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RHSTRACT

Ertercicry to che'l analysis not usuilly assucrated with shell thewry ore described 1
s paper. These extersions involve thick shells, nenlirear naterials, a lincar norral
stress approrimatior, and a changing shell thickne ...

£ tirate element shell.of-revolution mode! has Leer developed at tne Lot Alamut Natichal
latsratiry by the author tou analyze nuclvar material sk inyg Containers ueder Severe Mgt
ceritiens, | opresenten the formulaticr for tras model at the 5th SMakT, and the formula-
ticr ¢ Lgsed or o nor tinear she'l thewry gresented by t, Rerssner an 197, Ths model s
vapal Te of large strain, large rotatiors, norelicear material analysic, and a changing shetl
thu bpeer,

Te ectal lish the lapaty for thas sheil aodel, | studieu the heu it essumplions yseg o
Vs deaeicprerty these are Sted i thiy paper,  Several sxtensiony were evideet from the
Ltaiy -t thete 1imate: a thack shell, a plastic bange, «nd @ linear norral strens,

The keissner she 'l theory ing ludes. shear deformation, which becomes important for thio
he" e BNt apperasmatianeg for curvature and addityonal terms revulting trom charging,
il ey 1 the stravny can be adoed for thick shells,  These extorsyon, appear
Peer O catyr s G the constitylive matrie, and thus the constitutive aatr v becomas furo-
trr of the deforming geotetry,  The himiting cond tion 16 that planes renatr approsimated,
P laver,

aher gt e (orditors exiat thropgh the thyckness (plastyc hnge), the cross voul 1ine,
tecnn betlwerr stress rosyltarts. amd hending strainy ang between bending moments ang memta ane
stratrn dre notgery, but equa’,  Thut the constilutive matr iy refmaint Symmetric butl 1s o
geraert on loading conditions,

The oual avaumption for normal stress 18 that 1t s zero. Thiy approsimation tar be
erteraen ta g linear normal stres,, Again, this sxtension enters the theory th ough the
ten s titutaye velat fon ang becomes amportant only when Lhe pressare 18 tompareble tn mayn
tude te modu i, Thas approsimaetion modiiaey the force vectnr as an integral quantity.

Three example problemy have heen used to verity this shell model:  an axtally loaoed
cylinder with s1-ainy to 100" end thickness chenges uf 2%1, an expanding hemisphere with
1007 stratns 3rd a thackness change of 375, and a cylinder loaded to deform intay & spherical
shape with sty ain %¢ 677 ad thickness changes to Jul., The limits that have been estab-
Yishea fur this mode] were cheched for thete three problems and wive atturate to within 2°,
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1. Introduction

Analytically modeling the response of shells tu severe accident conditions requires a
norlinear shell model that accounts for both geometric and material nonlinedrities, The
Los Alamns National Laboratory has developed an axisymmetric, shell-of-revolution finite
element mode) capable of aralyzing nonlinear failures. (ook {1 - 2] descrides tuis model.
The nonline. shell-of-revoli.tion theory presented by E. Reissner in [3] and [4) was usea
to develop the model.

Orginally, onr mode)l was developed to analyze nucledr material shipping containers with
the NONSAP code, which uses ihe Newton method for solving nonlinear probleas ard iy de-
scribea hy Bathe et al. [5). Loter the mode] was sddeu to the ADINA code {6], and 1t Rt
been used with the Broydan-f letcher-Golafarh-Shanno (BFGS) matrix update soluticn method,
Use of the BFGY sulution method has improvea the performance of the Rodel.

This model is capable ot large strains, large rotations, nonlinear material, & ¢ chafy-
ing shell thicknesses, To use this mudel for nunlinear failure analysis, = rFau tu teler .
rine what assumptions were used in the develepmant 0f the theary on which this mude) e
Lased. In determining these assumptions, we found that s Lould extend tnys muee! 30
Cluge thick shells, plastic hinges, and linear nurmal stress and thernal stresuee,
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Assuming that planes must remain planes, we may drr ive the following strains,
The normal strain is

-:“Tl - hu h
E = - - - 1 . (J)
ny "0 hu COoSy

|ﬁ

T ~ meridional strain is

] h
: ¢ . U Loty
A<l - an t) sa* 7 “sucv TR a, "
Lo * ~ 18 Ty T W - ta:
o ot b
[¢]
The heop <train is
h( h(_ sing
* — L} e !
rea) - tr) " ".' @ J Tll n(
"‘ [ _;.._r...,.T_ - ____._..._..__.._I. .;T’;.‘__._ [, . [
N l . ! _l_ .-_|'
Ty
iy
broa wereer DA ang (), wmeoget
|Ill " - ‘- —..-_
] o TL— (K]

bt e heer Loa
P legd et annarir g that the prestagr e and whe g loads are reacted gt the npgtegl g
fare , Tet tmr L vean todd ot tee Cheli Lowrdar e, Then by, me ' U LI LU I N

eauy b aue squattony, anoeg. (1 ae replaced by

.lll .-‘"‘(I h(‘ hll l'"l'lu h“
'|'. 'f‘ - ||". |" | -T ;o 1 - ,-E- ||'"‘ |" | - _.: = 1 :." a
(L) (1] [ 1 u
("
h qing h" lll “'l.l- h‘.
T b _"T"v'" I~ '-“"(- "o T beo -,"'-r: b T'F“ '
Alve, a tern 14 added to the rotatvanal equ Vi tun egual von:
hu / "0 5'"‘(! hu hn hu “".(5 "l-
ST VT D T R o U v | U o 3 ' (%)

[{] 0 0 ’ [



W. 4. Cook -4- Ma/3
4, Stress Resultants, Bending Moments, and Constitutive Equations
The stress resultants and bending moments can be derived as

h 1 ho sinlo
N _ = ?9 f o 1 )%
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Lo cne the following constitutive eQuat iuny:
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We define the following functions:
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1 Z 1
h h
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where
'5'.’ v Q\“!.) (rs - 05('., (5') .
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The initial stress resultants and bending moments, N“ and "v‘ are
h, fl . "u f .
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For a linear normal stress in the nurmal coordinate, w deriveq
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ﬂnt.

This extension car be included in the shell mogel by adaing it to Lhe thermal stress
When this shell is joined to continuum elements, %o must he calculated from a

reaction load that would have to be calculated after each iteration.

%et?

5.
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Another natural extension 1s to let the temperature field, and consequently O¢pr

and o_,, vary linearly in the normal coordinate.

nt

Reissner's Shell Theory Assumptions
In this section, 1 describe the assumptions usea for Reissner's shell model.

Planes are assumed to remain planes, and thus shear deformations are included. The
usual shell theory approximation is that normals to the neutral surface remain normal.

Mericional and hoop strewses are approximated as linear functions and shear as an aver-
age value through the thickness. These arc the usual shell theory approximations; how-
ever, in Reissner's theory these approximations are for hoth deformed and undeforred

configuration. e_ ., o

S0 + 2rd 1 are Lagrangian stresses, This assumption is used in
Sec, 4,

-1

vy hat ne matheratical limit; however, fron a practical puint of view, it should bLe luse
than w/4,

The nerma) strain, [ i1s assumed to be cor-tart in the nornal courdinate asw described

no?
in S%-. 2. When the deformed thicknesy 1s neeced, r"U can be fnunag from the normal cor-
stitut "ve equation of eq. (10} o, ™ - b should be included) and substituted it

eq, (3. The material prepertics nerded for thiy evaluation of rno are secant mdlerial

pr-perties,

Tre tran shell assumptiony,

o U e anu '.'U 1 hoving l aud h__ <« 1 (1/)
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are the yrogal tndn shell assumptyors and dre used 1o Sec. 3 te Jubtify the pressgre
beiny reacted at the seutral surface, The shear moment term (eqg. (&)) must be small
corpdared W th the terms an the rotational equilibe fum equation of eq, (1).

The censtitutive equations are assyhed v eg. (10) of Sec, 4, For the shell constaitu
tive squations (eq. (11)) e be andependent of shell geometry and be symheteig,
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kith these assumptions, which are limits on de/ormed az well &% undefurmea qucntities,
the Cs"'G reduce to simple integrals that can be integrated easily. However, if a plas-
tic hinge exists in the shell the material nroperties (Ls...Lo) vary through the thick-
ness and rejuire integration for the evaluation of Ls...G.
Cook [2] indicates how the shell constitutive equations are used for incremental guan-
tities, and thus the material properties (CS"'CO) are tangential quantities,

7) Tre normal stress assumptions are

x <« 1 and
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I described a method for inciuding normal stress in Sec. 4.

B) A constant change in temperature in the norme) coordingte is o basic assumption. Thus

and o_, are constants for vhe integratior in Ser, 4. lable | shuwy nuw well tne

%t* %at® nt
assunptinns in Lthis section are satisfied for tre three cnanile proniens that were usea L
verify ti s shell model, The three nonlinedr cxample problean in refursnie [0 ] wore solvee,

very accirately by this model.

6. E:lonﬂ\ﬂﬂs to the Shel! Model

Intck shells are included yn this mode) by 1) integrating each 1teratiun for (s...M“|.
This wntearation would include the geometric terms, the linear normal stress terns, and the
linear therma]l stress terms described in Sce. 4, which wtuld make the styftness matria non
symmetric, and ) reacting the pressure and shear terms at the shell boundaries. (This 1y
divruseed in 500, 3 and would affect the foree vettor calrulation,)

The assumptions fur this extended shell model woulu then be the <ame as for tems )4
in Sec. % however, the remaining 1tems 5 and 6 would be less restractive oy follow: .,

5} The normal stress is assumed to be linear in the nornal coordinate as described in
See. 4, ea. (10).

6) The tamperaturs field s assumed to be linear in the normal coordinate as descr ibed
in Sec, 4; thus Oggs Mgye and Ony OVF avsuled to be 1inear in the normal coordinate,
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7. Conclusions

In this paper I have presented the assumptions used td develop this shell model. These
assumptions are mcre restrictive than those used for 1inear shell theory. In Table I, I
show that the assumptions are valid for the three example problems used to verify this con-
puter program. These three example problems have large strains and displacements, large
rotations, and shell thickness changes of 25%, 30%f, and 37%.

The changes necessary to extend this model to thick shells are discussed. The greatest
concern is that the shell constitutive equations are no longer symmetric. [xtenuing the
model to thick shells 1s accomplished by

1. changing the solution technique to solve nonsymmetric equations,

¢. modifying the torce vector by integrating temperatures and addiny pressure aru

shear at the boundaries, anu

3. calculating the shell material matrix for geometric changes in each iteraiior.
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NOMLLCLATUPL
Continuym material properties ] - Rotation, ﬂ—ﬂu
Shell miterial properties Y - Shear angle
A continuum strain measure tey - Shel! straine
Shell thickness »oh = Shell bending strains
Bending momente ' - Normalized thickness coordinats
Stress resultants 0, - Lagranoian stresses
Fressure load ¢ - Azimuthal cuurdinate
Mer idional viriable ¢ [xternal te shell
Rad1a' cvordinate 1 - Internal or initial
Meridional radiuy of curvature n - Normal covrdinate
Shear load 0 - Undetormed shell ront iguratior
Mer idional courdinate ~  Thermal
Lisplacement \@ -  Circumterential (hoop) wwordinate



