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Abstract

Abstract

The air explosion and its interaction with targets have important application back-
ground in the fields of public security and national defense. The process, which involves
high explosive detoation, dispersion of the detonation wave and extreme deformation
of materials, is a fluid-structure interaction problem with strong nonlinearity, and a big
challenge to the traditional numerical methods. To effectively model this kind of prob-
lems, an alternating finite difference material point (AFDMP) method and a coupled fi-
nite difference material point (CFDMP) method are proposed by combining the material
point method (MPM) and finite difference method (FDM) in time and space, respectively.
These two methods, which fully combine the advantages of MPM and FDM, are effective
numerical methods for studying the air explosion and its interaction with targets.

Based on the physical processes of the air explosion and its interaction with targets,
the alternating finite difference material point is first proposed, in which the initiatory
detonation and eventual fluid structure interaction are simulated by the standard MPM,
while the finite difference method is employed to simulate the dispersion of the detona-
tion products into the surrounding air. The MPM particles and their degenerated massless
marker points are employed to track the moving interface between detonation products
and air. Hence, the difficulties of tracking material interface in Euler methods are over-
comed, while the non-physics penetration near the material interface in particle methods
are avoided as well. To study its accuracy and efficiency, AFDMP is applied to simu-
late 2D and 3D air explosion problems. An air explosion problem and interaction with a
steel plate target nearby is also simulated. Numerical results are in good agreement with
theoretical solutions or empirical formulae.

Based the physical processes in different space regions in the air explosion and its
interaction with targets, the coupled finite difference material point is then proposed, in
which the problem domain is partitioned into a fluid region and a FSI region in space.
FDM is employed to simulate a large proportion of the fluid region, while MPM is em-
ployed in the FSI region which contains the structures and the fluid near the structures. A
bridging region is employed to exchange the infomation and to transport the conservative

variables. Therefore, the interface of fluid and structure located in the same solution re-
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Abstract

gion and the interface between two computational regions is located in the same material
region (fluid), so the interface effect could be significantly reduced. CFDMP is applied
to simulate a 2D air explosion problem and then study the damage of the concrete slab
under air blast loading. The response of steel plate targets subjected to air-blast loading
is also studied by CFDMP and the numerical results are in good agreement with those of
experiments.

The honeycomb sandwich panel structure possesses lots of advantages such as low
mass, high efficiency of energy absorbing and high quality of anti-explosion, so it has
broad application prospect in the field of security protection. Therefore, several cases
of air explosion and its interaction with honeycomb sandwich panels are simulated by
using CFDMP. The effects of honeycomb’s geometry, dimension and material are studied
to develop a qualitative law of the anti-explosion performance of honeycomb sandwich

panels, which would be helpful to design the honeycomb sandwich panel structures.

Key words: air explosion; target; material point method; finite difference method; fluid-

structure interaction
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LRI R AR R, IR B —HUE T AR TR Rk, TRk H
J7 V5 5y T 3R A A AH S R [ e I8 ) @, T DR R VR I L SR AR R T LA 3 A
W A% F e) A, DR AR 22 Wi 9T 2 R X 2 T VR A 4 S R SR v [ R 1)

XF T A A S A R, R R OR R AT M oY



F1E 55

BA” o “or B BT TR AR R Ak X ek 4y o R Ak B, S FLLE A I 4 R T A
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MOBES> SRR, T 2 281 35 1 0 S B E AN [R) A k) A B4R L DR A4 K 1A]
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W FRE R 2 W T SR AR IR AR ) 2% ) #Y) FLIPBLS2)(Fluid-Tmplicit-Particle) 77
VN CA S I A R B [ A4 ) 2 i) R A 3 ) — Mol A 0 A& T7 . B2
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AV B R, EYIBUIE BN X AT B Buler 1 5t MA%, B RIS AL
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2071 MPM 5 45 R 4A #132: (Finite Volume Method, FVM) # &, @& 17 T
KA Z2 1) B S I ] R A 0] R BB U7 vk, b TR SR ) Buler #538, 1
XT T[4 U SR F MPM SR Dy 1 SR AgA0 5 45 7 K A2 T1 i 12 1 3 [ 48 & 1) 2L,
Gilmanov 2581 5% FI #8132 18 101 57 07 1 ok Ab B Ak IX 3 1) 52 A i 0 1k, SR
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B RSB AR AR T A B 5 B A BR 5T B B AL W BT T Ak kAT
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RIFEY B L m. B R, MPM AT DUR 47 30 5 Hr kg B H 2807 7%
(MD. 7% B H FEM) MRk Hz 28774 (B H FVM. [kdz FDM) A1 &, 110 MPM
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BE— B AT A R ) R )R R A AR T SR TV R AR AR
I R R T W I AR SRR R 1) R e A0 55 A B AR B T Ve L, B e o 4
T 2 L B MR TR NE b 1 B8 RO AT ST BUIR

9 EALARTS, o AR A% B H OHE SRR TR B AE S8R R 4 T )
FOEAA PR Z /0 iE B AR L, B A 07 A2 o UM (8 31 0 58, R
e I N SR N R SR v S =0 N A IS I PP Y Nl R e (S P e
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gl N R sk, ARGF s 1 BT R 22 ol B BT VIR 3 R EoE A FE

o = R R I R B S B ) A R ZE VR AT, BT A R SEAE A
5] B B BRI RE 1R BT 22 R, TR KRR ROE AN BR 22 70 ik % E A 3
e A2 B Wi A BR 2 43 75 1 (Alternating Finite Difference Material Point method,
AFDMP). 52 ¥ iz H W AP 8 77 v K i 2 th B AE i s A, JF 51 N B B &R B
XS P T AT IR B e SR P — SR AR A% R S TR R 2 e g X ) A 1) 5 E
Tz I ERAGE R R AL FE L AR RS, R TR B R B VA AE
AT B 857 7 T AR 3o e Ja K FHAZ 7 2500 28 i g M 5 <6 ) S A4 HH B AR F 1) ) 7
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FIERET “RBFX” WGV A RZDEI, B2 g IEAE
AN TR X 455 P9 44 A0 20 R i P 22 e, AR VR S W i AU R 22 43 75 (Cou-
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MR BOA IR Z2 7035, AR 300 I A & DX IR Y 2 - i B HHEZR N B0 ot RV
FraEaE 4B T SEELP S TR IXCE] S B A e I — 4EBORCE N 4k
REHE 24 2 S0 R X Tl R BGEAIE 17 12 7 R O6F T B A 4 1) ) T SRS FE AR, OF
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N IE B IR R S 8 AR SO R R P SR 4% ) U R B8
B2 0BT R B, SR SE ST hod B ik, s &5 T &R A

G,-M-l-pf,-:pii,- Vx; eV (2-1)

VR Y ER R X %imﬁrﬁ TR j R ER B SE p A
WRTEIE, f OB, i SRS . R v T 4 B B B S
PR 1537 34,1661,

6H:/pl:i,ﬁuidv—f—/Gij5Mi7jdV—/pﬁ5btidV—/ 0u;dl" =0 (2-2)
1% 1% 1% A

A R4 € H 1 5
Y Rk, e VRS, RESTE AL, R
JE 9

X J NARIE B A I Fj = dxi/0X; AT HI K, po J9HI IR %
YR Be BT RE Al Rox N

E= JG,‘jél'j = Js,-jé,-j —Jpékk (2'4)
X ERNPAEIREREE, & AMNEZER, s=o0,;—p& AW II, pAEII.
Yo Jst s k¥ SR RO — RAVH R, B LR R N
px) =Y myé(x—x)p) (2-5)
p=1

X n, A% &E, & ) Dirac Delta B, m, Al x, 77l 951 s p 1 5 &
(DA

H 1B AR R — B [0 #R [ AR S W B IFRE R SRt Ia s, B p
(K3 ¥ wl DLE I 1 (0 AR 1 AT PR e e B ek 9 55t WA T A A5 2

u,= ZN]pul (2-6)
I=1

Sy TS SRS T B AR, Np, = Ni(x,) T SR T
BAE T p A SRR . A SOR A 8 1 B N IH AT S pA%, ing =8, H

Nip= gL &E) I+ +88)  1=12,..8 (2-7)
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Kb (&,ne, &) TR BEIRAFR,  (Ep,np,Cp) N p 1 H IR FR. W1 R 5
Mp FES AR B IGA, T Ny, = 0.
K (2-5) A1 (2-6) A BB & 7 FE 1 55 T2 R (2-2) T IF R & i & B,

=

(GH
pir = fi* + fi (2-8)
A
p
Pil = ZmpNIpVip (2-9)
p=1
N HE T B
int & mp
i ==Y Nip,Cijp—" (2-10)
p=1 Pp
AT R T,
p= p

NG R AN 1. £ 2-11) T, R W RERR IR > BRI TR R . A%
TR E A LR R

p
mp =Y Nppm, (2-12)
p=1

2.1.2 BfEFR

Yoot i — SR R sU T AR 73, 55 n 2D RO I 8] 20 K A i CFL 251145
o BT HT I O 25 23 &7 R Mo B (2-8), W B &7 RE MR E] 25 n 2
n+1 HE 7 n] URIR A

Pt = plh + oA (2-13)
iy
fih= fn g pexon (2-14)
B R AT RS 25 B & B R, AT RLAS B T A A A

i = vll,+z ”N" A" (2-15)
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8 p(t+1
x?;lzx?p—l—z ;;; NP, A" (2-16)
=1 1

E T S50 AR 18 B N e 5 1 B R, R BT R I e R R[] S R A
TR A9 B S A PR T R

i’lp +1
n . ,n
):]mpN,pvip
n+1 __ P=
Vi = n (2-17)
mj

FF P 2 38 32 25 B ot el ) IS A e D i A Y

n 1 : n n n n n

Agfj, = 5 Y (Njp vir ™+ Nip i A (2-18)

=1

13 | 1

AQy, = 52‘.(1\7;}9,]"’?1Jr _Nlnp,i"?l+ )AL" (2-19)

=1

B Je s 5T A RN )

ppt! = py/(1+Agfy,) (2-20)

Gn—H

iy = Ofip + Oy Ay, + O, AQ, + ACT,

ijp jkp ijp (2-21)

bt Aoy, HRH R A K 3 R 43 5.
FUE, A AR DU, B S I A IR

)2, M5 n+ 1 I 8] 25 MBI T B R0 5 5 RS T A

213 EMEZX

TEPY IR B, S AR ] 132 B 2 8 0T 8 AR TS 50 AR T a0 R R TR
FE i€ 1, DR fE iz shad 2 i, MR Rl A 2 R AE A B E, BDARAEY i A
5 B 2 AR 1R R TG e Bh iR ik sk AF, o /R Ak i LRI AT H B Ak B A TR )
oW B fi. (5 Q0 525 58 B0 W) A4 8] 1R AR X g s A0 o B, R S S ONFR AR v
A3 A K ] Bardenhagen 26 A\ U121 52 U (19 2 1 H7 4% B H 36 732 19 40 53 mi B2 ik B
e JFER T Ma 2 N2V S R 2 B R M AL, BRIRT WAT
R E IR 7 EE R R,
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H2E EAHR

S 18 22 BT S AR B, 54— % 5 %015 5 0K 15 25 1 OB
i (P4 %0, PB o 0) I, 0452 PAN0 P 72 2615 15 A e i, 244 50 1 ok
4 2 4%

(v —vBynh >0 (2-22)

i, REHANPRIETEMEEE, Bl RAEMEEE. b NPk A T
NG ST AN AME R AL R &, AT LB IS R R RIS . S AR AN R A
AT AR R AL M E RN N
mepNIp,i
ab="r"1 p—AB (2-23)

Y mpNpp
p=1

2245 5 1 A I S R 2 0 A — —aB, LIBRIIE 3h B SR AE O HLE S AR
N, E SRR B AR, ARE F R SRR A PE, Tk LA R G
S TH S T FO SR B B A T (1 A BE AR 1, A A A Btk B
RV, SR W00k A SN2 Ty 4 T T 900 B AN 2T TN, EO 40k A f1 3
T3 T 27

(2-24)

B2.2 A5 Sl 1 AP i

E RE B4R 18] 42 i o) RURS S SEAE AN R AR 5 i R R 0 TR S T R 5 AN
s R st &, B2 SRR &

—bntl b, b,
Py =py" A (2-25)
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AR
fir"
v = (2-26)
my

38 L 3 (2-22) e W A S 75 A S Ak T Ok 2R B O, A AR TA) R 2R B e O A A
HEERE Y, WAL F7 " RAG IE T S S BB 5 E, 1B IEE %
Yok 5 3 B AN 73 5

P =P A (2-27)

b+l —bntl frer
o+l —bn+ nJil
mI

b, Bl £ R R K 1R B

A, —B, 1 B> _A7 1
ben (M nPianr —m; "Dy ") 2-29
f‘ - An Bn ( )
(my ™ +my ") Art

B ) " 5y R FTBE ) ™" AT ATy £ B 5

fib7nor,n _ fzc7nn§71nnf?n (2_30)
fib,tan,n _ fi};,c,n . il;,nor,n (2_31)
S B 3 £ B R /N T A T B 85 K B A g || om0 || e,

AERGE AR AT, WO A i, % ik ) T R R N

fb,tamn

b.tan,n (2_32)
il

fb,nor,n
i

b,c,n _ pb.norn
i =t +Hu

A u N EE R

2.1.4 SIEASERE

23 UA PR TCVE — MR B e B 28, AR B O 4 K A A B A s SR
B R, wRe= 9T RS PIRERL), SRR 50 IRRPERL
JE T AR R i b IR A U2 W B VA AR SR AR O TE T L I [A] ) 25 <03 1)
AN, U Y V)RE g5, Bl R 2 I R AR /N KBS D) 0 AT RE
PAERUER G E S B0 E,
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A% SCE R bR TR, 7E TS SR BT 4% A 3N B ) B A A T O
A 89 V) BEAS B J, TE R BT B RS IR, 0 i TR 2P
BB 3, e G 3 K R B

U123 57 3% 0 R AR e A 8 TS S A 2 T, B R

1
Ni= (L EE)A+nm1+§0), I=1, 2, .., 8 (2-33)

X & n M ENRITTHYII A B RS, & my TG N R T I B SR A
bR, WIER2.AFTR . AL T % 5t RA% o0 N AR B s K E Y

Vi(é,n,C)ZNl(éarva)ViI (2-34)

Vi RN I AR TS R X J7 R B & R (2-33) AR B, WA
J5 R T R R

vi(€,n,0)=Nv; (2-35)

A
N= @ ATE + AT+ AT T en + TIng +TIEC+THEn 230
vi = [Vil Vi Vi3 Via Vis Vig Vi7 Vig) (2-37)
r=[1111111)" (2-38)
Aj=[-111-1-111-1]" (2-39)
A=[-1-111-1-111]" (2-40)
As=[-1—-1—-1-11111]" (2-41)
I =[1—-11-11-11-1]F (2-42)
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=[11-1-1-1-111]" (2-43)
[3=[1-1-11-111-1]T (2-44)
Ly=[-11—-111-11-1]" (2-45)
: ;
6 i £ 7
I
. @ ©®
I —
]
| §/ 7
1T 1 @ 4
2l 3

K23 871 A S A% T

F£2.1 KT EEHRA KR

I 1 2 3 4 5 6 7 8
& -1 1 1 -1 -1 1 1 -1
n -1 -1 1 1 -1 -1 1 1
g -1 -1 -1 -1 1 1 1 1

HRE LA T NIEZEE, Ty Too T3 ATy 7R 5w R 20 Il 252K
PRI IRAEES, Al A VIR BEJE 1ok Z . Ary Ao AT A3 IR T 0T
(b A BT Y) AT, GlansE & m b, Ay BER BT RIEAE Y, A B As H
BT RIT B YIA. X, KU IRHIE T, £ 58 U1 A A & 5
e BN — B DI Je 7. 3R R R 2 RS, el T 2R A I BY
DI B A7 AE

Su=Alvi#0 k=123 i=1,23 (2-46)

A B SURST, WAE B T AT AL NN 5 BT OIS AL AR TR T 1) AR S B B
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H2E EAHR

PIokL MEBE B 1y
[ = —oSuAu (2-47)

P Ay NERE A IE TR, REC o, BT B SR & om, PR S
ey BT R SE Ax A P E E U B Qg SR i RE

=1
=72 g (2-48)

W E2.4(a) Fros, R0 R AR UL AL T [ BE 75 48 A I 25 R0, W6 IS 7
NFRHER RS, ETARM IS HIEOLT, Bl 7 32 45 R R AE 2 < IR 35 1k
I HIE 135, (B B Y B A (10 Z2/0) 2 )5, A8y Ui s i e
00T B SR AR I 25 R (Bl2.40) M E 2 ML R R R R, &1
LT AL A BT VI S B JE JR B 5 45 2R (K2.4(c) T BRI REE H AUE
R 2 I WA T F73& B € BB, BT S I AS & R HOR R 45 Rk

@ (b) (©
K24 YOI AR () ¥IEa 2 (b) AINBY DI BLJE 45251 (o) I
B DR B JE 45 2R

22 BRENZE
221 #EHFE BHAEER
e AR R T, RS AT ] B RO SO B R R A
11 A6 22 R DX e A AR SR T D T I A B A B R T DR A = 4 T T 4
ETWIEE BT
oU of dg oh

— =24

- 3 ]
Jdt  dx dy Jdz 0 t>0, (x,y,z) €R (2-49)
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A

p
U= [p,pul,puz,pu3,E]T

AU) = [piy, pi; + p, piiyti, piiyiis, (E + p)ig]" (2-50)

g(U) = [pi, puniin, pii3 + p, piioti, (E + p)iin] T

h(U) = [Pﬂ3,Pu1ﬂ3,Pu2H3,Pﬂ§ +p, (E +p)us]"

s o Moz RN x, y, TR E SR, E=Ip@d+id+ud)+pe HE
BB R, e gL PIRE, R 1 p AT LLHIR A 7 B R

SR AT R 22 43 V3R A0 i ) P, 5 2 B2 ST 7% g 342 45 0 SR At [X o
B30I LU R D90 R, A SC o T 25 43 T 0 TR 0 S O E S e
0o RIS IR A A DT RR I B AT AR, TR H 1 3 5 ) R
LA A ) B RO R AR 4 S R T R AR A SO R
AN, F 407 TR A B A T RS LSRR BN I ER A b 491
U1 1 e 3 7 o o S A 1 TR B LM S TR LR, R
T 2 SR A 45 A T 34 % 60 300 3 10 RGEINF 0 3 0 25 43 7 2 2 4 12 030K ) B
L 0 A R B 0 OO R SR T 22 43 7 R B g s R R
FIBE, ¥ % SCIRUIO24 oh S A A 40, X LR FRAE, A SO s o
D7V RS T 5 SR P A SR £, VB Lax-Wendroff[125) 2 43 J B 0 4 ) 7 i 47
B, HENRE N O(A2, AYY), FERTAIAIE A Iy 2 BYRE I, S
W1, Lax-Wendroff 2 43 #% 3 I Hs sURRPE BN, 150K BEAR 6, 76 7 S0kt
19 6 10 B9 90 X AR A, LA AR B TR

DL — 2 i 30 1 A 28 + 9 = 0 945, Lax-Wendroff 2 43 J7 72 [¥) 4% A
U = U~ 3 L) AU )]+ 5 (P I 270 +AUL)] @51

TR M0 2 = e B 7 B, DRI, A% SR P 4 5 1260 485 = 44
BN EA YR BRTRSN RE.  T URNBU S R R I B, RT LUK R
7] e K 7 O T AR 3 g X

1L 1 1 1 1 1 i
U = L(5 A1) Ly (AL S AL (5 A1) Ly (A1) L (5 A1) U" (2-52)

N Le(Ar), Ly(Ar) F1 Ly (Ar) 53 5 A (2-49) 7 x, vy Bl z TR E 4 H 1, A

M, &5 ) ) — 48 K hr 5 72 R H Lax-Wendroff #% 20 #2E 47 25 5] R 78 M-
1A 1 A

L{M)U} = Ul = S UL UL )|+ 5 (o PR ~ 20 +AUL)] (2-53)
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1 At 1 At

Ly(AU; =Uj — EA—y[g(U’}H) —g(Uj_)]+ E(A—y)z[g(U?H) —2g(U}) +g(Uj_,)]
(2-54)
1 At 1 At ,
L (At) Uy = Uy — EA_Z[h(UZJrl) —h(U;_,)] + E(A_z) [A(Ug1) —2h(U;) + h(U_, )]
(2-55)
JH o) o) o
; o o o o Ml
I3 o o o
i-1 i i+1

K25 ARZENEHUREE

222 ANIL¥htE

Ha K o R v PR T A R I R T A 1 i T W S O A e ) R R AR
RHIBEER, 45 BOE KW R BOR B W X, BRI, 2270 F R aE g R, BR
THAR B B A% SR R Ah, 3 R BN INGE =5 00 N RS 1 A 5E RO B0
o ASCHON T I EOR T M AR B R, £ (2-49) PSR R Ul
TN B & RN ARG PO, i, 7E x 7 1A

U= U} + 500} (UL, 20} + UL (2-56)

0" — oy = pi'| — P! — Pl |
l Pl =Pl |+ [pf =P
X n & —AREAH ST S5, B AT BL I AP K Ay BT RS Ax
FFEIE ¢ e

(2-57)

B cAt cAt

-2 (2-58)

n
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2.3 tHE#RER
231 ZBZEHME

SR 2 A R i B AR R RN B AR SRR S R R iR R, RS R
AR RN
L 5 2 2
p=(y—1)pe=(y—1)E— Ep(”l +u; +u3)) (2-59)

Xy WEEIAEE, W HUEY 1.4, e VAL BTEYIIR N BE.
2.3.2 TNT ##}

2 R BEXE 24 MU R R b, 8 S I A K 24 v A 5 O 1 0 2 52 38 i 2 o ol
F g, I AR BT AR E i B, R iR s S N BRSO, R U e
B B AE KR 2 N AR S HE I R 24 R R T A AR R R T BRIR S
J7 RE T LA G O i A S S BRI AN S 5 A S S NP R, JE T N T R AR
FRAETE A, WO SRS TR, WA SR R AR IWL RS T 2, £
Ho e —f, HRE N
I%)e_RIV%—B(I—RZiV)e_RZV—FwTEO
X v AR, A By R~ Ry Fl o AXEZ HIM R E £, — i@l si ik
g sz 11271

p=A(l— (2-60)

233 BELIHH

A ST SR A B AR 45455 1281 () Holmquist Johnson Cook(HIC)H291 5 55 1 77 sfe g
PR EE T M L. 9 T R TR EE L AR R RIAR, iy B AR Ry R IR R A )
HIC AR AL $5 7 8K K Sy NS R A K 8 H 55, IF%5 58 7 R &+ N 19 FL I
PHmsmm, HEMORERRAN

o* =[A(1-D)+Bp*™][1 +Cln¢"] (2-61)

R 0% = o,/ f 5 R ALTEIRBE T3, o, BRI 7, f TR T BRI
WA, pr=p/f R R ALIE S, p NESIE ST, & = ¢/e, R T
MBI, & NEIRABR, i NBEMAER, AL B. N. CHHNAE
SREE. VAR D REAL AR T BGOSR AR D A bR A
it R i R A, BUR TSN O~ 1. 7E UG B0 HIC SR ML o, SR T B
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iR RL, BRD By AL, R BT 5 405 48 2 D W] RASE N

Asp +Au,
De=) 5 —\p; T (2-62)

b Ay, B Ay, 43 90 08 24 i 1] 22 Eﬁﬁﬁﬁlﬁﬁfﬁﬂ%i%%HE‘HETZMRD?’ENE
Dy M1 Dy NG EE . T*=T/f N — R KK N 7.

BRI AR 1) HIC B8 b A 5 7 400 45 2R A B, {H 200 5 T 4 2% 18 VR B 1
R A, Hobud v fe RO I8 T i K ER KR N 7Sk iR . RLT & 8 1 e
PERL AR W2, % AR 28] B VR B - i S AR K N T T AR A MG e e 2K A
A, Eﬁd‘%it{ﬂ BN LB M2 BE & KRR LCEARN BRI AL, &)
“CEE R AL T E%?QJT LRI N

D, =aD,(1-D)(Z — 1) (2-63)

00
P a WA SUEK PG EEL B0 MR SUAEK R oy NSO L IF
A K R AZ I R R A5 A0 R BB N Sy .y Nl B R 0 AR R B B R
P18 B4 45 B PR DF IF, AORDEE R A BEEAT . T IR R e LR S AL R A A
7, HIC BB PR FH PIR A 7 B2 R F Sk b i iR 1 = B e 2Rt B, i

R B R SEB B BN VER B 4 R] B2 2 AR 0% 0 HIC JR 46 SR

234 €RBMHE

EIERTIER T &M A — R L mNAER, fEIIER T, MEW
N AR R N AN AT ZU% . A SC K F Johnson il Cook #2 Hi 1) Johnson-Cook #4 3} #5
RIS0L 3% e AR S F R 7R N

0, = (A+Be”)(1+Clng*)(1 —T*") (2-64)

A e WERIBIENA, & =¢/e0 NEBNFERIBIERLE (=15 WZH
RiAE 2o T* = (T — Troom)/ (Tmet — Troom) € [0, 1] ALEA IS, T+ Troom LA K
Tmete 77 WARE M BHE E . ZWRAME ISR E. Av B no Cv m MK
ARG AT DL I A [ R AR A S g . AN RN TR /K Hopkinson 152 56 P
JHE R A B A S 30 15 2

A3 2K Mie-Griineisen IR 25 J7 F2 5R BB < J@ A RHI I 77, BAR R IA
N

) 4y (2-65)

p=pu(l— 5
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A
2 25— 1)u? —1D(3BS—1)u? 0
D — PoColu+ (28— Du+(S-1)BS-Nu’] p> (2-66)
PoCiuL p<o
4 Hugoniot M 2 11 A I FE /1, = p/po— 1 FISZ R MR IR 45 R AL po
AR BHETCE I 0T % .y N Griineisen # 50, Co A1 S ¥ N KL ph
235 LI|MHE

S F N, SRR R AR N 2 BE R B8 o B K. A S R
Drucker-Prager A% ) 155 A4 (1311321 Sl ) + 32 pp R}, e 32 %5 fy 8 1) Jet IR A0 2 46
A PR B o M Rl o T B ) JE R R A e B YR L, 2 T BB k(o T):

h=t—1"—a’(c,—0o") (2-67)

XA = VR NERBINTT, T NIRR IR EREE AL R. o0, =1/3 NEK
RLA7, 00 I N1 5K BRI ER — A . MPRVE R T A ol g3 ) E TR

T’ = k¢, —4q¢ o’ (2—68)

of = /1445 —qy (2-69)

A of MBI BRI R E, FOBHE B ke A g T EHBPRME N KT ¢ FIEESE A ¢
. Hh>00, PRERIOVETUIR, L o ik ek 208

[P=T4+q90m—ky (2-70)
M h<O0W, MERICAR AR, Shwt IR & ECh

fl=0n—0' (2-71)

24 KT

A5 503 ) AR ) 5 R TR SR IN JR) AR 2y 55 T3 0 ) BT RS AT R 22
IME R AR TR A SE I R BEAT A A BRI R SRR A T I B AR )
A, S T B ORI E, AT BLAT R I 8] 1R 22 B S BUE A . B
Ja X A S0 B AR R TR E R4
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H3E SRIRERENTENRAARES R

3.1 5|8

3. 105 — A S0 R 1 2 g A T ) 7R 5 1B R BE KR 24 (HE) RS 13 )5 2B i
BESE Ik Eh A i) 2 Ras 3, IR & 5 NIE RS R A EAER .. A
R RT DA H S AR R RE 2 23 D i AR XA AR A XA DX A XA
) B R MURE RS VE B AR BOR 22 5, WA B A AN R U T s A ok
Xt 1% 9% il AU AT BAE A AU

B
A
A

g |
™

THZNES MmaX

K31 R HE H 0 () s i

A FE A5 FH MPM 5 FDM 4L BEA FE ) B A2 b & B 0%, AEmf 1A |
WP ML G, 1R B Wi SA B 22 53 75 7% (AFDMP), 825 8 ]
B A SRR R = BOR AL B R0 BT M B, N T 1 A AR IR
TR, AU AR DX AL T O RS T RS A XA T R EORAS, R A
Sk B IO A DX 245 A0 A AR DL “ TSR AR ALY B T R R E 24 T I
PREZE D) BB AR EBERELS R G, K AR s e 27 5N
1% B A% O s B FF R B FDM SR AR AU o o U A8 = SO A R B0 A2, BRI, 3 A4 45
H ¥ MPM 5T 0B A6 BTG 5 & (1) 78 5 A DA BR R ) o 5 T S 3G s S AR IX
L5900 R A X A2 ST (40 3. 190 R 28 Ak ) B30 (1) 4 O A 1) T 70 31 3E — BB I
TU) A S o 9 2 28 30 08 JF S0 A A S X 3. D T R AL SR A [ R A Ol R O
SR G5 AL T ) P s AR B AR AT A L, R T R S o A2 1 MPM SR B

£ MPM F1 FDM % [ 3K i #2 v, 43 5ol 3@ i 42 o2 s 0 ] 4 Joit o a8 A T e
(1) T 5 B 7 B SR B BE W R ST RZ BB I, R R ER AR AR 4 B0 A R 2 45 1

29



553 F A R I A A SE W R A BR ZE VAT

TNTE HaX
el B
B

FEZGEME > Ml ——> 1ERZ

MPM (¥ Bt1) FDM (%1 E¢2) MPM (¥ E3)

K 3.2 AFDMP K~ = K

TRA PR BT N ) 3B 3E AT 0 . MPM AT FDM 2 (7] () A B #5402 08 i 1
SN R BOEATH), X RERORIE TR, ShEMEEE KN E, IFH
[F ST JEAT 1 0 52 R0 G ot B s B i 2 TR B B 4. 3@ ik MPM AT FDM L ()58 % ia
FAAIAH B3 Ak, 22 g 0 o B AN BB Be R 45 17 & BALE, S 7%
T BT FL R

32 XBMREABREDE
321 M 1: £EFEMER MPM #=#l

TR IR AR b, R 2 il DA 780 10 3o B 7 70 R 26 P AR 4R, B ot AR 8 o A
JURORD 22 P9 K v B VE 25 e AL N R 2272 03X FELIRATT SR FH b i MPML SR SR it 1 24
P RE, 5825 BT /48 1 MPM 2E AR A2 AH Rl 78 X HE 265 i s i b 2 L,
RZ AR N TS A A7 551 Sk gh A7 5400, BRI vy B IF 24 % 1) 4% 16 55 9
BR B 2 PR RL AN B B ) A — R SR P . ASCRA T “HE Sz IR A 551,
AR 8 R 25 U0 1) A 7 S8 SRR U st R L5 i FERD AR AR R AR v, P
O P8 ok DA B 2 9 0 15 45 B — AN 24 B RS R I ) 1, 0 B AR I [
G, VEZIR S ESIE 77 p B pe(H IWL R ZS 72 (2-60) 13 3 (11 /1) e BA
IV R

p=F-pE (3-1)

0 1<ty

(=D 4~
F{ I.5h =L (3-2)

A b R R R AR BT ¢ 9 2 AT I TR), e By B F O AE LA R D 2 )5
I 1, ZJaBl—ERR N 1 RAIXAN “ L SeE iR, n] LU RO U 24
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D A S R R A 2 T A1 5 1] BT D' I DRy — A BB 3 82 SR AR A R e B T, L A
HAT R N TLRBHEA” OB Kb B fe, —H X e R
T PR 36 U0F 591 7 25

HARE) MPM 2 sV fEHE I R 2 I S2 & b 45 D IR R R AR . =
YEZ et B, MRV EZ S F > 1 i, B B 58 BT ik MPM 1)
FDM (W15 4k, A B 2 (A IR 22 70 SR AE 3 B 46 26 1. B AL I A AR AIE 1 5t
. IEAMAEESTEH, LSRR RIS k(U E330R) Nl R E 5 n
BB T AL AT A KR4 T S 2 GOl i), DR %I 275 5 MRS 9 A i
(¥ Jo 58 A 2 5 3 A B RO 4 LT k(A% L, B

8

m} =Y miNj, (3-3)
=1
8

p?c = ZP?INInc (3'4)
I=1

A m Al 9 TT k B L AR (8] 25 n 6K A S &, R T A R R
PN REAR N A5 2 4% 00 k50 HK A E -

. np .
elcnt,n — Zeglt,n (3_5)
p=1
HET RS B0 k WA T IR 2 40 1F 5B 10 <7 (548 &
mn
n — _C _6
P. 7 (3-6)
(pv)ie = plte (3-7)
et g Ly Pic )2
E'= e o) (3-8)
Ve

AV, Tk AR R

2k, AFDMP 55 — B B45 o, FDM v 5 o i 75 (1 58 o 0 1 <7 1E AR B
Py el i Sy A U 3R, SR A MPM BT R A Y RS A B AR BT R g
I JE Bt B iR L, FE 3% R B 2 WA R 22 20 i S b HORAB R4 Jod 57 1 A
SR B I P 25 0 Do F) A AR 0 B
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[ 9
| |
.
¢ e
| |
m ©
v k A
.
| | N
@ L]

K 3.3 BTk N FE AL R & B (20 0E T T MPM i A, S20 B D TS 5 RS
A, A0 B N FDM B4 76 A% O 1)

3.2.2 MEx2: REHBM LAY FDM =311

FERT B 1t ek 7 B MPM ] FDM ) B & 864k, WnE3.40 7R, ik X
s (1 BT A AR 88 R 0 RS T, 1T B MIPML TR SR K T SR 9 TG O R B e U P
KIBEAYD R FH M. 82 ORI BRI R, K& A A [ = S Oe
(R n] B 4 S, DRI i R R = 4 W] I 4 R 7 RE (2-49) KAk . /£ AFDMP A
K =48 5 30 FDM K A# LA P B0 12, BARKI A IR 22 70 K i N2 L Eg2 s
R TR A e T BA— NI R 28 n D9 3 B AFDMP H1 4% B B 52

b .

u n u - I X x %
Jtl o o , 9 o
" = - x X X
L T
j o |, ofx|xo x *ﬁ%ﬁ,{#lq\‘fﬁf
" n x X m PR RN
- L~ ! A
L] u L I ] X X %
o Iox | x o
7 " . - ./ X X < X

i-1 i i+1

K 3.4 FDM & Hur =K

(1) B A Xkt & 22 SRR P, AE R 2 YA R E 2R
I HA A 7 B o B RUOR AR D FDM A ST (A e o K R I & A 2 < Bl
SR B R I BTl IR A s, HOR R IoT N B R LT,

() X T HW B T, MR SRR T AR 2.3 A A R R
PR REAR 2 MoXE TR & 8o, Rl I SRR 553379 dy i 1 B ) 5 AR A
RGP 77, FLARD BRAE J5 T A B = Y 4
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(3) 79 T ikl S B AR BE AR . @ Id K (2-56) TESFIEAR & U N
H & M TR P

(4) K202 = M By Ry x. y Mz = B —4E 0%
B A, ) R A D (2-52) Bt s AR Ak e AN D Al B ) — 4ERR
75 #2 K H Lax-Wendroff % 73 #% X A7 #E 33, 0] 730 27 3 (2-53). 3 (2-54)
A= (2-55).

(5) N T IBEERFAR B R AL SR EIR A BT AR B, A EE T
O3 5 3 2R B R BRSO B X, CAEIBSHIT RN (19 4 ) J v ], X3 9 A
BIGIR O L, “o” bR, FIBEIH AT HIT (7, )) W — DR ER S m(x,y) , E
SR A bR

X—Xic Y—Vjec
X prm— 9 = = 3-9

mom(x,y) PR FE v (x,y) AT Lo i AH A8 #9506 (3 4E 1% O 2 27 AN Ht) 1)
% 0 B A 45 21

vZfl(-x?y) = f(vfn(xi—hc,y), v:ln(xi,my)u VZZ(XH—I,Ca)’)a éx) (3_10)
o
) _
f(VJ,vz,V3»§):V] ;2+V3§2+V32v2§+v2 (3-11)

FEAERATT IR ER A 2 IR 2 A E AR B R BE e x AR SE T O R (n))
() x AAFR y AAFREE TR 5 5 m(x,y) Ry AL AR 10 25 ) 5 PR 3 FE

71 7

qu(xr,my) = f(vr(jfl)pv v;lj7c7 vr(j+1),c7 gy) r=i-— 17 i7 l+ 1; (3'12)
R v A O (1) B, B A m(x,) 1O G A

Xt =X, vy, (x,y) A" (3-13)

FER T B B R R IR BR ) B S R I AR R, 2 M BLE - R T A
B2 PR R R B RS DL, R i AN BE R 2 — R e R R S T R R R R
0 B IS 77, T /G 2R 1 PUAR BT N S MR O I B R AT R,
TR I R AE BB 3.3 kAT S A
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Pe
eil’ltﬂ’l — leil’lt,l’l (3_16)

p 8 c
oy =~ (3-17)

b pl 2RO AARETIE, JFE

XL, = xie £0.25Ax; (3-18)

Ax; TRHE T7 17 AS 6] 3 0 3R 7 Ax, Ay B Az o
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FR 25 ) BB 0 1

3.3 MRFEAEE

¥ Sl R ST ) A B SR ) AFDMP J7 56 BIF 9T 45 w48 0 Tl FBA — A o ft
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Gzzflvcnfl
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BE R B r 7R B U
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AR PR G B Io N A SRR > U, AT BURSE W B ok TF 558 e
PN PR R R R 1R A2 B G i

(1)$71:V\]E’ﬂﬂﬂ%ﬂ‘ﬂﬁ‘])ﬁ?‘ﬂ%%?@ﬂ”];

(2) B4 7T B P9 B 1O 8 AR A AR 0 B0 TR 48 P AR RLIO3S), ot = g
6,Ae™. T Ael™ SR G BT 1 LL Y RE 1Y &
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BRI, LA PO A R SRS, BRI 22 FDM R AR S0 MPM
SRR B RE FAb 7 EIE MPME X 20 Tt b 0 512 20 3 52 L G /3
(FORZ L B, A AN L Y B30 £ 0 128 W 5 i AR X, SR
IR T35 JF MPME X 50388\ B0 5 6 L2 5 2\ FDM 3R A 5 0 4R 52 9 1
.

{555 n I )2 FDME DA MPME X 0 il 7 PR 48 252 A, LI 7 2
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X} T H FDM [n] MPM 77 A ) ¥ iz, 16 26 71 5 FDM X 72 A 8] 28 N i i 22
FLTH AL MPM X [ 5 & i & s i i, I B AE MPM X BT A2 B A 1
K s BN MPM X, 16T B MPM [7] EDM J7 18] O #rdz, 08 e bsic Y
FH MPM [X 38 i 52 F [ 12 N FDM X [ 5T £, 43X 28 57 2 72 MPM I 1 5 A i
Bk o0 45 7 1) < 4 AR B RO 2 3 N ¥ FDM A% . 3xX B DL 4.4 5 7R 1 28 S THI
b I — Xk BTG ], B A e S AL T FDM S8, e A 0 £ B e R IR A AL T
MPM 3, th 2 4bT “48 F X7 B 57000 S 1 NG A2 T MPM 38 12 54 1
o

B
® | D
<« O ° @ MPMIX [ Jii i
m 7 L O HFDMIX [IMPMIX
° '! ® T A
k-w k-w+1
—> MPMIX

K44 FDM 5 MPM [d] {1453z

Xt F tH FDM [a] MPM [#iia, B S il iy A 5 c i B O B 3l 15 21532 3¢
T Ak F 2 B2 T8 AT )

n 1 n n
Py = 5P T Pis1) (4-10)
1
v?fZE(VZ—W+vZ—w+1)’ i=1,2,3 (4-11)
n 1 n n
Py= E(pkfw + Pi-ws1) (4-12)

R TR AR I 8] 25 3 L S T )5 R R B

I = Pyvi [AYAZAL" (4-13)

fz,; = p}lv?fvrllfAyAZAtny i=1,2,3 (4-14)
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SRAF AT (8] 25 (W faris & f5, TE 500 k—w+ 1 AR BB IR 5 5 R TR AIE T
PR a0 T AR I TV, AR XS % T Flekkoy’s) 48 N7E R &
FDM #7313 71 % (MD) It {1 4b BE 7535, 550X W Bt i ik B 45 /U EAT 17 A S
Moot B AR B R R S5 800 k—w M E R B AR ) N T IRAE
AR R o RS R 5 R TR AN 2 A R B 2 A B BUE AR E, X
BLR A R 7 2 B A R o ORI R R R
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A ml MR SRR, AR TSR AR R RBCR s Ja, AT RN T
il HL Dy 4 (10 B A DACSE A8 B0 e mh 88 S0 A BB AR AR o e A R PR A (1 R
B 52 S A B i H A B R T SR

di=VIA", i=1,2,3 (4-17)

TN, A R R N R B HOIRES T R G e, X B DL
et = —(YIE?T;PQ (4-18)
A ply R B R R Ao H TR RS BT A R o e B AR R
- H A )2 R SR ORAIE T B E ST E, Wl Ee s E 3 3hi . WERIE T
KL RE B ) SEE
WRFITC k—w+1 N B BT SAEA N 8] 22 N 2858k 7 MPM 32 7 1 I 38\ 5
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2 A F 25 MPM THE, BT R S 1E A8 808 2 80 2 352 3 2] 1)
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BEAT Q0 U

"AxAyAz + "
o PeLIRT (4-19)
AxAyAz
tul AxAyAz +m’ul!
pu = P2 YR T Myt (4-20)

AxAyAz
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Kb BT BB AN

(5) R 2 (4-9) 1F 5 A2 541 Ak 1 T S5 A 1 SR T
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% tH FDM [ 80K 5 GIMP & H T 50%, 17 5K 500 AN WA B 4 JR) iR 22
FA L GIMP K H 1000 A~ P9 4% B AH 7], 3 48 1 52 K F FDM K SR i 9 4 [X 385008
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4350 30 5.
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Kl4.13(a) Fron, TRHEETEEHR B B AE T 18, SEIGH TNT 2424075 N 4Kg Al
10Kg. SILHEAT 17 3 IKSEe, 5 — IRBIER LT — 5 P47 TR B LR R 1L
B2, X T8 N R AR, JBR A J vk AR RT DL (O 75 H i s g SRR, BT
DART DA 58 — ORISR ORI S 50 30 AT ST B4 B e TR 1S 35 R 4 O
B R 45 S A3 B, O 25MPa. SCHRI HR A AUTODYN X 5246 3647 T 15 5
X B CFDMP X 7 A FE I A R S 5O 3 B . & AEE 25 F125 S 4 ) R F JWL
RS T7 FE AN AR ASACIR S T7 R AL, TR Bt - BEARCR FH A R e 458 4 ) HIC i
FEREARL, HA RS HOk B SCHERB] AT AUTODYN F i, B AR S WL3£4.1. F4200
F4.3, MY 3R B B Drucker-Prager 538 JE R, HAK S H W, K44, £R
Fi CFDMP #1 AUTODYN i 5, ¥ 5e4ll 7 — 4k g 78 JF 5 45 SRk i 22
= YE AR A IR 22 70 A BRARFASK A W0 46 26 AF, SR G P 0T 48 25 B 1) A%+
HEAT 3 4EREH), TE AR SCJE 2210 CFDMP ff 1, 3SR F T X R 7 vk R AU Bk 7E
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Sail i‘ 75m 4, 15m ¥ 0.75 m P
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Kl 413 (a) IREE LA RS A 2500 B (b) L5014 2 7 = [ 18

F41 JREEL HIC 58 B S 8
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F 42 REELBEAH S H
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P, crush Herush K (GPa) KZ(GPa) K3(GPa) Plock(GPa) Hiock
13.7 0.0008 85 -171 208 0.8 0.1

# 4.4 13 Drucker-Prager 5 J& 155 7 22 %)

p(¢g/mm’) E(MPa) v 99 ke qy O
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b D AW X B EAS, h NP ORRE LRI, WIS TNT &

=
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) AUTODYN it 5 R H 12 b5k, 1 MPM 7E b ¥ K AR I 5 T A5 5 K1)
R, WK H CFDMP 3K fif 1% ] @ i AN 75 22k R B i S E S 5 3 1
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261mm. & (b) g it L SRR T 1T A Bz A 451405 X, B4 R e 1) DY R BATBUR IR
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N T ¥ CFDMP K B 5528 45 R A58 50 4-22) #:47xF b, R A
CFDMP X} TNT 4 & 7> % N 2Kg. 4Kg. 10Kg Al 20Kg [ — 2 %1 5 W 3k 47 15
H, g RmE415 . X T 48N 4Keg 1 10Kg P9 A G 0L, EE 105 11

57



Fam ET RETX” SRS A R ZE 2T

45 R 5 UG N2 56 3 N & B X T 2Kg A1 20K g B 0L, B X R/ 5
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FEBT 4P T A2 WA 58 AN BTt o, AXRRCLE 2 A B8 O B er T 1 B A e B — A
HEMWF TN E, Neuberger 251421 F47 7 — R 71 B S2 56 R W 5T RHA AW AR 7E =
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B (1) 2R A AR I R ] e, R A7 BB SR A [ e 2 S Ak BRI 3R 251 TNT
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3 (&R 004 20 30 0.4
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£4T BRKHREL 8/t
THS itk SEIR4E R CFDMP i EZ R (i Hik%E (%)
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3 (&R 2.68 -
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6 (&R 5.625
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FI4.1850 T 0 5 1S 56 A7 B IR o 44 45 IR, W LU HE R CFDMIP 177
Fr 45 B BE AR AZ T2 TR 35 5 S 56 B 49 45 RARAH L. 4,194 Al 25 7 T30 2 R0 T4
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