feE A0 8 5% 1 a7 e 2 AY
MR = AR

CHCIEESPNE NI ST 3 VA8’

ooR &
SR o Q]

R MR F I
n
T %

G A O

—O "N H



S



Studies on Impact Problems of
Ceramics and Concrete Based on
Material Point Method

Thesis Submitted to
Tsinghua University
in partial fulfillment of the requirement
for the degree of
Master of Science
in
Mechanics

by
Wang Xiaojun

Thesis Supervisor: Professor Zhang Xiong

May, 2012



KT FALIE SCIE AR AL AR

ANGEE TIRG T REAT RO AT A AR SO RE, B

T TR AT A 2 A ERGE U Y I N 22 A 18 SR I, b g
e (1) E3RAALIINE A L A A E AT AR S, AR ]
DICRHSZED s 4 B el HA 52 ) T BUORAE T 58 2 EAS AR 30 (2)
N HEERIRIE FL S 28] RURE 2 I IR SR8 SO SR B A3
GORE S S5 3 Fr (AR A T 7 B 352, sl g Tl ) AR PAY O 2 300 S v 4 A

ANPRAUERE Sy _EIERLE .

COREE 8 SCAERR o 5 B ST LR SE D

((ER-EF FIMREA

H H




M ) 2y B A A R AR TR IR, W R B L AR . MR E LR
PEFN L RS AF ARGk o BB BT B M X 2K in) e it T ) TR ¥
RVER I RO AR T AR AT B L, A A A R N ) AR A
LR AR 2 IR T, A A E S AR TE D) LA SR AR L R . MPM
75 R 1 15 5 RS b SR i 3l 5t 5 R R 2 ) 3 45, RE G T i BT VR TR TR S e
A UL R BR A 1 1R ) Jo 5 10 38 B RO Y T Ak B, ] DA AR AR o o e . B
AR EE L8 T Mt AR, 7R3 RS TRy, )z N H T2 H R By 4 4
oo A SO W R RV 4t 1 IR AN G D7 R 51N i s vE v, e i ) AT
BEEL, 3 B 25 84 1R 7 47 1 e

RIR = RAMLERMT A, 3T EIMEMR N N R, 4
HT MRS BB R IR R AR R RN T R A4 7 2 b 1)
N R 3 s Mk &, I LL Drucker-Prager B 5 4 6 /v 44 1 N 3 558 25 BB AN
2 1) 3R [

Wi S (R AR T FE o TH-2 BEAY, R SO M 2 A B e A B o e rp s R
KM — AT AE AN L0 RN . NARE, 5 LS-DYNA 1
SRR YIA, WUE T ARSIy S IE A T o SRS FE T W AU T R
BERARL (0 lE 45 AR AY) ) R, o AT T MR D7 2 P RE

A SCAE T WRCE R IR AL HIC A1 RHT, 41X HIC Bl 7 5
JH-2 BRI RU B UE, KRB LS-DYNA 7E 32 fr Bt i K fr v ) #4778 b,
I I X B0 AL P, Fg T LS-DYNA 78 3K Al it i S g st B0 () 48 42
T RHT B84, ASCRH P-a RS T RERME L T7, FEAR S A T K 19 it
MOEFE T MPM3D H s AR, BEAEL T 5844 0] VR 4 T B AR AR A [ R, &5
RELHEBLYA .

KB FEE, WL, b Pk



Abstract

Abstract

Impact problems involve large deformation and damage of structures, along with
geometric nonlinearity, material nonlinearity and boundary condition nonlinearity. Nu-
merical simulation is a powerful tool for solving these problems. Material point method
(MPM) discretizes a material domain by using a collection of particles, which carry all
state variables such as position, velocity, stress, strain, etc and can describe load carry-
ing and deformation of the material domain, so this method is suited for his-
tory-dependent material models. MPM, which can effectively simulate impact problems,
solves momentum equations and computes spatial derivative using regular background
grid, so it eliminates the drawbacks of mesh distortion in Lagrangian description and
difficulties of tracking material interface and dealing with convection term in Eulerian
description. The brittle materials, ceramics and concrete, whose strength increases as the
pressure increases, are widely used for armor and protective structures. In this thesis,
ceramics and concrete material models are implemented in MPM and then numerical
simulation is made for impact problems, so as to analyze the protective property of
structures.

Three types of constitutive models, including hyper-elasticity and hypo-elasticity,
are introduced. For hyper-elasticity stress-strain equation is derived and quantitative re-
lations of material parameters are shown. When it comes to hypo-elasticity, stress rate
must be an objective tensor to meet the principle of objectivity of the constitutive equa-
tions. The stress update procedure and radial return of Drucker-Prager material
model, for example, are also introduced.

In order to validate the stress update procedure, JH-2 model, for ceramics material,
is implemented in our explicit FE code EFEM, and the comparison of results, such as
stress, strain, damage and so on, between EFEM and commercial finite element soft-
ware LS-DYNA, is made by using single element model under different loading cases.
Then crash and penetration problems are simulated to analyze material property of ce-
ramics based on MPM.

HJC and RHT material models are adopted to describe the behavior of concrete.
The results show that in LS-DYNA pressure is cut off without dealing with damage and

there is an obvious error of calculating the yield stress when validation is done for HIC
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Abstract

model in the similar way for JH-2. The RHT material model, together with P-a EOS
(Equation of State), is implemented in our three-dimensional explicit material
point method code MPM3D, and the results from simulating projectile pene-

trating targets are in good agreement with those from experiments.

Key words: ceramics; concrete; impact problems; material point method
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s MR R AR i R B AT AR 4 o IR, W SR IR R W T R A Y
%%memﬁm%ﬁ%ﬁﬁﬁiﬂ,*ﬁnﬁ U R AE A I )26 ST 38 3
JiRE, N SR P SRS . T PR G IR T e — LR P AL
MU (R IR o PRI K A0 R A — IR ) 2 A IR Ay 75 55 19 A s 3 135
FE AR I ¥ 25 45 SR 8% M B A S R e R0 5 05 o 2R (2-24), 1 5 MR
W B

Zm =m,v, (2-25)

e, H R SR AT R Yy, — S YR B AN, DT AR I
)25 G5 AN, ) A B R JEE ) BB R

n+l

W= x4 Atz P (2-26)

11m1

11
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vt =v +Atz Ji N (2-27)

KQ2DF £ = f7" = £ AT UL Bk S a R = M.
ANLIE ) TT RESE b b e T A s (Al s, K Ok 20 7 R A A A I (]
BB H o T REA, nak(2-23). Q23ISR E 27k,  thin e = ik,
Horh R e 32 IR A AT B 25 20 R (T 250325, 10 Houbolt 5. Wilson 6 72:2507,
TR LG VF AR e SR AE R i ] b3 2 2(2-23), LR UndE ¢ B %I
Ml 4 fimen = poxtn (2-28)

EANE T 22 0 RN T3y, BRG I RS . RS, Il =& 2 A G R
R4 = H R A, w4 0 5 AR AR, R 1029 91 LAy Z2 437
Newmark 75 44513 BH 25 H ISR gt 7

221 BRKEE

EF“LJ‘# /qu E/JHTIEH‘D 'Jjﬁﬂl 2 3 Fy?j_\" Atn+l/2 n+1 _tn , tn+1/2 :%(tnﬂ +tn) ,

At":%(t’””z Py L BB WERE. IR = RN

vn+1/2 n 1/2 +Atnun (2_29)
u —u +Atn+1/2 n+1/2 (2_30)
At"
le N
I~ |
n—1 n-1/2 n n+1/2 +1
f20 ot "t t" y
| | | | ! I
le »le N|
) Atn—l/Z ! Al,n+1/2 !

K23 o 224 )4

R N2, PRSI BRIEH, H(2-24). (@2-21). 3((2-22)
RIS PR T R IR Y A RIS RSN T, iaX(2-28) n SR AU L
Tﬁ;’%?&ﬁ?ﬁ@ﬁﬁéﬂ T 2 (2-29) F1 2K (2-30) 3K 4535 S B v J S AL RS

o MR R B A E R (Q2-260)F1Q2-27) . X THEARICR, WA
EI*JF FIRARRR B 7 X (2-3 1) A1 (2-32)
o) =6+ A" D d) (2-31)

p

Vpn+1 — V: (1 + tr(Athrl/ZdZJrl/Z )) (2_32)

12
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HHWITEARI I, & EZS KB SR, E— I aE g5 i,
WA = R 5 g A I T) 28 T G s 1R 7 T S T ANAR[R], BRI 49 Jo s ;g A
R BB P M 764 B H R A ERAEAR IR 5 I AS KR R % L

Bardenhagen*Vfll Nairn*%%5 = Ff 3 7 58 374% :X: USF (Update-Stress-First) -
USL (Update-Stress-Last) « MUSL (Modified-Update-Stress-Last) , JfELH T =
Fiks R RSP, B USF R MUSL 28481, s sPE ML, USL RetFERK

USF #& 22 TR AR TR 20 FHaa I, R (2-25) 15 210 1 7 5 188 A0 R 0] 1 78 5% %

A b BB 1 0P 5 RN T R, SR SRAA Y BT R AN R O S kA
RN R, S5 ST A R R

USL & F a5 H b — I 1] 25 45 o I 43 20 10 W ) MRS N g, IR
BT AR IS TE) 20 (1) S = st Dl P R B, ) FH SR () 0 0 B AR AR TR IR TS 5 A I
ST T N AR, I R S o R T AN

MUSL #&2&% USL MEIE, B K AR I 1) 25 45 AN R34 JoT re 3 T St
(M1 AR TE T S50 A, PR FH IS PR 4 R T B BB A o s S ) R AR

Zi b, USF #XH MUSL i 2CA2 R FH 400 50 st ISk 210717 55 Do A 11 18 82k B I .
73, USL #& 2 SRR H 88 77 A 00 Ja IS BOFT Y. s USF kg & AR R )
TSt SEET Y A 25 T S A Jy, USL # 3UR MUSL #% 2GR AEAZTE I
A% N ) TN I TR A T .

222 B KiE

R WEE IR AL . T . I 2 Tl iR RN (2-28)Jm, A3 B2 A
HOTREdl, X FARGAER G, R4 AR . Newmark VA4 IR AR AN

v =" i At (2-33)
u ="+ B (Ar) (2-34)
HrpAt=e"" =", BFy AR HEL
V' =v"+(1—p)ii"At (2-35)
W' =u"+v"At+ (%— Bii" (At) (2-36)

B x0(2-33) M-3R ¢ 2 i = e A ie s i fe, H
1
B(A1)?

r(un+l , tn+l) —

M(un+1 _ iin) + fint (”n+l) _ fext(”rH—l , tn+l) — 0 (2_37)

13
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AR Rl e o B AR AR R
Newton-Raphson 1EA 12 & SR AR AE L PE 7 FR AL A 2071, HakARK AN
or
ou""

EARWNE B )™ =", P EAKE K Ag AR e MEAREO T RE AL LAl 22 R il e bk
RETTREH . (Q2-38) PR L EA LU NP7,
— & TR IR ACEL GMRES 3540 ke vh oy R g, HAS SR AR AR

SRR, RRR DI RIRE AR O ) S R Krylov 14 p (0ERL

(uI:Hl’trH—l) . (u]:ti—ll _ u]:H—l) — _r(u]){ﬁ—l’ tn+l) (2'38)

aum—l
a + n+ a n+ n+ > . N a n+ n+ > T ¥
S ) T ) SO BE BB ) p i
A 2 R KA A
n+l n+ly n+l  n+l
R (2-39)
u

DALt SRl R e R ORI VR W R . 540 T S AR S . — i
iy X AR B AL 2

T R OR DD BER RS, SR J5 R i 2250 LDLT 025 053K fif o
I 2

ar - - 1 afint (un+l ) fext (”n+l , tn+l )
m(uk 1’t I)Zﬂ(At)ZM_'_ aunH - 6un+1
| (2-40)
— : M + Kmat + ngo _ Kext
B(Ar)
Hor
Ny
K™ =>"B,C'B,V, (2-41)
p=1
Ny
€0 T
K= = Z G0, 1G,7, (2-42)
p=

LWTJEEEPZP: RRRLT A PRI R EEFE A% CHBRTTRER e, X B Ex )

SR , 6" =C" :d, "' K Truesdell N )13, I HWAFERE, tbab

14
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ON, 0 0 0 ON, ON,
ox, ox,  Ox,
B ' =| 0 N, 0 N, 0 N, (2-43)
! 0ox, ox, ox,
0 0 ON, ON, ON, 0
i ox; Ox, Ox |
G - ON, ON, ON, (2-44)
! ox, Ox, Ox,

B,=B/(x,): G,=G/(x,)-

ARE A SO W) = A B 7 r A A G BN T, AU k. RS
SR USRS, A5 AR RS

o AR AR AN R 2R % B A H ARy ROME PO . 2 07 V05 S/ () I T) 22
K Ar<Ar,, H¥E CFL (Courant-Friedrichs-Lewy) 4%f:1%%!

At = min—%c_ (2-45)
e c+|uf

L d, W EMIERSE, c AFIE, u ARSI . (HER D
AVEATTE R G TR, WEER/AN. B TvEF ) Newmark 122 2480505 2 B
Hly il

1 1 1,
>—, B>—(y+— 2-46
725 B 4W Q (2-46)

R0 AT AATRSE X I E) 20 A PR R 2 5 ROk (R 5K o B SR A F) I 1) 25
KEARH ARk R 2~4 N E0ES, (AfRE DR BRI A, Rt &G s
IEACB S 1) o 8 SORAR BE U TSN ) B AL AR RS, 38 A SR AR b A 2
W L v B S S TRVREL ) e s x-S A PR Bl SRAR A ) 7, — JBESR A I 1)
ek, iEa Rk 1,

2.3 [ XiHEWMR=E

PRUED T Rk 2 R ) A4 ) B DX T ) B AR, XA T R A S PR I 2
ATARBR AT, 78507 AL BB M35 . Bardenhagen 25044 HUKE ) FH B AE B9 15X 4sk
MOGTH AR I, Sk I M) 5t s R T SCHEAE ) 5T 1% (Generalized Interpolation
Material Point, GIMP) . W4l A4k R E N X,(X) s UEZES <]

15
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£(x) =Z_”f,,z,,(x>

(2-47)

Horb f, NWIEER fAEYITUR p AR, 7, (%) =0,x 2 Qo I AN J117

p(x) =Z";—z (x)

=1 P

Z JPZp (x)
B BN Q2-24) K(@2-2D)F1(2-22)1F
M= % 2, (0N, dQ=>"m s,
mt ZJ. iijp (x)dQ = z Sl ij'lij

f;’“: jg ;(p(x)wadQ+j N,7dl = Zm Sy Sy + ], N AT

Hrp
S, :Vip L:p 7, (X)N,dQ
S, ., = Vip L:,, N, 7z, (x)d0
Fagily
X,(X)=V,06(x—x,)
WS,=N,, S, ,=N,,,» GIMPIB{ IR R sE. #H

lp 1, jp L,jp

1 xeQ
Z,(x)= .
p 0 xeQ,

W =(2-53)F1=X(2-54) 0

1
Syp=1- sz N,dO

J’ N, ,dO

ljp

16
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(2-49)

(2-50)

(2-51)

(2-52)

(2-53)

(2-54)

(2-55)

(2-56)

(2-57)

(2-58)
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BEEVRNAIE, B AR X Q) AW tl, kg 2-57) M3
(2-58), Al LA JLAIT %

—JZ uGIMP (Uniform GIMP) P>V, {8 Wil FAT 115 55 A K7 1,
HILRABE XA AR T AR

— /& cpGIMP (Contiguous Particle GIMP) P>, [m]FER ¥ Q, NVAT T
S RS K58, LA T 2638 K 5 A TR BE X A e 3 SRR AR 21 X T uGIMP
F1 cpGIMP B XA KT, N, RN, | SCAT3RIE B = AN AR bR AR R R e AR,
R 3(2-57) A1 (2-58) T 5 X =~ s 8% B AR 73 (A

—J& CPDI (Convected Particle Domain Interpolation Method) P7. 44k % 4
BRI BT D) SRS A2 T, uGIMP H cpGIMP (13K fif 45 25 B 25 1) L, Sadeghirad
SESR A CPDLRE Q 3R PAT /S A, H = 208 W) i md AR TE B RE SR

24 TREHOFRFH

FEHL I ) A5 W, SRS - IC IR, i i 5 T SRR X U g2

BR AR o AR (0 T3 208 I T S T 2 A5 RILE N33 A A 4k 234 F i e 15

PR —HF, ARRAERM . NI, SR RIS 5>

X SR g D3 A D BLa F Dy i D 2 #E T2 I S T 5 e Lysmer Al

Kuhlemeyer>™%y 7 —F % 2T . 25 2 i I i SC A 5 A 0 SO AR 8 1) 32
P A

O,=n-6-n=—pCc,y-n=—pCc,v, (2-59)

t=(6-n—on)=—pc (v—vn)=-pcy, (2-60)
b n QA S ANE IR AL 5, o, IPNPGBEE, ¢ BRI . X T % 1) Al 2k

SRR R
¢, = //1+2G (2-61)

(2-62)

Ql ©

CS=

STa

Hp ARG AP $ . X RS RS A RS AT I T RGBT N,
LS-DYNAPYHI ABAQUS %%,
Chenl* 544 3(2-59) Al 5(2-60)FE M i A VA HESE RSB, MR Ko g S B g

17
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T S G L ) AE RSO E e AN R MG LB g, anlEl 2.4 P,
p-Ax-Ay-Az- f=6-n-Ay-Az (2-63)

miﬁﬁﬁiﬁf= o ARA(2-22) BB S 1 5 2% Ao

Kl 2.4 TR AN R )

25 KRE/NG

AREERY)FRGERSEARBRAE T, w0 T RO REHE S TP i ki
ITRE, IR T YRR SE RO R E RIE N T aE s R U R K
it X, HE T BASKAE T USF. USL I MUSL (1) 2 57 DA A 5 2 sk it 55 e oo i
RE A GRS T SUEEY ST GIMP -5 A R, Al T =M &,
B T A T T R I A5 A LR AR FUREAESE S 1) ST

18



53 E BRI 1) SR

EIE MREIPEE IR

PR T HETEAI L, AES2 i S W, e s2 I i R AIR M s, H
%, RGBT LA 2N o AT E SR A O F A 5 B 1R At o] ZE LB,
SRJE LA HABHYD Drucker-Prager A58 S {51l 1 43 3 148 5 BE VR () 5 B8 PR Y
SRR, SR IR SR R R I SE TR RE N TH-2 AR, QAR [ ST
FEA FRITHESS R 15 LS-DYNA (XS EEI0AIE B T si O e A Ak LA A B 4 1 e
S

3.1 ZAHXARIEL

T3 G A T VR R OB UARIE B G Dt o 2 IR )L AR JSE R 38 e
KN, AFEMERDEE )7 XA R, Hn i FE R ST AR SRR 22 A [H]
RV UMM TRT (KW o K TR R AT A R O M AR ST, K
AL BRIV AR B Dy 24P e o AEREAT 122 0 i), et 2 BAR o Ak 2 4
ERL, AR 2 AR ASH G R

AR R AT RV AR T (N D B (NAR) ZIaRAR,
SR RHRAPESS 5, AR IR AR AR i 2 W3l . ARG DA AR 58
WKorh IS AE T e MRS, 4y Y ) 5 AR (AT RA . (RIS i) °F
o ARHORR AR LN B ARERANAR PSR NI R BB SR A D
SR UL 5 7,

& CAE R IR, MR A I ) 5K B g DA 1R 7 i B R 2 K

o, =—po; +s; (3-1)

Hrp iy (87D AL AR RPIRAS T BE KA, i I ) ARl A 5 Rt 4
FER AR, 8 A5G 2 RSO LA LA =28
o R AR o R SR AR 4 HY DARS AR ARy AR ) VAR BE R BRI
FR P S o & 49 H1 55 2 Piola-Kirchhoff (PK2) W Jj. LS-DYNA H1[f] 27 541k}
*MAT MOONEY RIVLIN RUBBER i [ /& % ] [ PR R, S Wi 44
T 110 A i o 3P
W =a(l-3)+b(Il -3)+c(lI> -1)+d (I -1)* (3-2)

Hda. by ey dAMEIZSE, 1. 1. I 4 Cauchy-Green ZZ 5K & C ) —
MAAE
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C=C"2F" F=2E+G (3-3)
F B JERRE, E N Green NASTK &, G lHfiikiE.
SETHIEIRESE =3, I=3. =1, RARG-2D)EW =0, Wi LLVNAE
Rescfte NI IT 1IN C = AALE, W

ol
— =G 3-4
°C (3-4)
o _ I1G—C" (3-5)
oC
onr _ nc—" (3-6)
oC
H L HE R 243 PK2 W )
_W _,m
OE aC
= 2[8—WG —( IG-C)+ 8—WUIC } (3-7)
ol oIl olll

=2aG +2b(IG - C)—4cIl[ >C™ + 4dII (11T -1)C”
R4 I e, HaX3-7)1%

1
=a+b 3-8
=7 (3-8)
S I K
_or_,or (3-9)
0E ~oC
WAL Voigt WFRYE. HT LLIEW]
oc,,
aCCD = 0,0 (3-10)
ac;! L
e = CucCn (3-11)

BT LUK X B-7) RN S (3-9) I/ FR LA
LABCD = 4b5AB§CD - 2b(5AC§BD + 5AD53C)
+16¢lll >C ,Cop +4clll > (C1.Cypy + C o, Cot) (3-12)
+8d(2U1* — II)C,,Cyp, —4d(III* — HI)(C t.C,), + CpCit)

TEPNRTENEILR, Cop = 815 H L g, WIIE IR )[R PR L0 (RO B o i, D

20



53 E BRI 1) SR

L pep =(4b+16c+8d)0 ;0. +(=2b+4c)(0,:05p +0 1pOpc)

(3-13)
= Z’aABé‘CD + G(5AC5BD + 5AD530)
NI]
4b+16c+8d =1 (3-14)
2b+4c=G (3-15)
H A F1G Rt 5, 5RE-8)BH
G
a+b= 5 (3-16)
d:a(Sv—2)+b(llv—5) (3-17)
2(1-2v)
Hrpv ATEFALE
RN HR K E F, BAG-7)HE PK2 V)], 5
1
=—.F.T.-FT 3-18
a(]FTF (3-18)

T Cauchy N Jj, X J =det(F) .
TRBEIERR, FILABEAELE CAE Tl V2 I 2B, A
N RGN AR B ORFR, AR A AT AR T v] oy g U R B M . IR
SRS YO AR L, 2588 R B R IR SRR BE I, 7E 3.2 5L Drucker-Prager
BRI GIEAT Bk o IR R FR Y ) R 5 N AR 2R 2 AR DG R, B
X=C:d (3-19)
Forh X O HERIN T2, C stk sk, d WX (2-6).
RFI KRB MR IR AR TTREMAL T 2% R, FIB AR KR MR
KIESH R B0 g v oy il e X (3-19)
X=C:d (3-20)
HPh X, C. dWMAX. C. dIEEBER 7 TN,
Wt N ZIHE—FUSTES % Ry g ALE 2 58 x () F x(2), WIn] 5]
()= Q1) - x(1) +b(?) (3-21)
Hp Q) MATTRIEACHK &, R ¢ F1 7 T R 25525 b(e) MATRRH, Wy il 7
frE =R TRAa

=

(3-22)

ST

Il
e ©
=

2
Q ©Q
—

A
Il

(3-23)
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We, WBHR y N — bR, e =0 e, hBH R g 1 FbRUEEAS
Mo W, NCTEe RS, C\ N CTEe R, BN C PN K, 2
MR g, BrEs
Co =Cy (3-24)
N}
X=C:d=C,éée¢eé:d=0-(C:d)-Q"=0-X-Q" (3-25)

HIAHE R AR B M R N % X ik thal(3-22) %0

6=06-0"+06-0"+06-0"#20-6-0" (3-26)

AT X ANGEER 6 o MY J) %4 Jaumann # A Truesdell %
¢’ =6-wo-c-w' (3-27)
6" =6+(trd)-6-1-6—0-1" (3-28)

L R R T
I=vV (3-29)
Laom=lov_ i

w=—(=1)=—(V-V) (3-30)

=P AR o AR AR Al A AR BB AR ARL EAT O, A T RE
s, = ud) (3-31)
WAL ZOMNEZAE, b R REL,  d) AR d

3.2 Drucker-Prager t&%Y

Xt BRSSO e A RE, S rh o A L IX e R} ) T Al . ) 25 B
HIE SR K, 4JEMEH Tresca Ml Mises Jimt il &4 485 # /K I T %,
ANTE A TR b RO 2 B o PRI SN ), m ok e R T N 1) B 1
UARHATERY 7 BY Y 753500 A

o, ,=n-c-n (3-32)

7, =\|lo-n| —c? (3-33)

Mohr-Coulomb #5 Yk ¥¢ Jit Al 4 FSRALT Coulomb S e 44, HIZERME N L
T =c—o0, tang (3-34)
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e IR T1, o I PEEES, T SEI R « A E — RN I S RIS
B B 75 Mohr [8] 15 70(3-34) & 7m B HZARD] CnlE 3.1 Bros) o BRI T i R £
f(6)=0,—0,+(0,+0,)sinp—2ccosp=0 (3-35)

EXHX 0, <o, <o, IIIEBL,  IIRREI % 1 [ R PR B AN SR H FCAR G L) T
R B E . AE 7~V B S i an P 3.2 B

T

n A

,
»
C a
.
i
,
’ 1
II H
/P
s
s
a @
;o
A ’ '

(@,.0) (0,,0) o,

S

K 3.1 Mohr-Coulomb #E7YIlf5 7L e ARk A

0,

Mohr-Coulomb JE ik ]

Drucker-PragerJE IR [

3.2z P _L¥) Mohr-Coulomb F11 Drucker-Prager Jitt i fi

Mohr-Coulomb Ji R I 72 BH 7SNV [ e, e Ak A6, AR BUE 772
[PJAbEE . ZELE Tresca 5 Mises JiE k4P, Drucker-Prager #7145 T —FREE i X
2 18T K 5 0 () Jee i R 2

f(6)=5+3a0, —0, =0 (3-36)
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Vi B AR an &l 3.2 B . A5 ARk 2 E: Mohr-Coulomb JiE AR T, DU 7536 2
X(3-37) MK (3-38); 45 W% Mohr-Coulomb Jitt BT, )73 A2 38 (3-39) Al X (3-40)

o= 2509 (3-37)
3—sing

:6ccosgo (3-38)
3—sing

o = 2509 (3-39)
3+sing

_ 6ccos@ (3-40)
3+sing

F R oRHE S 0 2 01 B A SRR Y Drucker-Prager B8N ) SHT A 2o M
17K Jaumann F,  NASHEEE Al £ 7 A 0] 03 g AR > RS 2y

Ag'lit+l/2 — Ag;e)n+l/2 +A€;p)n+l/2 (3_41)

y

Jaumann 3 5 AR [R5 LIS A0 2 B O R
o, =Cd (3-42)

G B T R] P 5 0 5K

Cpy = A8,8,+G(5,5,+8,5,) (3-43)

Xt s PR R W g SR S BB R TR R B, SRR 7. 31
TR AT AR T At ob, BIOR SUSER g5 A5 ) i sl DU if e 28 P I A 1
AN IR AT RIS ST o ] ELRRAS AR

* __n+l _ *_n+l * __n+l
i = Sy T J

=O_n +G-??+l/2Atn+l/2

(3-44)
=6, +C Mgy
=67 +KAg;"?6, +2GAg]""?
Hob K b AR, 1
% =% +<w”””0; + o)A (3-45)
sy =50 +2GAe (3-46)
‘o, = oy +KAgy " (3-47)

Rl RN RN B-36), & f(Coy)="6""+3a"c," -0, >0, WESLNS
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n+l

O-ij n+l + O_n+l5
— O'-. + KAE(G)'HI/zé‘.. + 2GA8-!'(€)I1+1/2 (3'48)
_ n+1 KAg(p)n+l/2§ 2GA I(p)n+]/2
kk

Horp
S;H — " _2GAe I(p)n+1/2 (3-49)
o'l = *a;jl —KAgp"? (3-50)

I

g(e)=0c+3po, -0, =0 (3-51)

N I:':l
_ 2511‘11// (3-52)

3tsiny

w RIS, I P E AR RAR L
AN

AP = Maag —M( + 55,) (3-53)

AR (3-49)F1 K, (3-50)
3GAA™ L

S;H (1 + ?) = Sij (3-54)
ortt ="ol" =3 BKAL"! (3-55)
H20(3-54) 15
—n+1 + 3GA/1n+l —n+1 (3-56)
—n+l
n+l * n+l
5t =S (3-57)

RAIBYE R BIN B9 N T fAE e lkdf b, R
f(O';”) "' +3a0" — 0o,

(3-58)
=" =3GAA" +3a("o)" —3BKAL )0, =0

* n+1

+3a’c!" -0,
3G+ 90K

A/lnﬂ

(3-59)
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RIFIRATL(-55)s K(3-56) T (B-5T) T RKATT RIS S8R Jy LB Sy ol

RG-STH, TERIMBLIIN, BB R RS LN, Rk R [ %
SO RS Bt

Ae & %A%WA#ﬁ:Aﬂ (3-60)

HG-S)FI f=ar, WHRBAFEM: FH L =0, MR (GE-55F13L3-59)

ol ="g (3-61)
* —n+l n+l
A - O (oy =3a0c)) (3-62)
3G

BINRERER Y AT EAE 1, HOok A ) (K2 IR AR 5 BRAR SR B PR AR — 5. Jm 30
I PR B AN TR ot L AR Jet e g A1 5 s AR, (HACR AR SCIBRUR Bk, SR
AR AL 2(3-62) 2L, R 7 (M6 I LR AR 1 J2& [l

3.3 JH-2 [gE&EMRIER

PR EERRLE T HarEARL, H AT O R 4, AR AR B 7 7 1172
WA, IR S T A AR, S0 b N ek )32 A TH-2 B, A bk 5
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o =0,y A (p'+T)" -(1+Cln é") (3-65)

o o, A HEL (Hugoniot Elastic Limit) B REEN 1, 4+ N+ CAMEIZSEL,
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HEL I [ K e . 17

&=L (3-68)

’ :E” :\/g[(‘éx S HE ) HE A G R (-69)
EMEIAEA, &, =105 W BHPIARI . BB I R
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T D
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AREEH N HIC JREE LB, DURAEA RICHERL T 5 LS-DYNA X LL3
UE, RGNS PN )20 RAHT SRR P- « RS TTHE, FERbEEAl 2T
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Hr 4. B N, C. S, AMESE, fo5sibihmss, & Wa(3-68)F15K(3-69)
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MR A JH-2 MRHERE

5 3.3.2 OB AR TH-2 BT T 56k, 55 LS-DYNA ZR Y5 AR R I
N T I TR AR [ B SR R, X HL4E LA EFEM FR 7 ARG

/*

eps[6]=local strain increment

sd[6]=local deviatoric stress

seqv=equivalent stress

erate=current equivalent strain rate

*/

sd[0]+=2*G*eps[0];

sd[1]+=2*G*eps[1];

sd[2]+=2*G*eps|[2];

sd[3]+=2*G*eps[3];

sd[4]+=2*G*eps[4];

sd[S]+=2*G*eps[5];

seqv=sqrt(1.5*(sd[0]*sd[0]+sd[ 1 ]*sd[1]+sd[2]*sd[2])+3*(sd[3]*sd[3]+sd[4]*sd[4]
+sd[5]*sd[5]));

mu=dens/dens0;
if(mu>=0) //compression
P=(K1+(K2+K3*mu)*mu)*mu-+deltaP;
else //tension
P=K1*mu
if(P+T<0.0)
P=0.0;
damage=1.0;
end
if(damage>=1.0)
P=0.0;
end

end
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Frate=1+C*log(max(1.0e-6,erate/EPSI));
Frate=tfabs(Frate);

P1=P/phel;

T1=T/phel;
sigma_i=shel*A*pow(P1+T1,N)*Frate;
if(P1>=0.0)

else

end

sigma_f=shel*min(SFMAX, B*pow(P1,M)*Frate);

sigma_f=0.0;

sigma_y=(1-damage)*sigma_i+damage*sigma_f;

if(seqv>sigma_y)

end

depeff=(seqv-sigma_y)/(3*G);

epeff=epeff+depeft;

if(P1>=0.0)
epf=D1*pow(P1+T1,D2);
damage=min(1.0,damage+depeft/epf);

end

sigma_yl=(1-damage)*sigma i+damage*sigma f;

ratio=sigma_y1/seqv;

sd[0]*=ratio;

sd[1]*=ratio;

sd[2]*=ratio;

sd[3]*=ratio;

sd[4]*=ratio;

sd[5]*=ratio;

seqv=sigma_ yl;

1f(mu>=0.0)
deltaU=(sigma_y*sigma_y-sigma_yl*sigma y1)/(6*G);
deltaP=-K1*mu+sqrt(pow(K1*mu-+deltaP,2)+2*beta*K1*deltal);

end
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sd[0]+=2*G*eps[0];

sd[1]+=2*G*eps[1];

sd[2]+=2*G*eps|[2];

sd[3]+=2*G*eps[3];

sd[4]+=2*G*eps[4];

sd[5]+=2*G*eps[5];

seqv=sqrt(1.5*(sd[0]*sd[0]-+sd[1]*sd[1]+sd[2]*sd[2])+3*(sd[3]*sd[3]+sd[4]*sd[4]
+sd[5]*sd[5]));

ﬁ********************

VHAAFT S ) P AUASIN )20 () B3 PR AR AR S B dmup  (REAR 25 D
N********************
if(P+(1-damage)*T<0.0)

P=-(1-damage)*T;

end

Frate=1+C*log(max(1.0e-6,erate/EPS0));
Frate=fabs(Frate);
P1=P/FC;
T1=T/FC;
if(P1>=0.0)
sigma_y=A*(1-damage)+B*pow(P1,N);
else
sigma_y=A*(1-damage+P/T); //not A*(1-damage-P/T)
end
sigma_y*=Frate;

sigma_y=FC*min(SFMAX,sigma_y);
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depeff=0.0;
if(seqv>sigma y)
depeff=(seqv-sigma_y)/(3*G);
epeff=epeff+depeft;
ratio=sigma_y/seqv;
sd[0]*=ratio;
sd[1]*=ratio;
sd[2]*=ratio;
sd[3]*=ratio;
sd[4]*=ratio;
sd[5]*=ratio;
seqv=sigma_y;
end
epf=D1*pow(P1+T1,D2);
if(epf>=EFMIN)
damage=min(1.0,damage+(depeff+dmup)/epf);

end
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