
LR ) 03, = vy /p FILLIAGETE I B8 = 13/p,

|4 14

/ Suipb;dV — [ Suipt;dI” = 0(10)
|4 I

Fe 3l @) RN TRE (10) ', WK HE 2

T3 FEH AL g KA B K
Z mpiiip(Suip + Z mpUiSjpduip,j -
p=1 p=1
Z mpbipéuip -
p=1
> mpty,h T uy, =0 (11)
p=1
o, Uip = wi(Tp), Ouipj = Ou;j(xp), Olip =

035 (@), bip = bi@y), B, = T3 (xy), h S0 THR
(10) 7235 55 — T2 S-S A FA 93 T 5
AR L R T RE. R () W, A
KSR (10) HH 1 % SRS B 1 B B 4
W S F 1 15 R 9 1 1 B B
A, IR T 4007 SR

PESK AR A7 LI, R AR 5 R 52 4
[, 2% 55 B0 s — A 3 50, DRl S e 7
15 54 BB 45 L A W TE T B B N () KOS
B RS St R 45 2 5 S . F
T P TR T 10 K 5 B I A 45 2 1
B T AR p MR F0R T 5 (0 A
W p ORES gy 17 L EE TS S5 90 5 5 F
B way AT E), 1)

g
Uip = ZNIPU’U (12)
I=1

P, Ny = Ni(xp,) R85 R T T B B J5 R
p AEIIE, ng R TH SR R 2 A L R
FIEZS AR TS SRS, WIEE i T KTE Rk 8
45 RN THAR B IT IR JE R 5L

Ni = S+ €)1+ )1+ ),

I=1,2,---8 (13)

o, &, mr AV ¢ G5 /LT AERE BT Y 1) 45
s ERMERR, FHUE 58 1. th A ROcE
PR Ny BATESNE, 3C(12) Rsxt Bl x, P
5 BT TR SR AR
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[l B, B p IR RE AL RS AT AR 7R

(5uip = ZN[péui[ (14)
I=1

Fort Guyp RN SIS S5 AL T I IRAL R, K
(12) A (14) ARG (11) T, I 1& 2 AL
¥ Suip TEA AT I, B2k 0, 7EH AR % rUAL AT
B, AR B RS S s Bl 7 R

pir = f5+ fift, 1€, (15)
Hrp
pir =Y miyiiy (16)
J=1
SEEE TN 4 R AT 0 7 R B Bl
np
myrgyg = ZmpN[pNJp (17)
p=1
ST T e PR 1R o B A R,
TLp m
== Nipjoip—- (18)
p=1 Pp
F
zCIXt = > mpNipb; +
p=1
> Nlpifltim (19)
=1 Pp

I3 TS S WA 4 U I RIS RO D). oy =
oij(xp) AR p Iy, B n] UR) A J7 f
R ECE

TED) T RUE T, 15 55 WA BRL G R T B TR
AR FH P 0 g A A RT oR AR R U B, Love
45 (2006) 73 AT T TR B B HO0) R B AN B SR
PR R MR, &5 SR P O O R B A R A 1) e
s sp M Tan 25 (2002) 76 FH 2 L0R b0
(1) Rt 12 B8 TR0 N L LR P U 0 S O R 8 R4S
LF WU RE R ST VE BT PR A9 0 my s AN
(A OG, 5 70 A — /N () 20 v g h 5. DR,
A SR FH A v o B DA e T E SRR, BE

g TNp p

mr = ZZmPN]pNJp = Zmpij

J=1p=1 p=1

K IR A, B pir AT fi] A6

Dil = MyUif (21)

K H 0 ZE 4315 (Zhang 2007) R #7155 M
M &k 5 s R (1), Al et 2 RS
SRS A AR

iR =Pl (T A

(2

(22)

Hor Apr = ¢nt1/2 —gn=1/2 Sl Rk S AR TG R
HOF R 53 25 B SR ] 5T 5 DASE T BT A 1) o A
T, R 53 50l ) S 5% 09 R TR 0 e 2 g A ek
Iy 50 00 R AN, A

n+l/2
ip -

n—1/2
ip

g
A" ZNIp(fir},lnt + fin,ext)/ml
I=1

+

(23)

ot = af, + A2 i Nrppie 2 fmy (24)
I=1

Horr gnt1/2 = (g4l qgnet) j2) Agnt1/2 = gt
¢, W ZE SR O B BN HE, R b K32
CFL AT 1 R, 38 7 TSR M I A 2 g 5 17 e
Bt R A RN G 3 0 5 W, O T AR A
%, Cummins %5 (2002), Sulsky %5 (2004) ff 5%
T RGE R SR Sk, R ATIA AU 53K
fiff sy RE 2L, AN S A ke U e I R e,
B T AL Guilkey 45 (2003) SR BT R
fipsh s R, fe 1 oA e U 2 Wil
K 1y 2 KRR 23 O V.
2.1.2 HEERX

LD SRESIIRS (X TIPSk

(1) 5E SCH S PR, K5 T A Bl (K i B )
RS B A% 4G L

(2) SR 35 PG 38 52 3 v B30 5 i WA I
BRI )
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(3) I JH AR 73 B AT T 55 A% 45 R (1 4 (1) 7£ USF 4% 3, A BT i 1K) 45 2350
S, LTS SR TR 5 R Bt pi V2 Sfe B4 K (Bardenhagen 2002),
(4) 73R AT St RUMS 4 S i B S Ao B
TP I SO I 67 R T s e
(5) ZFF CLAATUHITY FIHs. JEoh iy v = e =
FOTLMES (3) %2 AT, HUnT B e it Zmpvn V2Nm n(25)
7. BB PR B F #E X AR USF (update
stress first) Al USL (update stress last) (Barden- (2) {E USL # 3 rh, B 58 Ja 16 45 558

hagen 2002, Nairn 2003). BEAh, A —FSHE & prt/2 Syl 145 3 (Sulsky 1994), B
] USL %=\ 4 MUSL (modified update stress

last) B4 3%, T A LB R O 1 45 2 3 Sk ol = R (26)
0 S, T T T I A B e [ 7

(3) 75 MUSL H 2%, 5 5897 J 1105 24 30 it
Pl WS B BRSSO S
(Sulsky 1995), R

S A% e BT oF S R R N SR I G
BT g vE B AR A DR I % ks o) T
ZFAET R R K45 RO EOR T WA R 3

n

Pk AR TH SRR QB 2 Bros, S B9 5K ni1/2 NS ntl/2 "
UzI+ / Zmp o Nlp/ (27)
% 2 S 7 20 S T p=1
USF USL MUSL
FEM
L Ny el S R e B R
S SR A 4 R DR A )
AN S %
V)5 IR AR AR G T A R AR A
MR, BRI Ae e, FORT I R
R E AN ) LI BRI )

ﬁﬁ%‘ﬁ? AR 4 ﬁE’J JJ1, EIASE | | WERICE R, RIIA S
%AF TSRS S B E T R Gelff, BUY HEL B T

l l l T, TR AL R
s 5t H’f% Ry R A R
[P0 s, SR R A B T
R FH B BT T4 T e s i
O T R R A
TS i i A4
LJr"%"%/\%JﬁHE’JF”}”{iE'iﬂ
s BN S A ‘%HFLJJ

LI CL R AT S, AT
2 VSIS SR I ) 5 5% o A

K2 MFmES5EXARTETERELE
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Bardenhagen (2002) 1 Nairn (2003) 5%
KW, USL B AT B0 i B M BOR AN UE 8, 1
USF Al MUSL HA7 845 () g 5 <7 fH PE. Wallst-
edt A5 (2007) Z3 A 130 b 5 A 4 0 R A5 7
S A TR A R 2 ) R, R R ZE R R
W0 A% 25 R T PRI BT ) 8 ) 5 ), O ik o
I 495 7 S S A R T A B
SRS e B DARR KR %2, Steffen 55 (2010) i
Tk Vv T L BT N MPM A A7 LR R 22 AT
I3 M, Fi R DT A A IS 3 S B () B
Y IDRPREZP i |71 2 N 0 5
2.1.3 5FRITEREK

MIE 2 FRa] B AR BN I 8] 20 ) 5 s
Ahr g B H 2GR ok (BUF SRR A R
%) ARH AL, e AT D A T

(1) A FRICIEER A AR 28, e AR B Ak
h WA BR BB 2% v 3T s A FR B 2 v T A
T AR AR B B AN ) 5 s 32 R
FT AT, BB R I3 B A O AR R A 25 R
Ak AR 55 3250 BT AR A A AR Z B A

(2) A BRITik B vk 53 00 4% 4R 28 1 ) A4 ] 3%
T4 50 A V25 PR T 5 000 A U A5 A I ) 28 ) R4
PRI 3, AEREANIN )20 45 RN, Z 57 LB
VRS BT A O E T IR A
JfE B, A8 R /NI %, AT DU R R A R
W S 20T 1 S PR LR OSR AT WA B4 B, PRk
FE) 5025 0 AN T A S 25 I 220 P9 A% 45 s AT
{5 5.

TS5 0l AT S AR AR AU RS N P b Ty
R HEAT TR LL L

SR BT SRR IR T B N R v R
A DA, & 2 g5 HY T W) 0 iR A IR TV 1
SRR, X EC IR 2w AN, P ROR ) USF A%
UM MUSL 235l EEAT BR T2 2 A F1 3 AN ih 5
AR LA, YRR R PSR Y, SR
R RE N RAT 4 A (T YEin &) B 8 A (=

YL je) L) 5T AG TAT PR TG SR B R AR 4y
PRI, ) 5t RV 00 ) o S K T AT Rt
5, BCRACT A BROTIE. (H 2 TS A R 2K
I, W) 0T A B RE R G B2 R T 5 I s 45 R T R
A5 TE SR AN 2 oA A B T ik 1 B G Ry
EAC 2 Bl A 50T 1) A8 B K AR DU, TS a2 AR DN
e S b, P 22 . R, AT BRIk
T 7 SR N B 7/ D W = R i s NS R = o 7 N |
JRVE. TN TE ), AT BTG I B TR
TEK BE AR A N A S T EUS TR K/, BRI
B GV T A T SRR3R 0 v T B ik Tk
TR KA TG 0] 8, A7 PR 702 1) B0 e g AR 4 5 5
I TA) 25 Ko /S, ORI R b 39 hn vk 500 5 R
B 0 vk A v SR ORI T ) o .

W) 0T S RAT B 62330 SR FH 9 A 2 O A
MRS LA Bl B T R 2T s A &b TA] R R
BT RS — 5O, Py AR B B 22 e A T
FGY 7 ERR KA T i Ak 37 0. ) sVE AN
A R TC% 3 2R 22 A A e e, 1 A PR J6 vk
SR HH v AR 43w LOR UE A i AR 43, T 40 o R
K BT ARGy IR AR A . DRk, 4 5T R
LIRS J7 SRS BEA AT BR oG, HAFAE it s
75 A% T RS BB e . H i, 7R AR BRAARLR
ARTEIN, A7 B TR A7 A P At i A% ] L. — ELFA G
KAEWEAR . R FIHE AT L (Jacobian) K FE AT
FIAAE AT T 0, FHUFFOR LT B, FORS B4
T Wik, ek, WA e AR 31— 5@ B2 BE K
SEAT PR TIE T A R AN L. R e ), A
PR 7GR R AR il AR, B AR TR 48 K 1R 1 G )
B, A, TR B 0K 3 BUR e 1 Joit i AN S,
() Bt 0 P g vk Sy SRS, o b —Floid ok Uy
L RS BRI Gy, A R R T Ny A
FEAC, R T80 A5 B Rk, RS
A B 5. DRI, S 3 /NAR B o) /L, ) 5 VR )
THERG BEAN I AT BR IG5 X0 T A RHRE K AR TE 1)
B, W) s RS B v T AT BR Tk,

gr bR, Wi sk v LU RO K R
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R0 HLAEREA I 18] 20 v 0 E 4T W s 5 20 1)
TRBLAE I H A BRICVE. B T A 2 T BAX 2
T A B R B AT RS AR, Tt iR O iR
AN EE, DRSS /N AR [n) U)o st 5 1RO R JEE
% T-hr A% W H A7 BRCIE MORS R, v 22 2ok
YT B RIRR 2 R 2. (H T4 KA TE 1),
A% B A7 BR OGR4 i 3 A iy A S80RS 2 B
AR I 7 A B SR A VR A, 3 BT 28R AR L
BT ik

2.2 [ XEEVRSZE

T R RARAE MPM AP 5 2 1 A A 5]
I #0{E M: +%, Bardenhagen 55 (2004) K H 1% 15
R - L A vEXT MPM AT HE) T, SR T
MCHAE Y T /575 (generalized interpolaiton mate-
rial point method, GIMP). ¥ Jit ri 744 W) 1k 25
N — O R, HR W B A LA TE R B 7
mlﬂ‘% H1 1T R B3 BOAE 19 5 R A% 45 R A A

HEBE, RO SRR B G I BN B AR A

MY FEN ) 7E %, Bardenhagen 5§ (2004)
£ GIMP WS T R EA O HEENE L i
B, AT RO TR

SR NLARE R 5 RE IR A R 23 39 TE U, GIMP
SR T PR G360 bR 5N 28 B 50 1 AS () ) B
[, 56 oA BN 79 55 A% R iR N (), DA
LR Iy u;, RIEX

6uz = Zéu”NI(m) (28)
I

WA R BCDCA 0 R BT o8 40 2 T R AR AR 23
B, FROWHRFAE PR xp (), LU %
R AIE BRI B () A2 000 24 AL B A TEARZS 1)
PR, B E T TR NG L O HLE AL AL )
filt 1, B

Y (@) =1 (29)

YELE f(x) o DLHILAE R AR 4R £, 3

1A
=>_ foxp(®) (30)

AL, AR BR R xp () BT p (A B B
e S5 3] 0T A DX 35 2 i D o A X3, I A
SE T W AR S AR AR T R MR
& p, N J3 oy FUNGEFE i, #BT LU A 0
fiE R BT 2 (30) 1K

¥ @Bo) @8 A (10)
HHZ B suyy WATEM, TTRREDER LK

(I5)~(19) &4 AH A A% 2, (H I P ) B pR L
Ny, 5 &5 ¥ h
Srp = Vi Xp ()N (z)d2 (31)
p J2,n0

5 MPM JEME Ny L, GIMP JE i %L

Sr HAT RIS, HEHH. Iy, (2) =

8(z—xp)Vp, WA Sty = Ni(wp), Srp; = Nij(p),
GIMP B4k ok F5 #E ) MPM.

f X (31) nT 0, 3 HOAS [R) 5 0% SRR AE BR 4L

FITHS 5 0 A% B o8 00T LA BN [R] 1K) GIMP JE 1R

KT SRS Y o 0 BT L R B T B A

RFAE bR £ T B R

1, zef2,
Xp(z) = { (32)
0, =¢ 12

7t GIMP 1, i 5B R %L Sy, W77 A8 R
mop TR RO 2, ERLR, Tz X S A
LﬁEUJCE’J WA AT IR EAZ AR, GIMP X3
cpGIMP 7% (contiguous particle GIMP) (Wallst-
edt 2008) Ml uGIMP (uniform GIMP) #§Ff. I
H, cpGIMP I8 E8 5 A X Sk A2 AL, RIVRE 9 44 2
RO — A A & AN B B, /24

LT, T B4k e A

Xp(@) = Hlz — (zp — )] —

Hlz — (zp + 1p)] (33)

o, H(x) MY ERRREL, 20, AR AKE, &

P R IE Bl R AN T AR A, 5 B 46 R
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SPEET RS RS A L LRS00 5 1.0 —
R e I TR p BRE 2 mT LU A2 TR os | -+ GIMP)

JEE R A, B

I = FrlY (34)

Forf, Fr Oyt IR p BORTERRIE, 19 &
$ p WRIBA I X T 2 4 R, 4 p 75 % )i
BB R 1 T B

n o __ n 70
lip - Fiiplip

(35)

A Fp, ot R p AR K R F
(5 & ANG A 7o, 1 AR Y TR ] 46 B 5 R
JIT o7 4l 00 DA S AT T S R K T A, HL
RIS ) RE TSR ORFF R P AT T 75 SRS 1K
Ji ik, B2 T By D) AR TS MNIMA R 5)). cpGIMP
AT A A8 R e, AR A I R) 5 5 2 S
THE TR 1, DURA R %00 U5 e L, 9 EL
JE R B L S, B IN T W) A R
MOk, ZRE R R A EREE, S A
LI GG A IR I At ok T — 52 1R RE .

uGIMP WA 75 38 BRI 88 1) A2 4k, AR
JO R R /N TR AEAS SR A I AR T AR R AN AR, B 0,
AN AR BT A B ST 5T o e 0 DX S AT T
T 50 A 1K A, R AT GR A T A
JIWAT 2 AN, AT L, = L/4. B3 GHT
— 4 L uGIMP FIARHE MPM [ JE bR 4L, X
EU o] SR 5 G 6. (AR AR K I
N, BT RUREE BRI S P SR AT B TR S B
() 7 76 TR B, P 5T A A IE B AN P05 A2 AR
IR, T uGIMP AN g 58 4 V1 9 4 i
8 D0 s T 7 A T B M . uGIMP R AN TR B
W L, ARSI RS SR AT R T AR fE MPM, 33
VR B K T AR iE MPM.

Sadeghirad 25 (2011) #2& H 4 5T AUTT o 48 1
DX Al 3 AL R S AT 7S T A, = 4% 10038 1 ) o R

0 L. . s SO
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

B 3 #AH# GIMP f1 MPM — %4/ & 4k

K22 J 6 B 5K s, R

n __ n,,0 n o __ n,,0 n o__ n,,0
ri =F'r), ry=F'ry, ry=F'r; (36)

A (079, 7d) B (P rn rR) A3 AERI GG
FEANBLIN R e ST B a o oy 408 (P4 T /5 T
&, I 7 ¥EFR A CPDI (convected particle domain
interpolation).

IbAk, Zhang %5 (2011) 3 i K5 bR vEE ) ot 2
ERE R T HUE S FLIP 5L 115 5 W k% 4
R R BR BC BE BT B3 S T — FOR I B
PR B 55 3, DR B R A R R
RO %R AN 7 R AT SR TR AR, JF
HLFOR A i I P A (K o, DA TR 54
RS 5 R RS (1) 3 5. Hiike %% (Htike 2011) % H
1% 1) 2 B8 (radial basis function, RBF) #37 T
i BE AT K] MPM. 1 o B, 40D T i L B
T30 53 A i L.

2.3 HRAFH

FER TR, SR R AR S5 A%
SEISRAFE, By TN AS B S A A AT D) A1
JO s 1R A7 A T JRE BRI 4 S 3 o s R 46
e R R 37 0 T T R 7 BERT, DAL L A 5 I A
T NI S A T s A S5 AN D BT A
557 (R A0 0 W SRS T A5, PR R o 4 Tl B
Ei)pss e IR PAPIE SUR VST NPIES
. D T WERR N A JBOL T A5 A, T TS SR
PRS2 AITESE//RNINEUR S

o 5 A 5 R PR 4 sl R T it
TN T 25 A 6 5 T 5 A, i il S5 A%
HHNE PR 45 A = AN AR Bl 7 1) B 2y i
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JE 3 5 R 0 X0 RR I AR, TR M
W AR 1) 45 RUPE 20 SR IR 7 1r) b )y e A e e
0; XF T+ B B34 S 4 A, WA AT ] 15 250 28481 33t
AR, W 4 B, b s A O s 2 19 6 11 DX sk
PRt MPM (1320 5, MHs BAR 3 54 A voE
TS 3 S S A 4 A1 B R 3 AL
UEAh, T GIMP 5t s i 5% i 80O R AR T
FLRTAE (T S5 A%, RITTT 5 A5 5 WS 3 1 3 5
WA 25 A EL AR dE MPM 2 22— 54k b
T ORUE ML AR IR AR JE Wi i, 5 ZE4E T 4 rh e A )
(1) B0 K 45 57 ) et R D0 T PR AR B i

Tk FERTT R
o e °
° [ . ° '
e o o o E
‘s “
o © o o o E
o o o] ® o H
s “©
o o o o o :
L] L[] ° °
[ S /.

Bl 4 3R 5% i o

Ry AR i o R R
FHRE T 75 S Wk F8 3, DRI 5 78 R A1 2 30 5
A b it N A PR T g 2 A, B4k, Shen 4§ (2005)
¥ Lysmer %5 (1969) 45 H 10l A 250 e N ot
FR e 1130 57 00 b 2 sCAE ) ot VA 48R 52
IR, 4 2 4w i B TG SO A R TR AR
R AE FHAE S5 A0 2 WA 1 56 g S B0 S S
2 RGAT
2.4 EMEZE

75 MPM 1, J5T R UFH 15 55 P9 A% 2 )R P
{EL WSk pR B, DR UL B AR S T e
ZAF. R T OE T B AR HE i, MPM A5 SR U
AN R AL B 0T T 7 B LB B Ak ) 1) R, )
G N N (1 ik B

TEW) I R, e fid 0% 2808 1o 1 5% W9 A%

X AR RS Y RUETE T S R B A
g5 IR Sl 5 R, DR o AT ) B ik
N &5 - S R OC R, BRI A 4 0
S ST 0 A V) PR A S BT 4 A O oE SR Al g,
Kl 5 fros.

1 e ° ° e |

1 e|e e

- ---1
o (e o e

I o . .

Bl 5 M50 7k o b 0%

York & (1999) &, 1641k Ak ik o)
B A P SR T I o B, A B P Ak R A
Pk 2 5 I SR P DA 45 11 ST PRl g AT o
SO S BT e fuli ¥y 4K IE 86 10 20 8. 2Bk
o T, IR R T RS A A 2 TR) i R AR
F. Bardenhagen %5 (2000) # 37 T F& T-Hr ik 1
3R 71 I ) D R R i S50, I 2% 18 T A R
BRI SEIR T AR TR) PR Al L VR Ry 2 1
P A ASEAEL, B J SO0 6 i ) W 2% A0 BEAT T 5k
(Bardenhagen 2001). Hu % (2003) WM\ £ & 15
S IO A 1) SIS S N T ) B R i B
O LTS 55 S T T fl vy Ak V2 ) IR BE, AR
& H T SR TSI Y) B Huang 4%
(2010, 2011) $& ! Bardenhagen 2% (2000) #2 H! 1)
FE A SR Pk ) B SN R LB SR B B
Bl R AN, A IR T M BTV )
IACTH 5070, ORUE T 4 fik b vk ) L 2R 1)
le @, oK HL FH T HP A b 42 A0 ) R il ke T
W 5T s VR AT AT, b e 42 48 i) P AR AT BE oK
(1] 1) . Lemiale 5§ (2010) &%) GIMP J7 ¥: & H
T TR A PR Ak T S, I SR T S A
RENCNIOREN AT - i = R e L TR PSS [ 2
FHXF T Bardenhagen 55 (2010) £ Hi ¥ 45 Ui
Tofs JEE SRRt TV 4 B AT S o 1) 4 B i
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HLT7 5N AR S5 A6 5% H Y (ECAP) [a] /)
B b, IS TR PR T VA B B 45
B AE MPM J5 v I #2 fib S, — Mol o 1 5
W 4 bR A (R BRI AR - 1
RME R, GIR r 26785 SR S5 S T Ab
(1) 22 TV 1) 2R

b 1

= S Nyt 37
il >s ey PR

B e e B, % R S T, 455

R
Pt =gl T R A (b =1s)  (38)
S A B T 5 R 7

R 2 T, SRR ol
UM b i A A

(o = o i > 0 (39)
I 5 A A0 2 Ak 2 2 53, A5 B
RS, AR B, B o TP =
SV R IE, TR £ R
VAR AT 16 1F, B

b,n _b,n n gbn
P TR = YR A (b=ys)  (40)

ISR RS oY = ply L2 b
R A T 5 B A (ol 2 =T Pl = 0,
ARV T 4 fih )

fc,nor,n _
T =

rm_s,n+1/2y rmn
—my p ) il

_\myp Dir 1 Pir n; (41)

(m}™ +my") At

Xof T 2 R R 1) o v R, D) e o g T
HH e 1 R 3R AT

X (39) v AES U MR KA Bl n
PN AR TR T AT (R0 40 R 2 TR PR B 25 7 1 P AN 1 5%
W% BT RS, 20 39) . H BN A
YRR X O RAEES, T8
RAIRAE. ik, BEESE (Ma 2010) $2H T —

Toft ol B 2 k) W 2% 1, U I oF S A P 4 2 T
(¥4 BEEE Bl B X (39) JEAT #E A 0 i, ROl A
PSR SR T L % Ak 45 R T 30 Y B A % G
ML T LB 2 R Dy, a6 TR, iR
Dy* <0, MIZRW PP R A EASBHX S8k i) 2,
R R A A TR, 18 I 1R i P 1B 2% 1 A

@ =l > 0 (42)
D75 < M,

Horh, de RoRE SR 25 U BR. 4 T % R

FUR AR A BHX I G TN X, BCIE A 0.5.
X BUE KD 2 S8 7 3.

D

nfor ny

Wik r ik s

. O ] ]

2y 2y

He #mERITHTERE

R Sk 2 EE Y R RS T TR
KAF S AW Sh BT RE, FEAAFTRE KR
(Bardenhagen 2000, Hu 2003). &S (Ma
2010) EF X% ) U S T R 22 T R R AR
fi %, RIASCAE A2 26 45 Al DX 3k 45 B A ) A4 ek S
B TS S R, LA BT ) — 25 o R
KBRS IR, WK 7 Pros. %07
B TR N AF AT &, Sy TR A L

B7 BHZEEZHATEHR

2.5 BENEZEMFTEE
WV 5530 R FH G 2 D 2 140 5 R I 1)
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TSP, ST b HIE RN 4 HT. Tan 55 (2002)
FEAL T TINS5 AR I SR A R A E N 2y
Fr vk, I R 8 & o s R S S T
FLLU v 1) e BERE TR Ma 55 (2006) SR FH A #
] SAMRALI (structured adaptive mesh refinement
application infrastructure) %54 H i& 3 P 4%, 5K
LT R RIAG TS 5 A% K 20 A Ak, I A8 e R Al
BN SO SRR T AR R ) L g
X R T A TR By DL P AR BRI R 11 K {2
o] B, Ty 45 (Ma et al. 2009) #EH T 5 A&
JS2 53 B FR ) O R, AT R0 G T B0 W AR )
W 8 Fros.

B8 BB EN,RTEE

18 AT 5577 1M, Parker (2006) A1 Barden-
hagen (2000) 53t Ty B AL A AL (MPI) 5T
T MPM WIFATHE, TP T Uintah 7. 3
TS AN 5K 4% (Huang 2008, 2010) #2& H 3 115 &
LRI (OpenMP) ] MPM JFAT 53k, 5K47
Vi Ak 2% (Zhang 2010) 3T — 2D g o T %
7> OpenMP ¥ X A% 5 A2 4 BT (1 MPM JFAT
SEVE, RG T Hb 8 T RS 5 4 i) R Ma 4 (Ma
2005) T IATIR P IT K& SAMRAI (Hor-
nung 2002) #. T GIMP ¥ 47 5%,

B K A% 98 1) AT 5548 vk 5 300 A1,
Chiang % (2010) 37 7 MPM/GIMP (] GPU
KB i £ A, E4h, Humphrey 55 (2011) #F 5%
T—F®%Z CPU-GPU 2 &5 U BITFIBIT T £.

2.6 SHMEXNES
MPM e 5 ¥R 7 A b7 4 B H 572 Rk, 5

HHMRcEMER B SRS, Hir O 2 i
T MPM MR Bk

BERT MPM 75 AR UL 7577 15 456 1 45 1) I 525 L
TR D () ) R, B S 45 (2011) 2 HE T A4S
YR B CVE, B A BT AT s s I A
FUR b, I TR U AT RS FEi T
W SR A B O R L, R BT B U
79, 2T 5 0 A% SE I A RAH BLAE T, anlEl 9
JT7R. ZITEARBE M e TR FH 2l MPM K fi
YA 7 R i - 4 R RIS DI K 11 1] R

% 18 BN AR BAUAGE R RL N T IR RLX
SN, MPM o 5524 % FRS FE AN 4n FEM, B d~F
26 (2011, 2012) 7E MPM 15 FEM 54 J7 i T
R AR, B i A4 ) 8, 5K k%% (Zhang
2006) $& th T Wk XA A BT, L T YR
SO AAT B CTE 48— HE SR, R SR G I R
FH A R G 85 O A TE S IX 3, [ A AR AT R
R KAL) 2% 1] DA A B S Mg, JF 7K
figf Ik A PR T N A2 D A% DX 31 A R T 4 R4
)T RUSR AR, DA RE G DA W AR 2R S
A% 7 SR B b 38 e AR AN SRR X, 10
AR5 W) kg AR R S A B
WUk, 1% VE S RS AT R ek 45 R ). AR 2 7
ZE, LR IT R R A T AR, N B
N T 15 5 0 A DX Sl B i 1 2 Ak 49 BT
WA 7857 IR PED) T R E AN IR CVE & B AR
PN, BEHETAE (2011) T SEEAT T TR
AR TIRY G R IR TE, R IR JTiE sk
il A KN AR TE I AR, F P o0 R SR f i
R R AR T I WA, T 2 fid B0V e S o 2 (]
(7. A0 IR b, B P N ol i S5 g — 2D 4
T B IE N 5 A R JCTE (Lian et al. 2012).
VLR A IR Tk B O LA, e R
Tt e S A i AR ) B G T B G A A SRR S I
i A A ) T, 3R R 5 SR S IR B R N
R ICZ M AR AR, Wil 10 Bros. A
T NP 5T A R TR AR A AR T WA SRR AR
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POLETESRE B S W FOSE SO0 SO, ek RIERE L Lu 5§ (2006) W 1 E D 4140 MPM
CRNESTE TR VG S D0 A% TR) S e 3 3 23 7 RORE, 7R P X SE )
5 5 2T LR G: T —— X N R &R, # MPM 5 MD
o o o o o o o o /_ B
S 1 S ) Pl HEAT FCHEMS 2, 00T T REEAK U Bt
S I R D F. Chen 55 (2011) R H A 19 MD/MPM #E4T
: ,;\ i IR I I3 N7V 3 T KR 1 U )RR 2 K R 1 22 L 4y
° o o o o :/ 1;)’_‘[
° o \I o [} [} o
o o o o o L] o o ﬁg:m%%/ﬁ 2-7 %E,ﬁg*ﬁ
° ° ° ° ° ° ° ° ‘/_

B9 RXMFRARTETEHE

d
v

.

o3
QY
o W
(N (A

() AFRTTESHL  (b) WIZa) ¢, 4F BT TR

[T e semigs st
o SIS A
o« WA

K10 BENHFRAARTESEE

H1 T MPM K1 35 9% D) £ R
RSOt DRTIER A T By R vk R 5 SR 7 1 s
FK ). Guilkey 55 (2007) ¥4 22 ) Jot Wk b7 532 1
Wy ot RO T SR T R A gk ke, 43 iR
2 ) S WA S N ) R s A AU AL S DX T ]
GG, fE N T B A I A 5 5%, Anvar
& (2008) K MPM 5 ¥4 Fik (hybrid im-
mersed boundary method, HIBM) #E4T# &, H
T MPM SR [ AR S 4, R il SRk R
Wb PR R AMIE Sl R e FLia shil B AE G
KETF R PRISM. A v, 0 [ 4 5 Bk
P 50 s 0 U0 5 [ A X, P A BR AR
(FVM) BAUANE W i, 38 i ANl 5% Sl
Uit A [ A 52 ST 6 3l R RE R A% % (Sun
2010, Purdue University 2009).

Guo 5§ (2006) =R H 2 F X ¥4 MD Fl
MPM 45, BE8L T Cu-Cu F1 Si-Si [ BE % & fiE

W 00 R AN T B A R U R I
TS AR AR T SR R R T L
BARRE . A AR i B RE N TOW 45 74 H
K, AT DR I A S0 IL 2 W ) 2 . AR
A RO 25 48] A2 X P AT S 38 428 (1) B K BELAS, )
SR8 R v MR BRSBTS i

ERC NG & Q€ e S RAT K O WS Y LT
T Z R ) RUE B OB I . E
2B (Wang 2012, T34 2011) £F5 w4143 b
T B 48 50 52 A M ) DA A= R FOME A 2R (1 i)
ST AR T HE A TR RAMNE R
B RS F (VR R L. SRR A
F T W0 0 0 5 1 b B Ak R G A S A
Z AT A M, R Am RS
TE -, PR AR 78 048 ), AT 26 J G
T K RO S5 MBS, & 11 B,
A BRSS9 44 43 L BT DL B 5 S B — 2 gy
s llk T AR e A ElcE R A BOE
SR FH S A5 T JE v 5E A T G g I I . AR A
% (Gong 2011, Ffifh 2012) & T Micro-CT #
T B, P T LR B R 4 S O
SERIRERLI Jr vk, O el oT H K
J13RAG IR OW 45 K 78 225 i) 43 Al 145 R, SR 5
RS Y S N DR E2ILY) S N TR At
IS E7/DT R INE AR N S VAN 75 i R R
FA) (P ORI AGE 25, S TR A0 B A AR 5 A A 784
K12 fis. %% (2013a, 2013b) HE— 23
T EM JPVE LT NI B A, h
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NAR SRS AL T Blopr ik 42,

NS
Sy .
SR A
)’ilrx N~ \:ﬁ\i

B 11 %8sk Ah RN KE LB
By WO A

- o
Crt X

E 12 Wk g R E A

FFHEE (Wang 2008) 37 T 415+ )
P BT = e Ab R G, TN
VU SCR . AR oR TR CSG VLRI T 3 TE
R S A4 (1) J5 V.
2.8 Hfs

MPM 75 AR5 HIRAT - A8, W R
S CR A TV S NN L P NS 2
FVHL RN 22 LA JoT 45 T T

TEP) T RE T, AR GE TS 56 A% 34K 1 T
W) [ B S k. TR SR, 1 s
(N &2 BTy NG R K7/ % N <o DLW AN R & A
TSR, FTLA Shin 25 (2010) WFST T 90 5 55
B R BOR, AL S5 PA% 8 4 ek 2 UL e
AL H I, S8 T i E ek, %S (Ma
2010) JESZ T A MRS Sk, S A G35t Al
b T R MRS LT, ORI R T AL
KOWHE T WA R R, HAb e BN
FHAT B TG 45 K A 194 s AR A 8 1) 245 ) e D 4

HEAT T M SEWE 5T, Wieckowski 25 (1999, 2004) K
R R T0 = 0 7% W M A A ) J5 R IR S5t Y e,
fiff R T A2 10 BRI I I i, K Ik Dy .
TG A A YR B ] L 5 — 5 T, % GE R
AT S5 WU AR 7 AU 2R 0 il R, TG YRR LUK
(1 Do) A T B AR, [ IE AN BEAR U 1) A e Y
Ji ) L, 4 I, Wang 25 (2005) 45K H i
S (1 =1 D DY 32 7 75 S5 0 s AR A IR S T )
RAM NI4T N

HB 55 NI%E (Zheng 2006) K H MPM 43 #7 T
PR B 2R 2 RO AL B (LK) 3 45 ) A 5 88 g T 1)
REAE ROBE S /N T FE A P A 7 ] IR AE R, E
FE R FH A5 () R4 o A 25 PSR B 4 ) 2 3 BB K
JBUH R, SRARFEI. York %5 (2000, 1999)
D) FH — J2 40 J0 met 5 P50 i 2 4, 3 ok s ST )
MR YA AR R (K] 13 (a)), #1405
SRRy oy AR V)P IEZ D7 n) B2 0 SkilE
ALURSE DL RO 11 0 24T Sy, a1 TS S
) b (B EL. Gan 45 (2011) WM 5t A iR) 5| ik
EN YR S Py g Gk A i TR i B
TR = AT R SRV A R i (1
13(b)), 3% T RUE S 1V SR BE BRI T 0k
AT

P GE ) I RV b T S 1 A T ) A
P, ARE AP N LUW Y . Nairn 1R B4
(Nairn 2003, 2006, Guo 2005) JF & 7 % T iy
5 M Z 3 E 3 ) MPM/CRAMP 27, figs
PRI A S T W R S (7 B N R
PR7 Gk TF AL RS ), T AL 31 24 5011 2 T 4% fi
) B, DL R AR RS B A .

Tkt 2 (2009a) 7E WA 2 FLA IR Biot B
WHERLS, He T M Z AN w-p JEA I
Ji R, HRAL TR W) 5 R K A A% X (Zhang
2009, KUt 2009, 2010-1), BIHFIL T i
% FLAY T8l 2w . [ I, A BEAE 48 g ST
T 2 AL T A A T R i S, R 2
FLAv 505 SR [ AR A IR 7 24T b 43 i) a5 R
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bil3 & 2013 4F 35 43 %

B W) TR MG G B s AT AU, (5t X
&5 2009b). A T 3% 18 2 AL i [ A
5 LR AR A AH B, skt A% (2011) S
FHIAZ LA v U TR0 7R, @S T
A B 45 LR AL A [ AH LA FH 1R PR AH 0 5 5
%

X 7 e
XA

«

_ nngtngnndn

(b)
B 13 R AR R (a) York % (1999), (b)
Gan % (2011)

2.9 MRK/ZFEEMITMZE LR

BT 1 70 PR B2l JA1 499 DA 8 S e 800N
BUR LR IR 3, W) 5 mik w] LU o —
ol R P R AR PO s X R 11 5% 52 e BOn A
AL, OO0 T SRR A RO E
bR £, FEIMBL R A% AR A Galerkin 5B 2 (5K
55 2009).

Y5 mi R e 0T AR R, R
583D Al ERAZIT L AR 1 Ak e
HOL A RURR AL AR AT 4 R I LS5
WG AR L UL R BAR L /NS 2. B L
T, W TR H R TR T S5 M A, AR 5 58

(A = h A e AR i R N
I R R, KRR T & & 535, T
RS b R T B ARy, FE B R
S BN T Al 55 8 T MR 7 B B U
o3 2N 5, AT PR ok i I R) P P T G
AR RS, FAt 22 2000 W ks 3% 10 I 1) 28 A Pk
F 5 S EE (Smolinski et al. 2000, Liu et al.
2005), A RL 2R s 46 I, 33X 28 7 5 1 I S )
LV 28 1A = £ R e L v AN A e T 0 A ]
PR/, L AT BE A R R AR (E ) R R
G )25 I T 18 S5 MR ROSE, B4 R
SUR Hs 47 N AN 2 A BRI AR AL, DRI ) o
T SRR AT AR e, AERE LS ) R ]
Pl T8 U BRIk, W) s b SR = i)
Mo 7 ILAE L R . R AE SV SO K
AR T8 Ta) e ) N I 3y, o T — BB B K
MR RL (T 0 BL B A ) A e R I ik
(Y e 8, A A A T ) B R AT 20 A

WYy 5 sk T Bl L b A A A, J
A8 AN SR 6 o S0 AN 2 HH I O I ) 2 3
gaee - P R T (IR URY N I S NI S 7/ & 2 R A
TRy o Hr b, WTRE H BLAR N R i R I 4,
AN LA ST A PR B AR Y, R R Y S A
T WA R L T R OB, Ak DL AR BEOK
SRR R AL R, 1 9 5 e 92 ml AR e s
LAY I BEAT VS B

SPH J& LA A AR 2 A N B )
2B FORL 2RV, B I 5 ) TR E AR A
R € )b Sl AT b, AR 25T O
MR ) . 5y B4 (Ma et al. 2009) 43 5 I i
RAE R IR EL T R B B0 AR E
I IR RR 3« 30 4% A AR fid 50 20 06 400 ot i v
SPH HEAT T VEAN LLEL. A 1 A DR K R A AR
5EPE, SPH EREAT B 80U S OL 8O S0,
TR KA SR AL S 29 2 (10 5, 1
SCHFIRA B TS AE BEIN AR K (6 T Euler B4 B8
S, W SR R mia i i, 80
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Wy BB 2.1 R, ARvHEA T Ak il A
TR 4 A () 8L 8 A (= 4E) 4 sk, AN
s 18 R M T 0T, IX S O v SR W25 /N T SPH.
SPH 1) 1T AL R B0AN s AL A 1 4 1, B A% il
T B 3G T R R, 7 SR AR R R A B
J7 %, WL AL (Liu et al. 2002); B 50]
B, W) RTINS LU By AE T
B o AT HUF, SPH (13T L ek BUAN I 2 &
By R S0Pk, oK 8 I AUE TR A (Liu et
al. 2003); 75 bR UEY) T i v2: i, U ABL vR 250005 2 &
B — B —SobE. SPH HAT B A AR e v, B Y
MRHE AR N AR R, Jot sl A R SR AR A,
YEE I T 2t EUE W2 (Johnson et al. 1996),
R PAZ ) TR B T 2 MO Vs, W IE
SPH Jji% (CSPH) (Chen et al. 1999). Jiiin A
173 (Monaghan 2000) B34 il A 7 &1 (Dyka et
al. 1997) &5 fHAT 2.1 950 2.2 5 0] &1, MPM
AAEAERAP A 2 P, (A0 e, T aE
GIMP 153 2| — 2 ff . Wiar irid, o0 kk s 4 1,
SPH 16T A BE sk /N, AT 3 i B T 22 4K 11 ik
Ny WD R A 1S e P 4 D BE DR AN AR,
I 3 I ) 22 K AR A AN 25 K. SPH R I i v2:
Ba]AE— 2 FE R L B Bl 4k BE Y A0 4 1) 6 f, 1B
SPH JF AN BE DR UE 3 52 37y (1) S P, 5 If v] B %
37 FIR A DR ) B i (o SR80 1y, A
I R SR A b B 4. & 14 LS-DYNA +
(1) SPH HEE AT MPM3D F2 /3 X6 7] — [ 25 (1) 5 20
VHELIN R EE B, 5 B B 2 I, ) B R A
R EALABE S (Ma et al. 2009). % 1
I 15 bhise 7 PRy ¥ 0E 5 [ — Taylor #F 1)
RS A b SPH1 Ron el KRN
1.2, SPH2 £t KEW N 14. £ 1 KWPY)
T RE RS FE B4 (Ma et al. 2009), 111 ] 15 (a)
Ui B SPHL 15 45 R IRz AR AN B A7 1 W)
IR BB TR, RO K W] G2 AR i 1

R AF A DR R n v B
16

144 —m—SPH
12] —A—MPM

10+

8
6

4 A
2- A/
0 —

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
N x10°

B 14 FEFTEAHE N, T, 8 FZATHE
& (Ma 2009)

SIS

R1 RPFRBUHEERIRELLR

L/mm D/mm W/mm A

IR 16.2 13.5 10.1 -

SPH1 15.4 15.6 9.9 0.075
SPH2 15.5 14.7 10.0 0.047
MPM 16.3 13.0 9.6 0.031

55 FAl TG W BOEAR L, W) 0T Rk LR B AT
brED)
JOR I R ARk o AN B2 LAt 3 O M ik 0
UL bR OS2 i s et PR BT e b — B 4
PEH, 75 I bR 50U AR A 1A DX KRN o
s/ WK BRI T SCIRE W 0 4 e 3 R
U IR, s B SCIE A B VAR AU e
B SO AL T AR VR ARk b B SRR
LS. D0 AR 23 (RORS BEAR T mi i AR 2,
B A 7 00 0 a2 P A ARG 2. TR X - #

AR 02 A 4 i 385, SR L AT e K 52 010 0 A ik
SRAREE A 45 385 8T Jwd B 3 SR e 1) [ 2,
LR e R LTI AR 5 ) SCH B 40 5 e ik
(=N 3
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(a) SPH1

Bl 15 Taylor AF [&] A 5k - Bf 28R AT A9 & (AT A UALE, 4T 4 WA E) (Ma 2009)

3 YIRRERHGFA

B MPM 5% AW e My g, H
BB T — L BL MPM A #% 0 SEVE B o S A,
{5 UCF, FLIP-MPM-MFM, NairnFEAMPM,
MPM3D F1 MPMsim %%.

% [E P Al K24 C-SAFE (Center for the Sim-
ulation of Accidental Fires and Explosions) Hff 5T
Oy A S BV DN A s T SR (Ac-
celerated Strategic Computing Initiative, ASCI)?
M2 FF FHF & T Uintah Computational Frame-
work (UCF) KA IFAT o] P40 B (i A 40 T -,
Y RAEAE b A Bk —, BT
PRI e 2 HEADRL IR AR « A8 . AR S5 A
Uiy 8047 P05 (R B AR AU, S5 [H Los Alamos
KSR B SR AR B ) S A AR g 25 N LT
K] CartaBlanca ¥ (Fluid Dynamics Group
Theoretical Pivision, 2007) ¥4 i s iE iR A B £
AHAEZE (Multiphase Flow Framework) H1, JF
& T FLIP-MPM-MFM (fluid implicit particle-

material point method-multiphase flow method)

(b) SPH2

(c) SPH3

FEER (Zou et al. 2004), KR il & A% 7 2% ) 1L,
AL F5 A (1) BRI A A S AR | 254k
5 N RN 2 A R AE, REASLAUL I 2 i 2R AY)
iEVEA HAEH (Zou et al. 2004, 2005, Zhang et
al. 2008, Zhang et al. 2009). Nairn 57 /N K
M C++ JFR Tt 5712 8 A NainFEAMPM?®
, T AR A R TC 7 B AR H ) 5T s v S
Y, Y)Y Ay R e S A M
B 0T e RO AR 2 1) 1) e e 55 50 )
n) . E KRR EALR A C++ PR
T =4 BT Y R S TE R MPM3D (5K
55 2011), HEFE 5L T USF. USL A1 MUSL 3k
il 20 GIMP 503k Bl 5% L T F 3G Y 40
B AT IR ITVE L AR o AT IRk RS
W5 s AT PR TR B 3G A R R Gk, R
A 2 PR L RS 7 R R R BB I3 5l
FIH OpenMP Fl MPI SEZHL T X FR £ AL FE R 4¢
(symmetric multi processing, SMP ) Fl K MR I
1T AL PE R ZE (massively parallel processing, MPP)
PIFH A R R I IR4T 4k, 2009 4, SEE ) ADI 2

1 Center for the Simulation of Accidental Fires and Explosions http://www.csafe. utah. edu%
2 Academic Strategic Alliances Program. http://www.lInl.gov/asci-alliances

3http://code.google.com/p/nairn-mpm-fea,/
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" RAT T ASTE-P1.0 B4 4 KW i sk i
#|7 FSI, CSD, CFD b, HkiH 5~ gh#k
] ;2010 4F, JEE ) Jveer Aerospace Ltd 2 7l
e T A T R A MPMsim®

4 PIRRIERIRH

W5t RO T 2R G T ke W AR R R
F IR TR FAx, ANAF A B 0 W 2 M o A ot HL
A AR B SR, DR W 2 B S )
2R, O et R BELE. S WT
2 RS 2 ROt S BOREA BHAR B RS
T RS — R YN APRVR: KAR TE (1) 1) 5 rp 45
BTN H.

FE A b T, S B Rk BESE (2006,
1 2005) SR P05 s B WF 9T T 3R v Al
WEROR AR A — R4 )@, )8 R T W) ot s
VEAE KA G S T FB b 098 0, AT 0
Y5t AT PR TCVE R T R R R v g
kA (Huang et al. 2008) HF5T T 15 5 M 4%
JUST R 3500 450t R e 4 o v AR A o
2 TGRSR, A AT 1300 22 5 9 i AU AU
RN = B35 S5 25 ) & R, anlE
16 JIT7r; Wi/ CFIVE 52 [ 55 (Pan et al. 2008) fff
FE T i e M 25 vh FUIR AR b R R AR T R,
B0 &5 J 2 7R PR 33 35 = B T LI TR 1)
WL TS IE ), VR AT T 2 4L
MORHE e AR R IR (VF 2 B4 2010, Xu
et al. 2011); Li Z¢ (2011) W57 T B 1 60 45 45 i
b R R A ) R, R A TR (1 4 o A
AR 2R BB, b5 S WL 4% i 43 &5 R AL A
W4 Bk AR R4S (Chen 2012) % 5 T 44K
SRR B N, ASEAEL T R ARk A e ek
flf i o A2 (1 2RI A

4 http://www.advanceddynamics-usa.com
5 http://www.mpmsim.com/content /home

B 16 KABEMFRAEHENRR NGB =B TR
HELRERMLE, FPEIBENER TENY
LR &R (FEM 2010)

FEAZ ) J7 1, Sulsky 2% (1995, 1996) 45
R, T AW BRAZ D) B B 45 ) . Zhang 55 (2008,
2011) EFFT 2 AH I 1 9 0 vk R0 S0t 1 40 o
SRV TE BRBUNT, AU T AR A0 0 A A ) L SR

5 T (1 Al BV 0T TR A8 ) R I A R AL
HHEZER W, GEEE (2010) KT RE 2 E
T 55 R (10 4 T s 4 kB2 AL T PR A2 )
e B, e % I SRR bR B S0 25 RV & RAE B
I RN 5K i 55 (Huang 2011) 3F— 20 K B9 ot 55 42
fink SR AR T e AT AR A0 3k A JE R ) R, o
SR B S 25 R — 3, IR0 TR SR H ik 5
EARAEY) BT UL 45 3 Bt 45 (Lian 2011)
K AW T i AT BRI RS 5 0 T i A R G
V553 RSO T B 5 TS T R AR A A8 e R 4
FEARAZ A0 0] 8, 193 T 55 S50 45 SR W) & 1) R A
AL Sk A g Y

FE RN 0 FBUJ5 T, Hu 25 (2006) 40 o ki
R T B0+ Sedov-Taylor 15 75 b 25 HL 704 J e
51 T . o A ok W B B3
BB EE R N RO R B RS (Ma
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2009) B4 VEAH LT T T OB )R R IR S
KR I REURT 2R B SR I i) R, AR AT BT SR Y B
49 BT A5 R AT AR A R A0 T v St
S I bR e IR B T 2 B F- 4§ (Lian
2011) JE— B VEAIEIT T LIRS K [ L, ik
TR Gurney 2 20 R B iy 2 25 24 45 L i
DUAR B, AFL X 08k g 20 2 245 48 A S0000 4 o=, by
WEARATTHE T — R IE T 2, 4SO 45 2R A5
PR K o3, £ 5845 (2006, 2011) K 5k
RRGI T RS VAR 48 Il il 5 A
A5 (2011) JE T B BT T AR R A KR 2
g R, IR ST T AR RHE iR I 5

FE B A Wi 247 1, Nairn BF9Y4LM T K&
() TAE. Tan 55 (2002) & 56 H 2 2% B & WV N %
W77k, VRS T 2L 1Y) BE B OREJBCE. Nairn
WU R G MR JE T — e F = 4 24 50T Rk
77 3 (Nairn 2003, Guo et al. 2006), flifi]%
FH 22 T8 By A ik SR 40P 0 ) e AN 4, O
A8 FH 4 fuk 57 725 ke e AT 2 [B) (9 27 3%, ABATTAR
XA 78 CRAMP. 2480R 3 (¥ 4 Fp 2 5, W
I 5 BE R Ty T BLA L R ER RR JBOR S
FIARLY R EZAK, Naim 55 (2005) Fl
Guo(2005) YW sk iR S B AT
T VEANT 8. Nairn %% (2007) I&4E CRAMP [
BEAMh b, X R H A S R AN B R 1 (1 A
PLEAT T WS, JERI A CRAMP 1 4 3 {H 52 56
FB, T T R AT AR K W RS B (Mat-
sumoto 2009). Bardenhagen ! Nairn Z5 1t — 2 &
Ji& T B ARy i sk, mATH g R4
YER T e, A2 JJ B AL (cohesive model)
iR R GLHEAT X (processing zone).  Daphala-
purkar %5 (2007) 454 GIMP APy 2 I #5574 fff
FUT IEMERIEE A R T B GU BEYE.
Gilabert 4§ (2011) R JH 49 5 sS40 T B 2
IR S5 WaPE AR b A S e A ML R A A B
JeE [ A2

g — KRR RGO R A R g R
T 22U NN S 1, i HORL 1 2% R R
WK RN G A . AEIX U7, Sul-
sky. MR Schreyer M HA1E#H 5E T K&
AR, AT EZERHIE 2R (decohesion) A 4 152
T4 (Schreyer et al. 2002) &KL - K35 K )
AT, DA 0 a4 RS B R AR
%5 (Chen 2002, 2003) 456 AUERRL T
ek AT P A ORE ) B2 25 0 0) 8 Schreyer
B (2004) A b 2R AR R AR 5T
MBI R RSB AW R ) @ BRAESE (Chen
2005, Zheng 2006) &5 75 73 X 53 Bt s e 4] 1%
It AR AL B A T B ) ) R
M5 — B R A B A &5 &, WE9E T4
LR & 30 A 0 (1 - 20 ) 8 (Chen 2008);
Shen (2009) 51N T FAH KA M BAL, AU T
PR AE ik VR T B 2R O A 1) R Sulsky A%
(2011) ¥f 1% J5 v H T AL UK Hh g vk (118 B Fi JE
AWFST. Gupta 25 (2011) 1 F G B TGN 423k
(EFGM). SPH JG W ¥ . W) ot sk &5 6 AN [ 1Y)
e PR N TE DA LI S RN (34 e A |
RUBEAT T E 5, RIS > (1 W 2R DX T 1 A
A& Ly AT Ny 22 O EE SR F AR b G Y A%
EZE RIS K. Wang 25 (2005) K FH AJE A0 0] A 55
THET R G RRG N mER T, It
AR e Rt AT T L. Tonescu 5§ (2006) % T
WL R BT T AL SRR 1) I
FEAR VAT YR FAS 7] (1 48 ) 43 1) 2% 1 2R 2%

1E55 b ) 2% KUK 8 77 1, Bardenhagen
25 (2000) 7E 2000 4F 5l X6 1 o £ 2 A 4L SR A
BT T 2238, Cummins %5 (2002) BE—20 &
TRURLALRHE B2 30 5t 105 Lenardic 55 (2000)
F W J5t VA AU, T 525 2 2 R & o U 1) A
. PIEIL % Wieckowski %5 (2004) FEfLh 1
eF e A RORE S B ) s £ JE A% (Wang 2005)
FE T REBRL T AR HE AT B8 S R Coet-
zee N ELAr VR0 A% U8 RVBURE I 2) 45 v
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HEAT T ORI (Coetzee 2005, 2007), i
MIVEAN LL i T i ik g5 . B HUciE g
LR AR, R T B kg I A R
K, M4 (2010) T Drucker-Prager A #4)
R 20 R 1) 22 2 i 49 o RV, 0PI R A HERR
Wt LR ) AT TR 5 #T; An-
dersen 5 (2010) 0 H ™ AR E P 5t mE 04T T
R A ) B, AT IR A A0 5 52 T R S )
R ;. Colom (2011) 23 AT 1 By ZEF 3 B AL 1)
AHE AR R BEHE T 2% (Lian 2012) FH E 3 N4 5
R PR TTIE S AT T A ke R, 45 b i
W5t kR RN SEIG 25 SR B & (i B 17 JiR), B
T B BN T AR HED) T R

75 L [ RS A 5 TH, York Z5 (1999, 2000) #x
26K F W) 50 v RO I B AR A o) A, L o i i
HVR AR HR K ) 00 s B i, v S 45 R R R
Ui b AL i i RN A i 45 1) . Hu 25 (2009,
2010) -t & T~ [ A4 A4 DX 3034 FH 40 o el 1 L
(73, WAL T S s stk ), A AT 454 T H &
IS D9 A% I % (AMR) 77 7% DA 3 s 9 3 B 00K %
DAy T il A G ) ) e R R R 7 SR AR R, AT
SERIT T K W T SR RN AR B 2 (CFD)
KRARA A 45, W Guilkey %5 (2007) FIH £
Y K A4S ICE B4 T & Be 28 28 IR AR 1
AR, TS ) 5 A T (] A DX SR A
Gilmanov %5 (2008a, 2008b) ¥4 ¥% ¥ iU Sk A4
J VAR G, BT U R ) BRI - [ - 4
B 1) ) SR AR, 12 7 1 ) TR S TR RE 40 e
] A D35 ) SR A Bt P45 (2011) B TR &4
SO AT PR TV Ty SRAR T KR 3 i A O R
i) L, JHG v 49 J5 9 FH R Ak S R DX 3R, A PR e
5 FH A AL B A X 3, DR A5 P IR 3, an 1]
18 7. X Ui AR ] A o 48 A ) DX 3L 5K
- T R A5 v L, 481 L R0 22 LA O )
sk 4k RN TR IS (2010) SR WS AH A I 1 0 VR AR
JET HeB Iy el @, %07 2 Al P A ) 5T
G il A ] A R L R AT A

Bl 17 SRR AL B &SR R R T
HRE LR (BT 2012)

152 ]R3 M J7 1, BRATIR P 5t midk 5 4y
T8 1285 o IR B IR KRS AL, Ayton
&5 (2001) 755 XUz B 7T, R HE- 7 A 4
TEhJ1% (NEMD) i Stk R4, RIa T8
JRAVERE A Shen 25 (2005) FEIF 97 79 15 Jid 22 1)
AR, AEH] T 5 T3 g ek B Rk
LR 7 M I 735 Borodin £ (2005) 8 FH 4 5t
FOE M aoR E 5 MR BNy, B 280 13
WIES XPEIREY Sery/ BN T e S BT
BIP)RI R, FIZE%% (2011, Liu et al. 2013)
H 5 78 012 3845 il i R T BPIRAS AL 146
B W) 5T R B AT v A 4 43 AT, AR b R
T AR L A RPIR A TT RS B 2 e 1) I
M. P I AR IS T AR R IR TOME &5 1)
RAEFTE TR R P, 41200 Shen 55 (2000) H
YT REREGT T 2 A A I R B 1 AR T Xue
5 (2006) R H ELE B T REF L A/
FSTRLF T35, WE9E T 98 51 24 110 Rl ek
Jii. Bardenhagen A 45 1F 5 2.5 W) ot s v 0t
WWAM AT T #F9E (Bardenhagen 2005), 1]
2% Ja A FH B L AR oA X v = () 7 ARSI
UL IR RL R TOU 6 4, I 55 T 8 9t A 7
FEAAUL T S2 77 AR T M i s 4, 198 T 0467 &
BRI s S B N g - W AR 2k, 45 SR 3R W] LR
H A E 252 ; Daphalapurkar 5 (2008) #f— P
MR CT 4 A 1 J7 23R4S I FLIE R PMI
ARL R ST O S5 4, W) 5t RV E R AR A T I
BERAAT 3 T =B B oy - AR i 2, I HOR I
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I AE SR BOst L T B R S i i YUK
e M T2 (R B 4 1) B 2R R, E A A (Gong
et al. 2012) FIHEM CT HEH T HAEHEMN =
Y LSO S5 R, BdU, T 78 X Whipple B4
g5 R RIS J2 38 Whipple B 47 45 ¥4 7F i 48 o
ey min N, 3 e L BE R LR AT T Johnson-Cook 44
Rl 5 B AR R Grueneisen IR A 5 FE, BT 45445

5 HUFNLIR R 5 5250 W) & FI 2SS (Wang
2012) & T V& B L L 0 9Kk A Y i B A
BHYOASE AL, BIFFT T AR ) 2 1 5, R BBk
A LU 5% O T B A RD I 42 1) S ) L 4%
(Li et al. 2011) MU AH ELAR I HA O 46 i 21
WHEAT T 5.

H18 AAEFHE AN R AFAR TIEERKR S LB E 4 R W 3t (BT 2012),
Hep g 2 f% 4 5| % Idelsohn % K Al 41 F A IR 6% (Idelsohn 2008) #y 1t # 45

e 124 75 TH, Guilkey 25 (2006) S 43I
L SR EAT T 1300 7 BRI K A £
gl TiH%E (Gan et al. 2011) B4 T 59 g 2%
RS RS (TCST) H A 51 375 B 1 o) 2 ik
i, JH v 0 2R R A A A, 38 W FH T 5 4
BEAEL. JE UL 25 (2013) X 3 Sk 0 A5 700 o [o8]
fd T N B EAS N AT T B, DL E AR
120 FE 4 A 0 S UL PR KT 8 8 5 SR 1 s e A U
BEA b AT Sk 8 o £ N e A AT T AR
P (Zhou 2012), WF5T Sy #1403 AL FIHL405 HLEE;
WL S (Zhou 2013) b7 T N AMFF FE A Bt e
A ) N AR A 25 A 1R B)) 00 2 e 52
2% 8 AR A RN AN [5) 45 i 1 BE 1 g WA 364 T 5 4

#T.

P JSTsEE 2 T HoA B AT R AR TR ()
) 75, U Wieckowski (2004) ¥4 Jit s 3% ] T4
HI i R AR AL, Ambati 55 (2012) BE— 25 R A
T %A, T 2 AR A A B 20 D g
R b= A (R B D) 45 R A T &

5 %5it

W VR T FLIP J5 v, o 5t ot
T U B IS B AT AR TR,
I AT 7 A A S FH T 1 4 g 27 ) KR . )
TSR A% B DT A, ST 0 A Ak
PRy F Ry 75 5% Wk T 552 ) 3 HEOR SR At 2
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J7 TR, TG T A WA ) R, DR R O A SR A
W KRR K AR T R Ik S 0 B £ ) R AR S R
5 Hh AL HE T4 5 A1 1 B A Ve R S B AN YT
PASSR i g i, A0 ) SUHR (R A2 o v | %
i R RN E P VA RTINS B W1 = RTINS i ey
S, BLANE AT BT W) ROE IR AR T R I
R, BB J5 VRGNS 45T ) 0T R A R e TR R
MR A BRE SR RS 2 R
ST SR A AL B R 2 A 2 2 25 T P
AT AR

(1) LEAF RIS 2 L, TG W A% 2R — 4
ToFh b OC ZR W AR Y, WEAE T ar = 4 B e g
Fe) B O RY, SOE T AT AT S AR BE. AR AR B
T 5 RS ARG, LI T 55 19 A A A K ]

(2) BD VSR R v o A E T 5 I A
N7 AT R LR, AN 5 B TN R T
[N

(3) H T S MM ANAE i 2 5 W ot il —
JEL AR T AR T — I )20 ik SR TR, ) 0 i
TEANAEAE W At W 7 )

(4) th T2 S T Hra Y AE B, Bk
W 5 0592 1T DA AR b 3B R A R ST, AN AT AE X
W

AR T R A A Gt W 2 0T VR AR AN
BRTCVE A G I ) L BT IR AR (A (HA)
A7 QT 5 S Sk g

(1) VR K B SR T T 2 )
F161H T e 5

(2) BP0 P T AR T S RS, BRI
T 35 W kA T 0 AT A R, AHAS R T E A A5 40
BH T AN IS 5 A% 8 3 BUR A R =
54 m.

(3) JUL A% B I A 5 1 e 55 0 Y 1 5
Y i e

W A5 AT AE R W TG R R e 3t —
A ) T R 1) SR AR BB, W5 A T
(v R WK by 7 YR 55 ) &5 45 LR FEAN [ J7 1V 11

DU, LLBTT Rk Ak 45 R 1 1 5% W A% 1K) 1) o
RARBEGE, A 2 2 T B e 5 1.
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Material point method and its applications*

LIAN Yanping ZHANG Fan LIU Yan ZHANG Xiong!

School of Aerospace, Tsinghua University, Beijing 100084, China

Abstract By a material point method (MPM), one discretizes the material domain by particles, and
solves the momentum equations on a predefined background mesh. In this way, one avoids mesh entan-
glement and convection term treatment, and takes advantages of both the Lagrangian and the Eulerian
methods. So it is very promising in the numerical simulation of problems involving extreme material
deformation and fracture. The state-of-the-art theory, the algorithm development and implementation,
and the software development of material point method are reviewed in detail. The generalized material
point method, the contact algorithm, the adaptive algorithm, the parallel algorithm, and the coupling with
other methods are included. Applications of MPM to the problems involving extreme material deforma-
tion, such as hypervelocity impact, penetration, explosion, dynamic fracture, fluid-structure interaction,
multiscale analysis, and granular material flow and rock and soil failure, are investigated systematically.

The applications demonstrate the advantages of MPM over conventional numerical methods.

Keywords meshless/meshfree method, material point method, impact and penetration, explosion, ex-

treme deformation
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