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Abstract

The main intention of this paper is to develop and compare the algorithm based on finite ele-
ment procedures for nonlinear transient dynamic analysis which has combined effects of mate-
rial and geometric nonlinearities. Incremental equilibrium equations based on the principle of
virtual work are derived by the finite element approach. For the elasto — plastic large deforma-
tion analysis of shells and the determination of the displacement - time configuration under
time - varying loads, the explicit, implicit and combined explicit - implicit time integration
algorithm is adopted. In the time structure is selected and the results are compared with each
others. Isoparametric 8 ~ noded quadrilateral curved elements are used for shell sturcture in
the analysis and for geometrically nonlinear elastic behaviour, a total Lagrangian coordinate
system was adopted. On the other hands, material nonlinearity is based on elasto - plastic
models with Von — Mises yield criteria. Thus, the combined explicit — implicit time integration
algorithm is benefit in general case of shell structure, which is the result of this paper.
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Fig. 1. A typical axisymmetric solid
e= &, € &, %l @) EY, 242 bet AA WY t= 27 (8), (9)
- - “ A3 gon,
2 HY, WY g JAH AR Av R (3)3)
3 2. b=[b,b,] (8)
_ T
ou u ow t=[t,t,] (9)
£= y Eg=—, & 3-1
o r’E o 22 AH dOE (10023 2ol vhepd 4 Aot
ou ow
7n=—az—+—a;— (3-2) dQ=2rrdrdz (10)
wHebA, ZHAPAS Sush MY & sed ofelsh 2 35 ¥y U3

2ol Yeid 4 Aok

= [6u, &w)’
Se e [awu) B, A 8(&0)]T

r

tH, A% BgA A &Y -3
ﬁlc(G)’—‘]-\Jr 2.

o=D¢

01 7] }‘:‘ » o= [or’ 09) 029 Trz] O]

- F
D=g—ii—w

(1-v) v 0 0
v (1-v) v 0
0 v (1-v) 0
0 0 0 (1—221/)

dele) Azt e,0l M0} FHgede) QalvE o) &3
@  TEES BH B PBYe oldst 2ol vehd

+ siok
(5) . )
Jold€] od2- [,[5u,]
/\]-O]Q] :g__ (bn_pnanhcndn)dQ- fn[(sun:]Ttndr=0
(11)
(6) 8, o Az, oA 9 -‘HQ} 28 =2

of gshe 7HENS HFAREL ot et 2

22, 39-93 g
€ ¥A WEY 2 DE ot s 2}

u,= zE‘lNi [dl] n 6 u,= iglNi [5 dl] n (12)
e=ZIBld], se=ZBléd], (13

A71A, A& iv APUEE, me WA AH
@ +& gt =, [d].e AW 89 Uy E, N,
=N; Lz A Z&EA 0 A FH oMo d4

- 166 -



4 7229 u4Y FHLY AN L 9 Algorithme]) B¢ 97

4 o EY2E, Bx A SEA R HH
oMol AYE-WY BA WE2E 47 e
Wtk o] o, 2(12), (13)& A(1D] APk, o
ool 713 [Su],o M ARy e BF
ol 4 glm, B4 o] W Ao FYTHHL of
g o} o] "t

frz[Bi [5di]n]T o, d- fﬂ[Ni[adi]n]T
(B, ~ Py i, — ¢, wAR~ [ [N;[8d],]" ¢, d=0
(14)

o] A& 739 [§d],0 thal AAG 2=
ojAEg,

IQ[Bi]T o, dQ- fg[Ni]T b, dQ

+ Jo[N" pa [Ny, Noyo, N, ]

({dyn [d5),, -+ [d],) A2

+ fg[Ni]TCn [Ny, Ny, Nm]

([d],, [, -+ [d] ) dQ2

- [,IN]"t,dIr=0 (15)

2 93, ol A& BT ol 9 (16)4 3 ol 1}et
9 5 9ok

[pi]n* [fBi]n+[ﬁi]n+[fDi]n_ [fn']n=0 (16)

Isoparametric % 848 AL8-81d, oo &
840 g 24 A E palstd, 2(12)9 A |
A A g3 ol Yed & st

r

[u'“’],,=EINi‘“ (d]n an

A7 M, AHA (e Y99 848 YEhiT,
Nfe)e 11 840 tg Z4 #BA9 TS
Uehdth £, re # 249 A Folth.22 Y
o2, g 84d U HYELS 2(13)9 A WA
2 off A

[S“’]"= ElBim[dim]" (18)

7 ol JEHE & U3, ol | By T& HEA
of g ¢ 249 WP E WY HEH20T
T, 70 849 MAH e

d'=h"det J= d&dn (19)

oz Jehd & dth o7)A det J= Jacobian

EY2 PP Yoy, he FUHAY F2EA A
*2m2 Feldd.

o)A Gauss - Legendre product rulese 2] gt
£A ARG AHgota, oo @ a0 e
Z}zte] 352 VERRE ofef s 2k

e bl I

[l = (3[BT @k detd “dE dn

(20)

- BAY :

o), = [HANST b,°h " detd “dE dn

21

- 849

i) = IINGT RN, NS, N )

RO detd dE dnfld,“],, [dy*'),, - [d "1}
= £1M,11d,"", 22)

j

- 49

[)‘.D‘_(e)]'I - ijlfll[Ni(e,]T c,,{E)[NI(E), Nzte)’_”, Nr(e)]
h(e)detJle)dg d_rl{[dl(e)]m [dzteW]"" . [dr(e)]n]T

- ng[cﬁ(e\]n[dj(e)]n (23)
- 7ZAARAY
[ﬁri(e)]n = J'r“” [N‘-(E)]T tnle) dF (24)
3. BN olE

3-1. X =¥y

g.-3di24 Ag 2de WY E £ (strain
rate)& T334} o] F oAt}

&=[g&l.+[&,l.
oF
do,

A71A, &, [&], (6], FE 242 9] AT
e A B, Y - 24 WBE SRR
g8 g ouisie, HA AP EY BAe
& ez Fodrnt

=[D] 'a,+y< O (F)> (25)

0,=D[g], (26)

-167-



&=

g,=[&l.t [g,)n 27
<P >=0; FFo] doj}x] & A ¢
=1; §5Fo] dojd 3¢ (28)

HeA, UEA R L,
p.= Jo[B) Dlg, - [g,],) d@ (29)

A 24 MZET AFSHE T o)zt
£ & ol4tsh AT NS The FFBAL 7
Aol 7128 2 Qe

] = OF
(&6,], =< DF)> py (30)

7] 4, Euler ¥4 & 2 &34,
[evp]rH-l: [Evp]n+ [éup]n At (31)

A Atc] g AL ‘flow rule’ o A
AEdeE A - 24 Hdde SRS dd oA
A3 g}

3-2. 7155 w6 YA

71584 v d d4 ASE Jehdr] f8A
E =Zd A& Total Lagrangiang Al&-3c} &
Gzl & 7138 A vy adE st
7} A% £ AL ol o} 2ot

(DHYE W9 ELl X B, +3

(2) W38 Jacobian M| EY £ J(d,)E o] &5 ¥
g AN

vtef, deje) FRE ol & 849 27)9
AX 7t ko0l 3, A LA F A HE L u,
olgtd 1 849 FHEE thSH A}

x,=x,+u, (32)
Green ¥ 3 & & Al8-% Total Lagrangian % 4]
3l& (33)2] 7} 2o}

EF% ([Jp] ) [Ipl, -1 (33)

71X, HMEE HYEL NP ujMg AJRoeg
el (34)4 2} 2o H 1, o] § ZHzh2 (13)24)
T (35)4] o2 A oldth

3
&= [EL]n+ [eNL]n (34)
1
[SNL] n 23 [A9] n 6n (35)

w2tA], 7143 Green 8 &2 (40)2] 22 €t}

[86] n— [6 EL] n [6 eNL:] n— [8 eL] n [A{)] n ' en
(36)

2 B2 A(11)S T HEE (37222 BE
"o}

fg[ﬁe,,]Ta"d.Q~ fﬂ[5un]T
(b, - pit, - cty,)d2- [ [6u,]" t,dr=0 (37)

o714, g, Piola - Kirchhoff €2 o]t}

o] o, At 8 A o3P & o] B5ho] W W
3H& 6, AP Jelgd (38)2]3 Zo] ©
o}

6,= Z G, [d], (38)

Aq71A, G A F3Ere =848 VeERd
o.

e Yo, 6,9 /MRS (3947 Zo]
|

S en = lél Gi [8 d,] n (39)

U A E MY XY YL v e
Z} (40), (41)2] T} 2ol YeE 4+ 9o 2 2 Green
W3 5o g JE g2 (42)2 3 Zo] THHETL

(], = EI (B, 1, [d], (40)

level .= El (Bypl, [di], (41)
i 1

en:iél{[BLz]n+5 [Byiilat di], (42)

A7\ M, ¥ XY AY E WY wEY A9 A
HEEE 717} (43) R (44)2] 0.2 FH AL

(Byi).=[Ad], G; (43)

s&,=Z (Bl [5d), (44)

017] }\1, [Bi]n: [BLi]n+ [BNLi]no] ‘:}'
o] o, (44)4] & (113 o] st el Az

-168 -



4 729 Y 189 d4E #Y Algorithmd] 8 d3

A, geo) 7S thate] AAY BEE o
ofdlng, A= 4(16)31} Z2 B HE€ ¢ F 3
o add o] 3% 4(16)9 [B]'e [B].2
o], 7185t 4 v M Y& 12l shE WE Fo] ATt

met HafdE & 5 it
4, Azt HEHY

4-1. Implicit 2tD2|&

v Ay 53 Adxdde] ZAE 2 e £
AbA|(semi — discrete system)e] W3 2] & 2 B3}
7] 918 Newmark S 9] o & - +% I4Z A&
dh QAo defsl ABTT 4+ 40049
Ao EEYHAL

Ma, . +D,1=F+t (45)
O]I:}- 0:!7]}‘1y M; an+17pn+1’ fn+1% Z]‘Z}' Zé%: UH
EYA, 74 dE, g 9g 2 98 dgE

gt o) of W HEle ¥ doyy, FE doyy,
a8 1 o] RAE] o] Y(history)e Tt & Roltt. F,

2M, 2t HAH ZAE v EY 29 724 flEYA
g Jehd

3, Newmark S oM = 41(48)3 &7 o}
9] 2] & TFA| Ao} it} F

d,.,=d,, +4'Ba,,, 47
Uy 1=Upy FAL Y@,y (48)
a7 4,

d,. =d,+A4t v, +AH1-2p) a,/2 (49)
Uy =0, + A1~ P a, (50)

2 BP9t £8d,, v, ¥ a, 22 d,), dt,)
D d(t,)ol o &8te AR o 2, B2} = Y9
Meed o gaEe HHNS oo &,
dyir, Dy & &R R, d,,y, v, 2 FHA O]
o &, 2712 2 89 d,% £ % vg7t Fo)A 3, o}
A Ao B} HEE a,E T8 5 AT F, (51
2 23E Mo Yztd g o] ol gt A4
o o, Aaa 183 FPYY 52 54 o
o] A},

Ma.=
pn+l apn+1 %o ﬂ)+p(d0’ DO) (51)
(Krlns1= 3d and [Cr],11= 3d
nt1 n+1 2828 2(45)9 4 (50)71X] & Newton -
(46)

Table. 1. Implicit algorithm

1 Set iteration counter i =0.

2 Begin predictor phase in which we set

Ay =dp 1 1=d, +Atv,+ 481 - 2B)a,/2 (1

,,+1“—6,,+1—u,,+At(1 Ya,

(2)

@it = [t —dny 1A F) =0. (3)
3 Evaluate residual forces using the equation
lp{‘]:frﬂ-lAMan+lmvp(dn+lmvvn#—lm)' 4)
4 If required, form the effective stiffness matrix using the expression
K*=Matpy+1CrA AP+ Kd, ) (5)
Otherwise use a previously calculated K*.
5 Factorize, forward reduction and backsubstitute as required to solve
K*AdY =94, (6)
6 Enter corrector phase in which we set
dn+1“']=dn+1“+AdE] N
Q= [y i ] HAED) (8)
Vpit" V=0 AN, (9)
7 If Ad" and/or ¥ do not satisfy the convergence conditions then set i=i+1
and go to step 3, otherwise continue.
8 Set dpp1=d, """ (10)
Vpg1=Unp """ 1
an+1=an+1[4ﬂ] (12)

for use in the next time step. Also set n=n+ 1, form p and begin pext time step.
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X
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dpyyP=d, 1 =d,+Atv, + A1 - 2B)a,/2 (1)
U,,+1[0]=13,,+1=U"+Al(1'* Ya, (2)
Ayl =0, (3)
2 Evaluate the residual forces using the equation
! =fns1 ’P(dnﬂw» Un+1[n])- (4)
3 If required, form the ‘effective’ stiffness matrix using the expression
K*=MI/(At*B). (5)
Note that as the mass matrix M does not change K* will be formed once only.
4 Perform factorization, forward reduction and backsubstitution as required to solve
K*Ad" = ) (6)
5 Enter the corrector phase in which we set
dn+1[‘)=dn+1m+4dm] (7)
Gpy1 " =dy” ~dp i JAAEP) (8)
Un+1m=vn+1+At7an+1m (9)
6 Set dyoi=d, " (10)
Un1=Upst” (11
an+1=an+lm (12)

for use in the next time step. Also set n =n+1, form p and begin next time spep.
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Table. 3. Implicit - explicit algorithm

1

Set iteration counter i==0.

2 Begin predictor phase in which we set
d, 1Y =d,,=d, +Atv,+ 411 - 2B)a,/2 (1)
Un+1[‘]=6n+lzun+4t(l—y)an . (2)
api = [dn s - dyy ] (4EH=0 3)
3 Evaluate residual forces using the equation .
Ml:fn-ﬁ-l ‘Mani-l[‘] 7pl(dn+l[‘]' vn+l[‘] -pid, 4y, 5n+1) (4)
4 If required, form the effective stiffness matrix using the expression
K*=MAAB) +1Cr AP + Ky (dy ™) (5)
Otherwise use a previously calculated K*.
(Note that K, =dp'/od and Cy =p'/dv).
5 Perform factorization, forward reduction and backsubstitution as required to solve
K*AdY =¥ (6)
6 Enter corrector phase in which we set
d, " =d, "+ AdY (7
an“[.u]: [dnﬂbnl “&nﬂ]/(Atzﬂ) (8)
Varr" =Up g F AR, 4, (9)
7 If Ad“ and/or ¥ do not satisfy the convergence conditions, then set i=i+1
and go to step 3, otherwise continue.
8 Set d,1=d, """ (10)
Vpg1=Vpgy’ " (11)
an+l=an+1[‘H] (12)

for use in the next time step. Also set n=n+ 1, form p and begin next time step.
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Fig. 2. Spherical shell finite element mesh and modified spherical shell with stiff elements
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Table. 4. The properties and period of original and modified spherical shell

Original Spherical Shell Modified Spherical Shell
Properties :
+ Internal Radius R 22.27 in. 22.27 in.
s Thickness of Shell t 0.41in. 0.41 in.
* Semi Angle a 26.67 deg. 26.67 deg.
« Elastic Modulus E 10.5 x 10° 1b/in? 10.5 x 10° Ib/in?
« Poisson'’s Ratio v 0.3 0.3
* Yield Stress o, 0.024 x 10° Ib/in? 0.5 % 10° 1b/in*
» Tangent Hardening Modulus  E; 0.21 x 10° Ib/in® 0.21 X 10° Ib/in?
+ Mass Density p 2.45x10 *1b sec¥in’ 0.78 x10 *1b sec*in*
» Step Distributed Pressure D 600 1b/in? : 600 1b/in?
Fundamental period of shell T 0.55x 10 *sec. 0.592 x 10 * sec.
Smallest time period T, 1.38x 10 ®sec. | 0.776 x 10 © sec.
0.08
A
f(t) Elastic small ciis.
0.06 || . —_—
Elastic large dis.
004 | \
P <
o 002 -
g o
]
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F.002 }
o
12
0O .0.04 |-
— 537
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Fig. 3. The load condition k008 -
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