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SUMMARY 

Laminated cmposi t e  materi a1 construct ion i s gaining popular'ty w i t h i n  
indust ry  as an a t t r a c t i v e  a l te rna t i ve  to me ta l l i c  designs where high strength a t  
reduced weights i s  o f  prime consideration. This has necessitated the de~elopment 
o f  an e f f ec t i ve  analysis capab i l i t y  fo r  the s ta t i c ,  dynamic and buckling analyses 
o f  structurd! c-mponents constructed o f  layered cmposi tes. Theoretical and user 
aspects o f  layered cmposi te  analysis and i t s  incorporat ion i n t o  C.S.A.R. Corpora- 
t i on ' s  propr i  ztarj version o f  the NASTRAN* program, CSA/NASTRAN*, are d i  scussed. 
The a v a i l a b i l i t y  o f  s t ress based and s t r a i n  based f a i l u r e  c r i t e r i a  i s  describad 
which aids the user i n  reviewing the voluminous output normally produced i ;h 
analyses. Simple s t ra teg ies to obta in  minimum weight designs o f  canposi tt uc- 
tures are d i  scussed. Several example problems are presented t o  demonstrate the 
accuracy end user convenient features of the capabi l i ty.  

INTRODUCTION 

As s t ruc tu ra l  designers t u r n  more of ten to high strength l i g h t  weight 
composite mater ia ls  to solve c r i t i c a l  design problems, the i n t ~ r n a l  loads and 
stress analysis tasks become more complex. The f i n i  tr: element m d e l  s generated 
to describe composite lami nates using ex i  s t ing  wZTRAN capabi 1 i t i e s  e i t he r  requi re  
a considerable number o f  membrane elements "stackedh 9n top o f  one amther  to 
represent the p l i e s  o r  requi re  some fonn o f  1 umpi ng/del umpi ng procedure .&en us: 29 
a s ing le  element to  represent the p l ies .  Both mthods of modeling are used t a  
overcome the substantial amount o f  work involved i n  determiniqg the mater ial  
properties to be referenced by an element. Neither method i s  wi thout 1 t s  drawbacks. 
The "stackedn wmbrane model requires a considerable number o f  elements and ac!~lects 
bending i f  facts while the s i  ngle element representation requires pre-processi ng 
functions to gcqerate an appropriate se t  o f  element and material proper t ies  and also 
requires post-processi ng to obtain +.he i ndividual  p l y  stresses and strains.  The 

*CSA/NASTRAN i s  an advanced propr ie tary  version o f  the WSTRANe general 
purpose s t ructura l  analysis program. NASTRAN i s  3 feg i  stered trademark of  NASA. 
CSA/NASTRAN i s developed, maintained and mrke ted  by the C .S. A.R. Corporation, 
Northridge, Cal i forn ia .  



method o f  colnposi t e  material construction analysis discussed i n  t h i s  work and 
incorporated i n t o  CSAINASTRAN m p l  oys the s i  ngle e l  einent technique. The user 
describes the laminate by mans o f  new P C W ,  PCOMPI , PCOHP2 and MAT8 bulk data 
cards. 

The f i n i t e  eleaents used t o  model the cmposi t e  structure must be capable o f  
representing coupl i ng between the laenobrant r,nd bending actions t o  handle the 
general case o f  unsymnetrical p l y  layups aadlor element plane o f f se t  from the 
plane o f  the g r i d  points. Since none o f  the ex is t ing NASTRAN combination 
membranelbending p la te  elements consider coupling, some work on the f i n i t e  elements 
available was a1 so required t o  implement th:s new layered somposi t e  anaysis capa- 
b i l i t y .  After sonre review o f  the current e:ement formulations and implementations, 
a decision was made to incorporate new qeneral purpose combined niembranelbending 
p late elements. The two new elements added t o  the CSAINASTRAN l i b r a r y  are the 
CQUk04 and CTRIA3. The CQUAQ4 i s  a 4-node b i l i nea r  isoparametric general quadri- 
l a te ra l  element. It i s  capable of membranelbendi ng coupl i ng, variable thickness 
over the element surface and considers the ef fects o f  transverse shear f l e x i b i l i t y .  
The CTRIA3 i s  the 3-node tr iangular shaped companion t o  the CQUAD4 element. 

User convenient features to scan the volum~nous output normally produced i n  
such analyses are provided. The evaluation o f  a * f a i l u r e  index" f o r  each element 
based on the cannonly used f a i l u r e  theories (maximum stress, maximum strain, H i l l ,  
Hoffman and Tsai-Mu) a1 lows the user to review a t  a glance whether any laminate 
i s  stressed (o r  strained) beyond allowable l im i ts .  Some simple techniques t o  
obtain minimum weight designs o f  layered cmposi t e  structures are a1 so d l  scussed. 

THEORETICAL DISCUSSION 

Before discussing the theoretical de ta i l s  o f  the implementation o f  the layered 
composite analysis capabi l i ty,  the theory o f  the CQUAD4 and CTRIA3 elements i s  
discussed br ie f l y .  

The CQUAD4 E:enent 

The CQUAD4 element i s  a four-node b i l i nea r  isoparametric element capable o f  
representing membrane, bending (wi th transverse sliear ef fects)  and membrane-bending 
coupling behavior. Geometric and kinematic data for the element are shown i n  
f igure 1. 

Shape o f  the Elenrent 

Standard isoparametric theory i s  used to  represent the shape o f  the element. 
A 5:: of  element parametric co-ordi nates (3,") have been selected which vary 
1 inearly between zero and one with the -extreme val des occurring on the sides of 
the quadri lateral . Lines o f  constant 3 and 1 i nes of constant 7 are indicated on 
f igure 1. 



El e w n t  Co-ordi nate System 

The x-axis i s  along the l i n e  connecting the f i r s t  two g r i d  points; the y-axis 
i s  perpendicular t o  the x-axis and l i e s  i n  the "plane" o f  the element. I f  a l l  four 
g r i d  points do not l i e  i n  a plane, a wan plane i s  defined as disct~ssed below. 
F inal ly ,  the z-axis i s  normal t o  the plane o f  the element and farms a right-handed 
coordinate system with the x- and y-axes. 

Mean-Pl ane 

If the four g r i d  points o f  the CQUAD4 elenent do not l i e  i n  a plane, a mean- 
plane containing the projections of the four points i s  defined such tha t  the four 
points are a1 ternately H uni ts  above and H un i ts  below the mean-plane as shown i n  
f lgure 2 and reference 1. 

Membrane Behavior 

An enhanced formul a t i  on o f  the four noded i soparametric quadril ateral  membrane 
element avai!able i n  the NASTR.W@ program, the CQDKM1 element, i s  used t o  represent 
the membrane behavior o f  the CQUAD4 element. The enhancement consists o f  using 
reduced integrat ion to  the i n-plane shear representation (s ingle point integration, 
a t  the center o f  the element, instead o f  2x2 integration). A l l  o 3 e r  deta i ls  o f  the 
element fornulat ion are the same as tha t  discussed i n  reference 2. 

I f  the element i s  non-pl anar, mean-p; ane transformations tha t  produce only 
forces and not moments a t  g r i d  points are used t o  expand the 8x8 st i f fness inatrix 
to 12x12 to  allow f o r  three displacements per g r i d  point. 

Bendi ng Behavior 

A simple, inexpensive to  formulate and accurate bending behavior i s  a necessary 
prerequisi te f o r  p late elements tha t  are t o  be used i n  a layered composite analysis. 
The four-node b i1  inear i soparanvtric e l  einent d i  scussed by Hughes and Tezduyar 
( ref .  3) possesses these qua l i t ies  and i s  therefore used t o  represent the bending 
behavior of the CQUAD4 element. Detailed derivation o f  the element st i f fness, 
load vector calculations and the stress resultants ame provided i n  reference 3; 
sa l ient  points from the deri va t i  onr are discussed be1 ow. 

The concept i s t o  have the transverse d i  spl acement i nterpol ated v ia  n i  ne-node 
Lagrange shape functions and the r otations v ia four-node b!1 inear shape functions. 
The transverse shear strains are calculated i n  a special way independent o f  the 
m i  d side and center node d i  spl acement degrees o f  freedom; hence four-node b i l  i near 
shape functions may be used f o r  transverse displacement 31 so. I n  other words, 
the use o f  special calculations f o r  transverse shear s t ra i  i?s allows the use o f  
b i  1 inear shape functions f o r  transverse d l  spl acement, rotat ions and transverse 
shear strains together with the benef i t  t o  the element o f  quadratic accuracy with 
respect t o  K i  rchof f modes. 



The implementation o f  the element fo l lows standard isoparametric theory. 
Interested readers may consul t  references 3 and 4 f o r  addi t iona l  deta i ls .  

I f  the element i s  non-planar, mean plane transformations are derived t o  
ensure t h a t  the element i s  i n  equi l ib r ium when the s t i f f n e s s  matr ix i s  transformed 
from g r i d  po in ts  on the mean-piane t o  the actual g r i d  po in t  locations. 

Membrane/Bendi ng Coup1 i ng Ef fec ts  

The membrane and bending act ions are decoupled f o r  p l a te  theory. However, 
p rac t i ca l  s i tua t ions  may necessitate use o f  CQUAD4 elements t o  model bending o f  
p la tes about an ax is  o f f s e t  from the geometrical neutral  axis. Membrane-bendi ng 
coupl i ng  e f f ec t s  have t o  be included t o  analyze such models; these e f f ec t s  a lso 
occur i n  unsymmetric laminates. The CQUAD4 element i s  therefore designed t o  in -  
c l  ude membrane-bendi ng coupl i ng behavior. 

The CTRIA3 Element 

The CTRIA3 element i s  a three-node 1 i near element capable o f  r e p r e s e ~ ~ t i n g  
membran?, bending (w i th  transverse shear e f fec ts )  and membrane-bendi ng coupl i ng 
behavior. The element and the element co-ordinate system are shown i n  f i gu re  3. 
The memb~~ane behavior i s modeled using the TRMEM e l  ement formulat ion (reference 
2 ) ,  the bending and membrane-bending cou?ling behavior are modeled using a pro- 
cedure analogous to  t h a t  used fo? the CQUAD4. Being a l i n e a r  element, the CTRIA3 
element i s  not  as accurate as the b i l i n e a r  CQUAD4 element. It musc, therefore, 
be mentioned i n  t h i s  context t h a t  the CQUAD4 element i s  t o  be used f o r  a l l  p la te  
modeling reqcireii~ents; the CTRIA3 element i s  t o  be used only where geometrical 
cons iderat io~ ls  preclude the use o f  the CQclAD4 element. 

The PSHELL Bulk Data Card 

The propert ies f o r  both the CQUAD4 and the CTRIA3 elements are spec i f ied 
using the new PSilELL element property bulk data card. The PSHELL card data inpu t  
format provfdec for spec i f i cd t ion  o f  element thickness, moment o f  i n e r t i a  para- 
meter, transverse shear thickness parameter, stress t+ecovery coe f f i c ien ts  and 
mater ia l  property references. Provisions are made f o r  specffy ing up t o  four  
d i f f e r e n t  materi a1 , ~ r o p r r t y  i d e n t i f i c a t i o n  numbers t o  separately represent mem- 
brane, bendi ng, tridnsverse shear and coupl sd membranejbendi ng behaviors. 

Force-Dicpl acernent Relationship 

The re la t ionsh ip  between forces and s t ra ins  used f o r  the CQUAD4 and CTRIA3 
elements i s  



r 

where membrane forces per u n i t  length 

bending moments per u n i t  length 

transverse shear force per u n i t  length 

membrane strains i n  mean plane 

transverse shear strains 



G1 i s  the 3x3 e l a s t i c i t y  macrix f o r  membrane ac t ion  
G2 i s  the 3x3 e l a s t i c i t y  matr ix  f o r  bending act ion 
G3 i s  the 2x2 e l a s t i c i t y  matr ix  f o r  transverse shear a c ~ .  
Gq i s  the 3x3 e l a s t i c i t y  matr ix  fcl* membrane-bendr ng coup1 I ng action. 
t i s  the element thickness 
1 i s  the element moment o f  i n e r t i a  
tS i s  the e f f ec t i ve  thickness f o r  transverse shear 

LP.YERED COMPOSITE ANALYSIS 

Composi t e  1 ami nates have a number o f  1 ami nae stacked a t  various o r i en ta t  i orrs 
(see f i gu re  4 and reference 5 ) .  Idea l ly ,  a f u l l  3-dimensional analysis using 
anisotropic maie:ial propert ies i s  t o  be performed. However, lamination theory 
i s  a good s ta r t i ng  po in t  t o  perform 2-dimensional analysis t ha t  gives sa t i s fac to ry  
resu l t s  a t  a much reduced cost. 

Assumptions Used i n  Lamination Theory 

The fo l lowing asscmptions are us'd i n  1 amination t .dory: 

( i )  Lamina i s  i n  a s ta te  o r  plane stress. 

( i i  ) Perfect  bonding ex is ts  between layers so t h a t  I;(, slippage o f  one 
lamina re l a  live t o  another occurs. 

( i i i )  There i s  no z-var ia t ion o f  the transverse displacerent; i n  other words, 
t h i n  p l a te  theory can be used. 

A1 l o f  the above assumptions are found t o  be reasonable i n  p rac t i ce  (espe- 
c i a l l y  i n  cases where the thickness o f  the lanf  nate i s  c*al l  i n  comparison w i t h  
the l e ~ g t h  and width). 

For un id i rect iona l  composites, two orthogonal planes o f  symmetry ex is t .  One 
plase i s pa ra l l e l  t o  the f i b e r s  and the other i s  transverse t o  the f ibers .  Know- 
iny  the mater ia l  proper t ies  i n  t h i s  system, the 3x3 e l a s t i c i t y  matr ix  [GM] can be 
evaluated f o r  each lamina. Knowing the o r ien ta t ion  o f  each lamina, the e l a s t i c i t y  
matrrx [GM! can be trcnsformed t o  [GE] i n  a common element system. Kncwing the 
e l a s t i c i t y  matr ix  [GF! f o r  a l l  laminae i n  the :omnon element coordinate system, 
the membrane, bendi ng membrane-bendi ng and transverse shear e l a s t i c i t y  matrices 
f o r  the laminate are calculated as fol lows: 



The [G31 matrix i s  calculated by asswing t t 3 t  the equations o f  equi l ibr ium 
simi:ar t o  the simple beam theory can be developed independently f o r  the X- and Y- 
directions. It i s  t o  be noted tha t  t h i s  i s  an ap?ffiximation and tha t  the in te r -  
laminar stresses evaluated by l a n i  nation theory are on?y approximate. However, 
i t  i s  f e l t  tha t  t h i s  approximate analysis i s  be t tz r  than an analysis neglecting 
the effects o f  t ranverse  shear matrix [G3]. 

USER INPUT 

Cornposi t e  laminate cnalysis requires input o f  laminate data and the ortfro- 
tropic material prpserty i n f o m t i o n .  This i s  acconrpl i shed by designing the 
following new bulk data cards shown i n  the Appendix: 

MAT8: two-dftnensional orthotropic material data 

PCOW, PCOWl , PCW2: Property cards f o r  cornposi tes 

User specif ies the property ident i f i ca t ion  nunber o f  a PCOMP (or  PCOMPl o r  
PCuMP2) property card instead o f  ?SHELL property card f o r  the CQUAD4 and CTRIA3 
elements f o r  use as a layered composite element. PCOCIP, PCOk(P1 and PCOMP2 cards 
re fer  to the material properties o f  each lamina using MAT1 , MAT2 ot MAT8 cards. 

OUTPUT FROM LAYERED COMPOSITE AN, L Y S I S  

The stresses 3nd st ra ins output f o r  each lamina f o r  a l l  the elements y i e l d  
v~lbminous output. Same of  these output items are sirown i n  f igure 5(a) ant 5(b)  
(stresses and strains i n  each lamina). The concept o f  Failure index f o r  each 
laminate i s  introduced t o  review the output easi I!. Five camonly used f a i l u r e  
theories are provided f o r  t h i s  purpose. These are ( i )  maximum stress theory, 
( f i )  rnaxinwrl s t ra in  theory, ( i i i )  H i l l ' s  theory, ( i v l  Hoffman's theory, and 
(v) Tsai-Yu theory. Based oti the user specif ied fa-, lure theory, the state o f  
stfess (or s t ra in)  i n  each lamina i s  used t o  evaluate a f a i l u re  index fo r  the 



lamina. The highest fa i lu re  index value m n g  a l l  'aninae o f  the laminate and 
the interlaminar stress t o  allowable bondilg stress r a t i o  i s  defined as the 
fa i l u re  Index o f  the laminate. By examining the fa i lu re  index table, the resul ts  
o f  the analysis can be easi ly rev:ewed to see whether any lamina has fa i l ed  
according t o  the spe:ified cr i ter ion.  A sample output o f  the f a i l u r e  index 
table i s  shown i n  f igirre 5(c). 

MSTRAN HODIF ICATIONS 

The design o f  the layered composite analysis capabi l i ty  tha t  has beer i n -  
cor~ora fed in?.) C5h/NASTRAN was ariven by two inportant requirements. The f irst 
was tha t  the c r>,bii i t y  has maxi- ve rsa t i l i t y  and convenience i n  describing the 
composite lauindte wi th a a i n i u  o f  user action necessary. The second was tha t  
mdi f i ca t iuns  u, exist ing HASIRAN functional capabi l i t ies be kept to d m i n i m .  
To achieve the f irst requirement, seven new bulk data card types shown i n  the 
Appendix, and a new functf ona; nodule were designed and added to the program. 
The second requi r e n t  was sa t is f ied  without corsiderable e f f o r t  when the decisioq 
was made t o  impleaent new f i n i t e  element technology, rather than c~ t r y  and adapt 
the exist ing -rar?c/bend5ng plate elements to the layered composite en\irorwent. 
This decision a1 so reduced the r i s k  o f  inadvertantly d is turb i  ng sane aspect o f  
tke exist ing f i n i t e  element i~ lementa t ions .  Thus, :he m d i f i c a t i c - i s  made to the 
MSTRAH program f o r  tree layered composite analysis capabi l i ty  can be divided i n t o  
two parts: (1) those required f o r  the addition o f  the new general purpose QUAD4 
and TRIM f i n i t e  elements, and (2)  those required for the specif icat ion and data 
recovery o f  the coawsi t e  l aa i  nate i tsel  f . 

The incarporation o f  the new 4-node qusdrilateral shaped p l  ste and 3-node 
tr iangular shaped plate f i n i t e  elements i n t o  NASTRAN has been achieved w i t h  the 
addition o f  only three new bulk dat3 cards. These new cards are the f i n i t e  
element conntztion cards, CQUIW4 and CTRIA3, and the element property card, PSHELL, 
uhirh i s  referenced by both elements. This new general purpose capabi l i ty  required 
the f o l l h t n g  modifications t o  ex is t ing areas of the NASTRAq program f o r  Stat ics 
and Nomal Modes solution sequences: 

" Pref3ce IFSiP and IFXiBD roctines t o  process the CQUAD4, CTRIA3 and 
PSHELL bul k data cards 

O 6PTABD block data routine t o  add the internal descriptions o f  the new 
f i n i t e  elements t o  the NASTRAN elerrant l i r r rary and establ ish various 
e l  emen t-depenaent poi nter data 

" TA1 table processo: module routines t& process the material property 
or ientat iof i  7g1e def in i t ion  options available on the COUAD4 and CTRIA3 
element ,:on~~,ctinn cards 

O EMG modulc EMGPRO rnutine t o  c a l l  the new element matrix generation 
sv-,routines 



" SSGl llodule T W L  rout ine t o  c a l l  the new eleaent thermal load vector 
generation subroutines 

" SDRL module r a t i n e s  to c a l l  the new element stress data reccvery 
subroutines 

OFP mdule  routines to provide addit ional output f i l e  page headings f o r  
the CQUAD4 and CTRIA3 eleaent forces and stresses 

Modifications to the DSHGl m a l e  and RMWm modules are presently underway to  
extend t h i s  capabi l i ty  t o  d i f ferent ia l  s t i  ffrless/buckl i ng  and the dynamics 
sol u t ion  sequences. 

The incorpo~.ation o f  the composite laminate specif icat ion capabi l i ty  has 
been achieved wi th the addit ion o f  only fcur new bulk data cards. These new 
cards are the HAT8 card which describes the material properties o f  p l y  layers, 
and the PCWP, P C W 1  and PCW2 cards which describe the laminate p ly  layup 
with varying degrees o f  generality and ~or~venience. One new functional module 
was a:so required which perfoms composite element p l y  stress data recovery 
operations. A preface processor converts the supplied P C W  afid MAT8 data 
i n t o  e y i v a l e n t  PSHELL and WT2 data, updates element connection data 
references t o  property data and adds the PSHELL data to the eleaent property 
table (EFT) and the MAT2 data t o  the material prc9erty table (UPTI. The preface 
then alsa sets a W parameter to  control data recovery operations based upon 
whether canposi t e  e l  enent properties are referenced. The 1 ayered c m o s i  t e  
analysis capabil i t y  required the f o l  lw i  ng m d i  f icat ions t o  the NASTRAN code: 

O Preface IFSiP and IFXiBD routines t o  process the PCOMP, P C W l ,  PCW2 
and PAT8 bulk data cards 

" A new preface processor, IFP6, which generates equivalent PSHEL; 
MAT2 bulk dati! from the PCW and MAT8 data supplied; IF36 also updates 
the GEOM2 data block to re f l ec t  the element references t~ the newly 
generated property data and adds the data t o  the EPT and MPT 

XWtDO rout ine t o  establ ish mdu?e properties f o r  the new cmposi t e  
element stress data recovery processor, SDRCW 

FREMAT/MAT material property processing rout ine t o  handle the MAT8 data 

' SDRCOMP, a new functional module added t o  generate individual p l y  
stresses and st ra ins fnr the larered c q o s i t e  elements and t o  generate 
a f a i l u r e  index table o f  p l y  data based upon several available fa i l u re  
theories 

O OFP module to  process the new cmposi t e  element Fai lure Index Table, p l y  
stress data block and p ly  s t ra in  data block 

The action required on the par t  o f  the user t o  access t h i s  new layered cmposi t e  
analysis capabi l i ty  i s  considered t o  be very minimal. The user imrst inser t  the 



appropriate PC018 and FAT8 data wnich describe the colposi t e  laminate i n t o  the 
Sulk data deck, Then i f  the user w~shes t o  have p ly  data recovery operations 
perfonned, a STRAIN= case control request must be present and the SDRCW and 
OFP aodl~les must be a1 tered i n t o  the r i g i d  f o m t .  

Once the i n i t i a l  cayabil i tj ver i f i ca t ion  test ing process was sa t is fac tor i l y  
coupleted, modifications were made t o  the NASTRAN r i g i d  fo- i  data base to 
provide the necessary CHKPNTIRESTMT functions associated w i th  the addit ion o f  
the new bulk data cards. Qua l i t y  assurance test ing procedures were then cdq le ted  
sa t i  s factor i  l y  demonstrating the incorporation o f  the 1 ayered colposi t e  analysis 
capabi l i ty  as a general purpose feature o f  CSAINASTRAN. 

CAPABILITY VERIFICATION ,ESTING 

When any new capa3i 1 i t y  i s  added to MASTRAW, a series o f  tests  i s  perfonned 
t o  ensure tha t  the capabi l i ty  has been incorporated properly, These tests are 
designed to ensure? tha t  the new capabtl i .y perfonus according t c  design speci- 
f i ca t ions  and tha t  ex is t ing functions; c c - - 5 i l i t y  has not  been adversely 
effected by the new featurus. The capab" t y  ve r i f i ca t i on  tests perfomed to 
ensure s a t i  sfactory implementation o f  the 1 ayered c m o s i  t e  analysis feature 
were divided i n t o  two categories, The f i r s t  series o f  tests  were designed to 
val idate ta le  proper i ns ta l l a t i on  of the new CQUAD4 and CTRIA3 f i n i t e  elements. 
They deaans the accuracy o f  the elements under various geaaetry, material 
property and loading configurations, Several of the t e s t  cases were taken from 
those (roposed i n  reference 6, The remainder o f  the tests were designed t o  
demns.rrate implementation correctness and not necessarily theoret ical  accuracy. 
The t e c t  problems considered t c  be most important are now b r i e f l y  described: 

O Patch t e s t  - measitres the a b i l i t y  o f  the element t o  represent constant 
s t ra in  states o f  deformation. The model g e m t r y  and resu l ts  are shown 
i n  f igure 6. 

Tlri sted beam - measures the e f fec t  o f  warping on the element. The model 
geometry and resul ts  are shown i n  f igure  7 .  

" Equil ibrium tests - each column/row o f  the elenental s t i f fness  matr ix wrs 
sunned about some point  (say, node me)  o f  the e l e n t  t o  ensure tha t  the 
matrix represented a set o f  forces tha t  were i n  e q u i l i b r i u ~ .  This t e s t  
was performed on several conf i guratibns which 4 nc? uded non-rectangul a r  
shapes and element warping. I n  a1 1 instances, the resu l t ing  su~llpations 
were computational zeroes. An addit ional set o f  tests  were also run which 
extracted the free-free mde shapes of the p late using u n i t  masses a t  each 
degree o f  freedoin. This t es t  resulted i n  extract ioi l  o f  s i x  d i s t i n c t  r i g i d  
body mdes which fur ther  guarantees equil i brium o f  thc s t i f fness  matrix. 

Several other elemental tests  were performed t o  ensure tha t  the elements p e r f o m d  
according t o  specifications. These tests are the same as thase ~esc r ibed  i n  
reference 6 and the twisted ribbon problem dgscr i bed i n  reference 3. The resul ts  
frat1 these tests are summarl zed i n  tab1 e I . 



ii; addit ion to the tests performed t o  validate the addit ion o f  new f i n i t e  
eleaents, a series o f  tests  were also performed t o  val idate the i ns ta l l a t i on  o f  
the layered conposi t e  analysis capabi 1 i t y  i nto CSAINASTRAN. Once agai n , many 
sample problems were run to demonstrate tha t  the capabi l i ty  performed up t o  
design specifications. These tests included exercising a l l  o f  the various options 
available on the P C M Y  , P C W 1 ,  and PCW2 bulk data cards. Two example problems 
were run t o  demonstrate the theoret ical  correctness of the implementation. These 
problems were taken from reference 7. The geometry fo r  the f i r s t  problem, a 
s ta t ic  analysis o f  a simply supported square p late subjected t o  sinusoidall) 
varying pressure load, i s  presented i n  f igure  8. The g e m t r y  for the second 
problem, a mda l  analysis o f  a simply support& cylinder, i s  presented i n  f igure 
9. The modal analysis was accomplished using the cyc l i c  symmetry analysis capa- 
b i l  i t y  w i th in  NASTRAN. The resul ts  o f  these example problems are presented i n  
table 2. 

EXAMPLE APPLICATION 

To i l l u s t r a t e  the appl icat ion of the layered composite capabi l i ty  i n  CSAI  
HASTRAN f o r  design o f  pract ica l  composite structures, the example o f  an o p t i m  
design aluminum rectangular p late !tef. 8, 9 and 10) i s  analyzed using 8-ply 
laminated corposi t e  made o f  graphi telepoxy (comercia1 l y  ident i f ied  by Type T 300/ 
5208). The geometry, loading and f i n i t e  element nodeling i s  shown i n  f igure 10(a) 
and 10( b) . The material properties and a1 lowaLle stresses used i n  the example 
are those specif ied i n  reference 5. Star t ing frr~ll the optilmally des j~ned aluminum 
plate thickness f o r  the various element groupings, the thickness for  the composite 
model i s  obtained i n  2 o r  3 i te ra t ions  using the enhanced f u l l y  stressed design 
a1 gori thm imp1 emented i n  CSAINASTRAN . The thickness f o r  the 1 ayered composite 
p late and the aluminum plate are shown i n  f igure 10(c). The mass f o r  the composite 
wde1 i s  0 -40275 kg (0.8879 1 bs) versus the mass o f  1.034 kg (2.28 1 bs) reported i n  
reference 8 and 1.0796 kg (2.38 lbs)  reported i n  reference 9 and 0.9487 kg j2.0915 
lbs) reported i n  reference 10. It i s  t o  be noted tha t  i t  i s  aossible t o  obtain 
other optimum designs f o r  the layered composite model. The design shown i n  f igure 
10(c) i s  a feasible design (design tha t  sa t is f ies  a l l  specif ied constraints). The 
objective here was t o  f i n d  &he weight savings possible between layered composite 
construction and a1 uminum on a pract ical  example problem subjected t o  stress and 
d i  splacement constraints. The capabi 1 i t i e s  provided i n  CSAINASTRAN a1 1 ows the 
engineers the option o f  reviewing such "optimum" designs t c  select the most 
economical designs f o r  t h e i r  needs. 

WORK I N  PROGRESS 

Several cdGi ti ons and extensions to  the 1 ayered composite analysis capabi 1 i t y  
are current ly underway. Tor versat i l  i ty, two addit ional p la te  cleinents are being 
f o m l a t e d  and added t o  the CSAINASTRAN f i n i t e  element 1 i b r a y .  These elemrits 
are the 8-node isoparametric general quadri lateral element CQUAD8 an6 i t s  6-node 
tr iangular companion, the CTRIA6. Coth elements n i l  1 be able t o  reference cm- 



posi t e  material properties. An optlo9 t o  model the composite elements fo r  membrane 
behavior only (without arby reference to  '.ending, transverse shear or  nwnbrane- 
bending coupling) t o  f a c i l i t a t e  modeling the upper and lower covers r.f a wingbox, 
f o r  example, i s  now available. This option niyi be e ~ i Z ~ d 2 d  t o  include property 
optimization methods t o  consider the thicknesz- or  o r i e n t q t i o ~  o f  each individual 
p l y  as a design variable. The OPTPR1 and @ P T ? R ~  modules are being enhanced t o  
i ncorgorate evaluation o f  design sensi ti v i  t y  coef f ic ients so tha t  structural  opt i -  
mization using mathematic.-i programing tcc,nniques can be perfomed i n  addit ion 
t o  f u l l y  stress design resizing. 

CONCLUSION 

The theoret ical  formulations c " 1 ayered composite analysis capabi i i t y  f o r  
addit ion t o  the NASTRAN program are presented i n  t h i s  paper. The need to  have 
siirq:c?, accurate plate elements fo r  layered ccnnposSte elements i s  discussed. The 
addit ion o f  two such elements, the CQUAD4 and CTRIA3 elements, and the layered 
~ a ~ p o s i t e  capabi l i ty  i n t o  the CSA/NASTRAN program, an enhiinc~d oroprietary version 
o f  the Apr i l  1984 release o f  NASTRAN, developed and maintainea by C.S.A.R. Corpora- 
t ion, i s  described. Ver i f i ca t ion  problems and examp;e 3ppt i ca t i on  problems t o  
i l l u s t r a t e  the useful features available to  engineers t o  analyze and obtain opt i -  
urn designs of layered composite strucrrires are also presented. 
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Tib'e 1. Surry o f  Test Results f o r  CU/NASTRAN CQUAM Plate E lcwnt .  

fiiegular means tha t  el-nt shape has not been intentional l y  dl s w r t c d  
t Theoretical resul ts are taken frm a f i r le mesh f i n i t e  element sclut ion 

Remarks: 1. Let ter  grades are used to indicate the fol lowing error  percentages: 

b 

1 
NO. 

1. 
2. 
k. 
3b. 
3c. 
4. 
5a. 
5b. 
6. 
7a. 
7b. 
8a. 
8b. 
8c 
9. 

10. 
l l a .  
1 1 b. 
12a. 
12b. 
12c. 
12d. 
13. 
14. 
15a. 
15b. 
15c. 
16a. 
16b. 

A: Error < 2%; B: Z % < E r r o * < l O X  C. 1 ~ 4 < E r r o r ( 2 U %  
0. 20% < 2 r o r  2 50%; F. Error > 50%- 

Test 

Patch Test 
Patch Test 
Stra ight  B e e  - Extension 
Straight B e r  - Extension . Straight B c r  - Eatemlon 
Straight B e e  - Bending 
Straight B e e  - Beding 
Straight B e r  - Bending 
Stra lght  B e r  - Bending 
Stra ight  B e r  - Bending 
Straight B e r  - Bending 
Stra ight  B e e  - Twist 
Straight Be- - Twist 
Straight Bern - Twist 
Curved Beam 
Curved Beam 
Twisted Beam 
Twi stcd Beam 
Rect. Plate (ss-u.N-4, b/a=5) 
Red. Pldte s~-c.N=4.b/a=5) I Rect. Plate cc-u.N=4,b/a=5) 
Rect. Plate (cc-c,N=4, b/a=5) 
Scordelis-Lo Roof i N 4 )  
Spherical Shell ( N 4 )  
Thick-Ualled Cylinder v=.43 
ThickYal led Cylinder ~2.499 
Thick-Ual led Cylinder v=.4999 
Tw!sted Ribimn (Case A. L=:O) 
Twisted Ribbon (Case B. L=10) 

2. Let ter  grades show fo r  problem set  numbers 3, 5, 7, 8, 11, 12 and 15 have been 
a s s i ~ l e d  by averag,ng the absolute er ror  for  each protlccn i n  the set. 

Element 

In-Plane 

X 

X 
X 
X 
X 
X 
X 

X 

X 

X 
X 
X 

3. For detai ls  o f  t es t  problem descriptions 1-15. consult the March 1984 USCINASTRAN 
Appli c a ~ . c n  Note i n  the HSC!NASTRAII Application Manual of the Madeal-Schwendler 
Corporation. 10s Angeles, CA; f o r  problan 16, re f r -  t o  'Finite Elements Based Upon 
Ui ndl i n Plate Theory w i  t h  part icular  reference t o  the Four-node Bi  1 inear 
Iso a rme t r i c  Element' by T.J.R. Hughes and T.E. Trzbyar, Journal of Applied 
necknics, September 1981. 

Element 
Shape* 

I r regular  
I r regular  
Rectangle 
Trapezoid 
Para1 l e l o g r a  
Rectangle 
Traperold 
Para! l e l o g r a  
Rectangle 
Trapezoid 
Para1 l e l o g r a  
Rectangle 
Trapezoid 
Para1 lelograa 
Rectzngle 
Rectangle 
Regular 
Regular 
Regular 
Regular 
Regular 
kegular 
Regular 
Regular 
Regular 
Regular 
Regu: s r 
Regular 
Regular 

3 1 
: , 

Loading 

Out- 
Of-Dlanc 

X 

X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 

X 
X 

Number o f  Failed Tests (0's and F's) 

6 '  
R 
A 
0 
E 

A 
A 

A 

B 

F 

B 
I 

A I 
C 

0 
B 

A 

B I 
A 

F 

B 
I 
I 

Theory 

Flgcre 6 
Figure 6 

3 . m 5  
3.000-5 
3.000-5 

.I0810 

.I0810 

.I0810 
-43210 
.43210 
.43210 
.03208 
.33208 
.0320: 
.M734 
.SO220 
,005424 
.001754 

12.97 
16.96 
2.56 
7.23 

.3024 

.0940 
5.0399-3 
5.0602-3 
5.0623-3 
C.0291+ 
C.0291+ 

D l s p l a m c n t  

QUA04 
Model 

Figure 6 
Ffgure 6 
2.985-5 
2.976-5 
2.997-5 

A97632 
,007668 
.008734 

.a1611 

.a2216 

.03017 

-423B9 

.03433 
-02534 
.04441 
.47305 
.005373 
.001721 

12.6976 
15.1614 

.31623 
::;: 

.09288 
4.2523-3 
1.803-3 
2.649E-4 
0.02774 
0.02774 



TABLE 2. Compsifc Ekmcrrt A c c u r q  TGst Rcsulfr 

.SQUARE PLATE - S t a t i c s  

Center p o i n t  dr #/ec f ; o n  a aimply supported s q w e  

p/ute a h  fo r s ~ r u s o i d a  / Iy  varylny pressure load 

&'umber o f  
P/ie s 

2 
3 
4 

a 

Harmonic 
N u m b e r  

1 

2 

3 

JYpe a f  

Lamma te 

L(nsymmetrrc 

S y m m c t r r c  

Unsymnetrrc 

1 0 r ) ~ i t u d l n r  I 
Ha If wa w e  

/ 
3 
5 

I 
3 
5 

I 
3 
Z 
u 

+ 
Cen t a r  f i r h t  De Ctc c t ion 

4.93t 
14.578 
2 4 . 4 9 4  

2- 

Theory 

0.0/002 9 
0.000 3534 7 
0.0 00 4 2  J 75 

4 .s43 
i4.368 
20.404 

- 
I 
2 

. F R E Q U E N C Y  (rad/sec) . 

NASTRAN 
0.010056 

0.000 36245 

0.00042L22 

T h e o r y  

18.608 
46, LO5 
41. 435 

9.391 
27.214 
4 1.842 

4.274 
IS.  895 
30.804 

NASTRA N 
M.576 
46.426 
G O . 8 1 0  

9.377 
27.143 
41. 535 

G .230 
19. 864 
30.644 









F i p v r c  4. Larntnac I d & ;  kcr t ia  f o r  X-p$t L r m i n r t e  



ACCESS PRWRAM EXAMPLE PROBLEM FEBRUARV 1, 1985 CSA/NASTR+. 101 1/84 PAGE IS 
N*SA LANOLEV OPTIHIZATION CONFERENCE - L A. SCm1T ET K 

M COrPOBITES INSTEAD OF KVnlNUn 

S T R E S S E S  I N  L A V E R E D  C O M P O B I T E  E L E M E N T S  ( C Q U A D 4 )  
ELLMENT PLY STRESSES IN FIBRE AND MATRIX DIRECTIONS INTER-I 4HINAR STRESSES PRINCIPAL STRESSES (ZERO SHEW) MAX 

ID ID I W W - 1  hOmU-2 SHEAR-12 SHE14R-12 WAR-22 ANOLE MAJOR MINOR SHEAR 

101 1 -8.94110€+02 -9 83429E+03 '..L0752€+02 l.L52OtE+O; 5 06403E+00 37 24 -7 71930E-02 -1 10561EL03 1 6&840€+02 

101 2 -5 00005€+03 -3 20859E+O2 -' C4373E+02 2.019736b01 2.49705€+01 -84.14 -4.73212€+02 -5.047&9E+03 1 28723EM5 

101 3 -4 71933€+03 -2 46935€+02 2 78624€+02 2 24036€+01 3.69024E+Ol 8L.45 -2.2Zb67E+O2 -4 736508+03 2 25641E+03 

101 4 -2. 4453(5+03 - 4.39937€+01 -2.29645E*01 2.25379E+01 4.96633E+Ol -89 45 -4 .3774MM1 - 2  44538€+03 I .  20090EM3 

101 5 2 44536€+03 4 39937E+01 2 29645E'Oa 2 24036€+01 3 b9024E+Ol 0 55 2 44558F+03 4.37740E+Ul 1 20W0€+03 

101 6 4 7'923E+03 2.40935€+02 -2.78W4E+O2 2.0197J+01 2 49705€+31 -3 05 4 7365OE+03 2 23667E+02 2 25b41E+03 

101 7 5 0000M+03 5 20859E+02 4 64373E+02 1. 65201E+Ol 5. 08402E+00 3 86 3. 047L9€+03 4 73222E+O2 2. 28713E+07 

1b1 8 8 941 10E+C3 9. 83429, +02 - 1. L0732E+02 0. 0 -3.78227E-04 -52 7L 1 1056lE+03 7.719308+02 S.66840€+02 

102 1 1 R32W+03 -9 13424E+02 1 33344€+02 7 16597E+00 3.239OS+00 2 81 1 83933€+03 -9 220748+02 1.38070€*03 

102 2 -4 08235€+03 -4 2939VE+02 -3.28776E+02 8.76106€+00 1.59OWE+01 -81 93 -3.54397E+02 -4 1573=+03 1 90?4BE+03 

102 3 -3 89688E+03 -1.97373E+02 3. 1726X+O2 9. 71811€+00 2.35104€+01 85 13 -1. 70342€+02 -3.923b9E+03 1 8767LE+03 

102 4 -2 37724E+03 -2 08959E+O1 -1 93348E+01 9.77636€+00 3 16419E+O1 -B? 53 -2.273718+01 -2.37740€+03 1.17833E+O3 

132 3 2 37724€+03 2.08959E+01 1 933486+01 9.71811€+00 2.33106€+01 0 47 2.37740€+03 2 07371E+Cl 1 17833E+03 

102 3 89688EM3 1 97373€+02 -3.17245€+02 8.76106E+00 1.59--201 -4 87 3 32389E+03 1 70342E+02 1 87L7LE+03 

102 7 4 0823%+C3 4 29399E+02 5 2877S+O2 7.16597€+00 3 23905E+00 8 07 4.15735~+03 3.543978+02 1 90148E+03 

102 9 -1. 83260E+93 9 154246+02 -1 33344E+02 0 0 -2.4097CE-06 -67.19 9 22374E+O2 -1 83933E+C3 1 3807M+03 

Figure 5 ( a ) :  Stress Output f o r  Layered Composite Element; 
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Point X Y 
I .o+ .02 
2 . I 6  -03 
3 -16 -06  
4- - 08  . O 8  

Mcm brame Borin&rlr C o m ~ ; t ; o r s  : 

4 = ( ~ + f  9 ) ~ ~ ~ - 3  ~ r -  ( + X + ~ > ~ I O - ~  

Test R e s u l t s  : 
r 

Element Output Qurnt i t ,  

&- P l a ~ e  St ro i r l s  E, , d,. , 3 c  

i 
S t r e s s e s  Q, 

Shear Stress xl 
&ndmj Mm*rt p e r  u ~ r  c lit j t k  0% - my 
8endmg Momeat p e r  urrrt Icfijth lYx 
Surtttce Stresses 5 
Sur4a.e S h a ~  Stress rsJ 

Theory 

1.0 x lo-' 
1333. 

400. 
/. / I /  x 

0.333 * 10" 
20.617 
= 0.200 

NA S TRA N 

!. o loe3 
1333. 

400. 
/ . / I /  r !o-7 

0.333 x 10" 

20.647 
2 0 . 2 ~ 1  



fined 
End 

Length = 12.3 m 

Wldtk = 1.1 m 

Depth = 0.32 m 

T w i s t  = 90° Croot fa tip) 

2 9 . 0 1 1 0 ' ~ / r n ~  V = O - z z  

I Ptspkrurrrts rr L p r W  Brrfvtlon 1 
Zp Dtrectron Lard Th hwr ttw l 1 NASTRAN 
f i - p l m e  Shear 0.005424 

Out - oS-p/rar Shear 0.06 17 5 4  

. 
0.005373 

0.00172l - 



Simpfv Supported G m p o s i  tc 
square Plat* Subjec t ed  to 
S~nusoi  da Ill vc r y r a g  Pressure 
Laadrng of t h e  /e ra  

p(r,y) = f sln(7-)sin(??) 

Finite E l e r e n t  Mode 

2-PLY -- 3- PLY 4-  PLY 

Figure 8. S,mrlv  Supper t r d  C o m r m i  te  Pls f c Exdmple 



Finitr 
Elenen t 
Model 

v t a  

CVCLIC 

S I m m Y  

20 Q U A D 4  Elements 
8end,n3 , Men brame and 

7iunsversc Shear ECPacft 

Boundary Conditions 

Edge a b  : 
U s  = 0 
ec " B* = 0 

Edge  cd : Slmrly Surprtd 
4rsUo e 0 
GZ O 

YVa l i  th tckness = 0.5 
72 S y m r n t s  
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(Values denote t o t a l  thickness o f  8-ply graphite,' 
epoxy laminate (mass = 0.8879 l b s ) .  Values i r ~  
parentheses denote thickness f o r  alurninum(mass = 
2.0135 I b s . ) )  

( c )  P la te  Thickness fo r  Optimum Design. 

Figure 13. Rectangular P la te  f o r  Optimum Design w i t h  
Stress and Displacement Constraints. (Cont. ) 



APPENDIX 

CSA/HASTRAN Cul k Data Card Descriptions 



CSA/&ASTRAN BULK DATA DECK 

Inpu t  D a b  Card C Quadr l l r ter r l  Element Connectlon 

Dcscrfptlon: Deflnes a q u a d r l l a k r a l  p l a t e  element (QUALM) o f  the s t ruc tu ra l  rodel .  Thls i s  an 
l s o p a r r r t r l c  membrane-bending element. 

F o m t  and Example: 

1 2 3 4 5 6 7 8 9 10 

F i e l d  - Contents 

EID Element i d e n t i f i c a t i o n  n u b e r  (un!que in teger  > 0) 

PID I d e n t i f i c a t i o n  n-er o f  a PSHELL o r  PCOMP property card ( In teger  > 0 o r  blank, 
defaul t  i s  EID) 

Gl,G2,63,G4 Gr id  p o i n t  i d e n t i f i c a t i o n  nmbers o f  connection points  ( In tegers > 0, a l l  unique) 

e Material  property o r ien ta t ion  spec i f i ca t ion  (Real o r  blank; o r  0 < Integer 
< 1,000,000). I f  Real o r  blank. speci f l e s  the mater ia l  property z r i e n t a t i o n  angle 
i n  degrees. I f  Integer, the o r ien ta t ion  of the material  x-axls i s  along the projec- 
t i o n  onto the plane o f  the eleaent o f  the x-axis o f  the coordinate system speci f led 
by the In teger  value. The sketch b e l w  gives the s ign convention f o r  . 

11 .T2.T3,14 Membrane thickness o f  element a t  g r f d  po ints  G I  through 64. (Roal , 0. o r  blank. 
no t  a l l  zero. See Renark 4 fo r  default.) 

G 1 
(Continued) 

'element 



CSAINASTRAN BULK DATA DECK 

Remarks: 1. E l c m t  identification nubcrs  must be unique with respect to fi other element - 
Idcnt l f i ca t lon  n b t r s .  

2. Grid points 61 through G4 r u s t  be ordtrcd constcutlvely around the per lat ter  o f  
the e l cun t .  

3. A l l  the In te r i o r  angles r u s t  be less then 180'. 

4. The continuation carJ I s  optional. I f  It I s  not supplltd, then T1 through 1 4  
w i l l  be set eqw l  to the value o f  T an the PSHELL data card. 

5. Stresses a n  output i n  the element coordinate system. 



CSAINASTRAN BULK DATA DECK 

Input OItr Card CTRIA3 Triangular Element. Connection 

Descrlptlon: Deflnes a t r iangular  p la te  e l a r n t  (TRIA3) of the structural  
model. This I s  m i sopa ruc t r l c  meabrane-kndlnq element 

F ie ld  - Contents 

EID Element ident l f l ca t ion  number ;Unique Integer * 0 )  

PI0 Ident l f lcat lon nulbcr of a PSHELL property card (Integer > 0 c r  blank, default I s  
EID) 

CTRIA3 

CTRIA3 

61.62.63 6 r l d  polnt  l d t n t i f l c a t l o n  numbers of connection points (Integers > 0, a l l  unique) 

G2 

1201 

0 Material property or fentat lsn speclt lcat lon (Real o r  blank; o r  0 < lntegcr < 
1,000,000). I f  ileal o r  blaak. specif ies the n a k r l a l  property orTentatton angle i n  
degrees. If I n t e p r ,  the or lentat ion of the m t e r l a l  x-axis I s  along the projection 
on to the plane o f  the element of the x-axis o f  the coordinate system specif ied by 
the Integer value. The sketch below gives the sign convention for 6. 

+TR3 

EID 

401 

Tl,T2.13 Wcaarane thickness o f  element a t  g r l d  points 61. 62, and 63 
a11 zero. See Rcvrk  2 f o r  default.) 

yel emen t 
A 

W 

1401 

(Real t 0. o r  

PI0 I GI 

11 

.83 

not  

8 

7.5 101 
2 

(Continued) 

CTR3 1001 

12 

.81 

13 

.74 



CSA/NASTRAN BULK DATA DECK 

Reaarks: 1. E i c w n t  ident i f l ca t lon  nunbers must be unlque with respect t o  fi other element - 
ident l  f i ca t ion  nubers. 

2. The ~ o n t ~ n u e t l o n  card i s  optlonal . If it  I s  not suppl led, then TI  through T3 
w l l l  be set e w a l  t o  the value o f  T on the PSHELL data card. 



CSA/NASTRAN BULY DATA DECK 

Input  Data Card Mater ia l  Property Dc f ln i t i on ,  F o m  8 

bescript lon: Defines t!!r Ykrirl property f o r  m or tho t rop ic  v t e r f a l  

F i e l d  - 
MID 

El 

Contents 

Material  I D  (1,000,000 > In teger  > 01 

mT6 

mT8 

Modulus o f  elasticity i n  longi tud ina l  d i rec t ion  (a lso dcffned as f f b r e  d i rec t ion  o r  
1-d i rect ion)  (Real # 0.0) 

Modulus o f  e l a s t i c i t y  I n  transverse direction (a lso &fined as matr ix  d i r e c t i o n  o r  
2-d i rect ion)  (Real l 0.0) 

Poisson's r a t i c  (%/e,for un iax ia l  loading i n  1 - di rect ion) .  Note t h a t u 2 1  = ' 1 / ~ ~  

+ABC 
t 

E I D  

101 

6 1 , ~  

2 . 6  

un iax ia l  loadins i n  2 - d i r e c t i o n  i s  re la ted  t o  y q ,  El. €2 by the r e l a t i o n  
q 2 E 2  = Pz1~i. Real. 

Inplane shear modulus (Real > 0.0) 

6 2 , ~  

1.54 

RHO 

0.62 

Transverse shear n o b l u s  f o r  shear i n  1-2 plane (Real > 0.0 o r  blank) 

E l  

28.4 +ABC 

Transverse shcar s a b l u s  f o r  shear I n  2-2 plane (Real > 0.0 o r  blank) 

h 

+DEF 1.34 

Hass density (Real 

Tbemal expanston c o e f f i c i e n t  i n  l - d i r e c t i o n  (Real 

Thermal expansion c o e f f i c i e n t  i n  2-d i rect ion (Real 

4 

1.24 

A1 

24 .6  

612 

1.+5 

+3EF 

E2 

.5+6 

k 

1.44 

F12 

v12 

0.25 

A2 

1.4-6 

I 

TRD 

70. 

5 

1.+3 

y t 

1.3+3 

y c 

1.1+3 



CSA/WTRAN BULK DATR DECK 

kt,x, Alltmable stnxzes i n  tension and capmsion. respectively. I n  the l o n g i ~ d i n r l  
direction- Rqi t ' r ed  I f  faf lure index i s  desired. (Real > 0.0) (Default ra lu t  for 
x, i s  Xt? 

It. Yc Allorrb?c rtre;sts i n  tenslon and capresfon, rapect!vtly. i n  thc transverse directio 
Rqulrcd i f  fllllirt Index I s  dtslred. :Real > 0.0) ikfwlt value fo r  Yc i s  Yt) 

5 Allowable stress for inplam shear (Real , 0.0) 

k Structural *I ng ~ ~ f f l c i t n t  (peal 1 

F12 1nteract:on tern i n  tkt tensor polynuial  thcorj of  Tsai-Mu (litat). Required if 
fai lure index by Tsai-WI theory I s  dtrlrcd and if value of F12 i s  d l f fermt  fro 0.0. 

Rarrks: 1. If GI,: ancr 62.2 values a r t  not supplied, tht i n - p l m  shear a l u s  rill be used. 



CSA/NhSlRAN BULK DATA DECK 

Inpvt Data Card #IIP Layerrd -site Elcrtnt mrty 

Fie ld  - conmts 

P I D  P ~ r t y  I D  (1,000,030 > !n-r > 0 )  

f"cmP 

pCplp 

20 Distance frm the r e f e m n a  p l a n  t o  tht bottom surface (Real 1 (Decwl t  = 
-11'2 the thickness of the element) 

NW Wo+structural u s s  per k n i t  area ( L a 1  1 

sb Allarable shear stress of Vie bonding m t e r i a l  ( a l l w b l e  i n t e r - : r i m r  shear 
stresr). Rcq.rired if fa i l u re  index i s  desired. [Real > 0.61 

% F.T. 

TREF 

6E 

TREF 

4.+3 

RID1 

+@C I 1J 
1- 

Fai lure UWGQ to be used t~ t e s t  whether the e l a n t  f a i l s  o r  not  (BCD1. m e  
follarr!ng t k e ~ r i - r  *re presently r l l a d :  

HFT 

n 

0.25 

01 

0. 

HIL i  fo r  the H i l l  thcov 
W F  f o r  the Hoffman t h c o y  
TSAI for t R t  Twi-Mi thcrv 
STRESS f o r  u x i m m  stress thcoiy 
STRAIN f o r  u x i u r  s t ra in  theory 

Reference ttaperature (Real) 

I 
*rW: 

7 

i 
I 

Dlrpinq coef f i c ien t  (Real) 

6E 

I 

SIL71 

YES 

~4 

WT 

s 

B 2  

45. 

U I U ~  

MID2 

4 

12 ~ l l l ~ 2  

B j  ~4 

9EF 

~3 1 MIM 
4 

90. . i 



CSA/NASTRAW BULK DATA DECK 

Codt 
0 al l  plies am specifled 

1 ply lay* - i f i d  I s  s ~ l c t r i c a l ;  r l y  the plies cn orrc sldr of the 
cr -rllne are syclf ied 

2 a 'stack' of labrane-oaly e l a n t s  will be gmcrated for each elacnt 
that references this card 

optlorn my be c a d t n d  by H n g  the s$ecific codr values 

k m a l  I0 of tLc v r r l w  plies. UID: > 0. RW.. . . . .RIM > 0, or blmk. The 
p:la are IJrntIfted ty  serlrlly ndcrilg them f r a  1 a t  the b o t t a  l y c r .  
MIDr t refer to mil. Ml2. or MTB tul k data cards. (Intcgcr > 0) 

m l c k r s e s  of me various pllcr (Real; 11 > 0.0. 12, T3,..> 0.0 o- blank) 

Q' tmtr t iom tq le  of the longitudinrl d lmt ion  of m k  ply d t h  thc material 
uls of the el-t. ( I f  tibe material angle OP tht e l c m t  connection card i s  
0.0. Ute r t e r i a l  uls a d  s ib 1-2 of the el-t colncidtl. The plles a r t  to 
k ndtrcd serially S t r r t i q  w i t h  1 a t  th, b o t t a  layer (the b o t t a  layer i s  
deflnd as the surface with Ube l a q e s t  -2 v a l e  i n  the e l aen t  coordinate 
sysum). (Real 

SWi Stress output *red (TES) or not (10) for tkc variovs zlles (BCD) (Default = 
a) 

mrb: 1. fhc default vndcr RIW. fl103. .... I s  the l as t  dtflmd &I? card. in this case 11101; - so for 72. 73, .... al l  mse t h i cknes~s  *ill be cqvrl to T I .  

2. A t  least om of the four values (YIJi.  Ti. e4 . Wli) mist be p n s m t  for r ply 
to exfst. 

3. TREF given on the PUKJ card *ill be used for a l l  plies cf tht e l m : ;  i t  r i l l  
orcrridc vrl rrs wppl id  on u t e r i r l  c a d s  for individual plies. 

4. cE giver on the PCClP card will be used for the e l a n t ;  i t  r S  11 override values 
s i~p l i ed  on u t e r i r l  cards for I ndividurl plies. 



CSAINASTRAN 3ULK DATA DECK 

Input Data Card -1 Layered t o p o s l t e  E l a n t  Property - Alternate Fom 1 

Dtscrlption: Defines the propcrtles o f  m n-ply copoc l t e  v t e r l r l  l u l n a t e ,  a l l  p l l es  k i n g  o f  
-1 thickness. 

Format a d  Exuple: 

1 2 3 4 5 6 7 b 9 10 

7 I 
P I  D h r01 sb F.T. 1 1 0  T OPT I 

I I"" I 
I 

I- 891 -1.0 18.7 4.+3 STRAIN 10 0.25 

F ie ld  - Contents 

P i  D Pr~pcrty I D  (1,000.W > Integer > 0 )  

Dictance frtrr the tcference p l a r ~  to the bottom surface (Real) (Default = -1/2 
tRe thickness o f  the e l u e n t )  

NP1 Won-structural .ass per u n l t  m a  (Real 

sb A l i a r b l e  shear stress o f  'Jw bonding u t t r l a l  ( a l l w b l e  Inter- laainar shear 
s t r tcs l .  Requlrtd i f  f a i l u re  lndex i s  desfred. (Real > 0.0) 

Faflure theory to be used to t es t  whether the e l a t n t  f a l l s  or not (BCC;. The 
f o l  lodng theories i r e  presently a1 lar td:  

H I L L  for  the HI11 W r y  
WF f o r  the Hoffman theory 
TSAI hr the T u 1 - h  theory 
STRESS f o r  m x l u a  stress theory 
STRAIN f o r  u x i m m  stra ln Wry 

Material I G  o f  each ply. The p l i es  are ldent l f led  by ser fa l l y  ~ m b t r f n g  t h m  
fra 1 a t  the b o t t a  layer. The H I D  u s t  refer  to MTl, M??, or  M e  bulk 
data 3 r d ~ .  (Integer > 0)  

Thickness of each ply. A l l  p l i es  have the saae thicknes;. (Real > d.0) 

(Continued) 



CSAINASTRAN BtiLK DATA DECK 

L w n r t l o n  gcnerrtlon option codes ( Intcgrr  1 0 )  

codr 
0 a l l  p l i es  rr? s p d f l e d  

1 ply  l ryup speclfie4 i s  s y ~ c t r i c a l ;  ~ n l y  the p l i es  on tm side of the 
centerllne a r t  speclfltd. 

2 a 'stack' o f  d r a w  only elements w i l l  k generated f o r  tach element 
tha t  refet.mces t h l s  PCW card 

Opttans u y  k c&inrd by rdding the s p t c l f i c  code v a l e s  

Orlentatlon a q i e  o f  thr longl tudinr l  d f r t c t i on  of each ply  dth ffie mattr fa l  
u i s  o f  the clement. ( I f  the m t t r i a l  angle on the e l a n t  connection card i s  
0.0, the u tc+ ia l  axis and sfde 1-2 of thc e l a m t  cofnclde). The p l l cs  are 
ta k num4cmd ser la l ly  rtartlq rlth 1 a t  the buttam layer (the bottam layer 
I s  &fined ac- the surface dth tht l a w s t  -7 value i n  tht t leaent coordinrtc 
system). (Real) 

1. Stress and s t ra in  output w i l l  be gcmrrtcd f o r  a l l  p l l es  I f  r case ccntrol 
STRESS request i s  present. Ses tht KOWP u r d  dcscrlption for  r r t b d  o f  
reducing the awwnt of output jcnerrted. 



CSAINASTRAN BULK DATA DECK 

Inpu t  Data Card PC-2 Laycr td C a p o s i t e  Element Prcpcr ty  - Al ternate Form 2 

Descript ion: Defines the proper t ies o f  m n-ply c a p o s i t *  material  l as ina te  

F o r v t  m d  E x l e :  

1 2 3 4 5 6 7 8 9 10 

Fie1 d - contents 

PI0 Property ID (1.000.000 > In teger  > 0) 

zo Distance frm the reference plane to the bottom surface (Real) (Defaul t  = 
-112 the thickness o f  t i le element) 

Moll Won-structural .ass per u n i t  area (Real) 

A l l r d b l e  shear s t ress of the bonding n a t e r i a l  (a1 locrable i n t e r - l a a i  nar shear 
stress).  Requtmd i f  f a i l u r e  index i s  desired. (Real > 0.0) 

MID 

Fa i lu re  theory to be used t o  t e s t  rrhcther the element f a i l s  o r  n o t  (BCD). The 
f o l  low1 ng theor l  es are presently a1 ! m d :  

HILL f o r  t h e  H i l l  theory 
H@FF f o r  the  Hoffman theory 
TSAI f o r  the  Tsai-Mu theory 
STMSS for  u x i n m  st ress theory 
STRAIN f o r  maximu s t r a i n  theory 

Nate:ial ID of the various p l i i s .  The p l i e s  are i d e n t i f i e d  by s e r i a l l y  nunber- 
l n g  them from 1 a t  the b o t t r r  layer .  me MID must r e f e r  t o  MATI. NAT2. o r  
MAT8 bul  k data cards. ( In teger  > 0 )  

(Continued) 
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OPT 

Remarks: 

P C W Z  (Continued) 

L r i n a t i o n  generation option codes ( Integer . 0 )  

0 A l l  p l i es  a n  specif ied 

1 p ly  layup specif ied i s  s y l c t r i c a l ;  only the p l ies  on one side 
o f  the centerl ine are sp tc i f l cd  

2 a 'strck' of membrane only elements w i l l  be guncrated f o r  each 
element tha t  references t h i s  PCOnP card 

Options may be combined by adding the specif ic code values 

Thickness o f  the various @l ies  (Real; 11 > 0.0. 12. i 3 . . . >  .0 or  blank) 

Orientation angle o f  the longi tudlnal d: recticrl  o f  each aly wi th the material 
axis o f  the elment. ( I f  thc material angle on the e lc rcn t  conncctioa card i s  
0.0, the material axis and Side 1-2 of the e l c w n t  coincide). The p l ies  a n  t o  
be Pqnrbend se r i a l l y  s thr t ing  w i t h  1 a t  the bottom layer ( the  bottom layer i s  
dtflned as the surface wi th the largest  -2 val w i n  the element coordinate 
systmj.  (Real) 

1. A t  least  one o f  the two ualues. (Ti  ,oil must be presttrt for a p ly t o  exist. 

2. Stress and s t ra in  outout w i l l  be generated for a l l  p i ies  if a care control 
STRESS request i s  present. See the PCOnP card description for a metnod o f  
reducing the a u n t  o f  stress output generated. 



CSA/NASTMN BULK DATA DECK 

Input  Data Card PSHELL Shel l  Element Property 

Descript ion: Defines the RnSrane, bending, transverse shear, and coup1 i n g  F . o p r t i e c  3 f  t h i n  
shel l  e l c r n t s  

F o m t  mj Example: 

1 2 3 4 5 6 7 8 9 10 

F i e l d  - 
PI0 

WID1 

T 

MID2 

121113 

MID3 

Remarks : -- 

PID 

PSHELL 101 

Contents 

T 

0.25 

MID1 

700 

Property i d e n t i f i c a t i o n  n u b e r  ( In teger  > 0 )  

Material  i d e n t i f i c a t i o n  n u b e r  f o r  the m r a n e  ( In teger  : 0 o r  blank) 

MID2 

701 

+ SHL 

Defaul t  value f o r  the #drane thickness (Real ) 

MIM 

Material  i d e n t i f i c a t i o n  n r d e r  f o r  bending ( In teger  > 0 o r  blank) 

Bending s t i f fness parameter (Reat o r  blank, de fau l t  = 1.0) 

1211~3 

1.1 

i 

i 
I 
I 
I 
I 

z1 

.I25 

Material  i d e n t i f i c a r i o n  n u b e r  f o r  transverse shear ( In teger  > 0 o r  blank), 
w s t  be blank unless MI02 > O )  Q f a u l t  = WIDZ. 

22 

-.I25 

Transverse shear thickness d iv ided by the membrane t h i c b e s s  (Real o r  blank. 
de fau l t  = .833333) 

MID3 

703 

Wonstructural mass per u n i t  area (Real) 

F iber  distances f o r  s t ress ccmputation. The p o s i t i v e  d i r e c t i o n  i s  determined b. 
the r ighthand r u l e  and the order f n  which the g r i d  po in ts  are l i s t e d  on the 
connection card. (Real o r  blank, see Remark 11 f o r  defaul ts) .  

TSIT 

-5 

Material  f dent1 f i c a t i o n  nuaber f o r  mbrane-bending coup1 i n g  ( In teger  > 0 o r  
blank, must be b l a i k  unless MIDI , 0 and MID2 > 0, may n o t  equal MID1 o r  MID2) 

NP1 I 
I 

7.88 PSHL I 
I 

1.  A l l  PSHELL property cards must have unique i d e n t i f i c a t i o n  nunhers. 

2. The s t ruc tu ra l  m s s  i s  computed from the density uslng the membrane thlckne 
and m b r a n e  mater ia l  propert ies. 

(Continued) 
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The r e s ~ l t s  o f  leav ing an MID f i e l d  blank are: 

MID1 No mmbrane o r  coupling s t i f f n e s s  
HID2 k bending, coupling, o r  transverse shear s t i f f n e s s  
MI33 MID2 w i l l  be used as defau:t f o r  MID3 
MID4 No bendi ng-redrane c a r p l i  ng 

The continuat ion card i s  n o t  required. 

The s t ruc tu ra l  dmpf ng ( f o r  dynamics r f g f d  fo r ra ts1  uses the values 
defined f o r  the MID1 material .  

The MID4 f i e l d  should be l e f t  blank i f  the mater ia l  proper t ies are synnetr i t  
w i th  respect to the  middle s u r f a c c c f  the shel l .  I f  tne eleaent cen te r l i ne  
I s  o f f s e t  fro11 the plane o f  the g r i d  points, the  MID4 f i e l d  may be used 
f o r  110de1lng the o f f s e t  but  i t  ievolves ? a b o r i w s  ca lcu lat ions t h a t  produce 
phys ica l ly  u n r e a l i s t i c  st!ffness matr ices ('negative terns on fac to r  
dfagonalg) i f  lone incorrect ly .  

This  card i s  used i n  connection w i t h  the CTRIA3 and CQUAD4 cards. 

For s t ruc tu ra i  problms.  PSHELL cards may reference WT1, HAT2 o r  MAT8 
material  property rerds. 

I f  the  transverse shear mater ia l ,  MID3, references a W.T2 data card, the G l  
612 and 622 values w i l l  be used to obtafn the s y n e t r i c  2x2 [G3] matr ix  f o r  
the element. 

For heat t rans fe r  problems, PSHEL? cards may reference PAT4 o r  HATS materia. 
property cards. 

The de fau l t  f o r  Z1 i s  -T!2, and f o r  22 i s  +T/Z. *her- T i s  the l o c a l  p l a t e  
thickness. 


