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SECTION 1
INTRODUCTION

This report describes research which was directed at the
development of an orthotropic plate finite element for the
analysis ¢ te and shell-like structures which exhibit
coupiing between extensicn and bending. The element 1is
especially useful in the analysis of structures which are
fabricated from laminated composite materials. The report is
written so that it wouid describe, for the finite element
ex>ert, the ana.ytical techniques utilized in the development
of the element ancd &150 would de of use to a program "user"
not having the overalil expertise of an expert,

The notatcion anc the methods used for the definition of
element material properties have been chosen as a result of
a careful survey of the literature on composite materials.

The notation and definitions chosen are considered to be in-
dustry standard and are best summarized in reference 3, which
is rapidly becoming a standard text for the analysis of com-
posite materials.

An industry standard computer program SAP IV (1) was
selected as host program to accept the new composite plate
finite element. The SAP IV finite Element Computer Program
was designed to easily accept new elements into its element
iibrary. The new element must be self contained since the
general philosophy and program structure 1is "overlayed" into
the computer. The laminate composite plate element is the new
element to be integrated into the element library. Called
TYPE 9, the new elcment is similar to the SAP element TYPE 6
in both description and input. The main difference is that
element TYPE 9 has the ability to describe the effects of
coupling between in-plane extension and out-of-plane bending.
Element TYPE 9 is a quadrilateral element and is formulated

from quadrilateral shape functions rather than from four

triangles as in TYPL 6. Also, TYPE 9 allows material directions




to be arbitrary for ease of material input descriptions.
element is modelled after the structure of element TYPE 6;

thererore element TYPL S can degenerate to element TYPE 6.

The




SCCYION I
LAMINATE COMPOSITE ruLAT PLATE ELEMENT

The laminate composite flat plate element is based on tnin
Didte Ttneory with the exclusion o! transvers: vner deforma-

tions. ne following sections decscribe the basic srmulation

S5f the finiTte element.

1. ELEMENT PCOTENTIAL ENEKGY FUNCTIONAL

The principle of minimum potential energy furnishes a
variational basis for the direct rormulation of the element
s3Tiffness equatrions and iocading functions. The potential
energy of the element 1s formed rrom tne sum of strain energy

(U_ ) and the potential of all applied loads (V ); i.e.,

&

.= U + Vv ()
P P P
The ~rinciple can D¢ statec as follows: Among all the displace-

ment fuwnetions of admissablie form, those that satisfy the
conditions make the potential energy func-
io

nary value. Thus,

r
=4
W
(&)
c?
+
On
<<
il
o}
~~
[
p

where § is the first variational operator.

T ¢an be shown that

6£ av

O
[
*J
"
<\
1o
]
~
L3
-

m

where 3* 13 ¢ vector of stress components,
£ the corresponding vector of strailn components and
V the volume of the element.
Note: All vectors will be underscored with a straight bar and
matrices will be underscored with a tilda. The super-
script T of the vectors and matrices designates the

matrix 1s transposed.
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The corresponding first variation of the potential forces
becomes

5vp=-fp_T59dv-fp_T53ds (1)
s

where b represents the clement body forces,
2 is a vector ot surrace tractions applied on
suridace S, and

u 1s a vector of element displacements.
Ncte that the suriace traction integral can be used to include
the point concentrated forces on the boundaries of the element.

The elements of the strain potentials of equation (3) will
eventually lead to the element stiffness and initial load vec-
~ors and the elements of the applied load potential of equation

{«) will oroduce the various element vectors.

2. QUADRILATERAL SHAPE FUNCTIONS
The element formulation is a geometrically linear quadri-

iateral containing the four corner nodes as shown in FIGURE 1.

(14,91} )

4

® {-1,1) .®(IJ»?J)
(1.1
[ A

Ez’f‘/ szxa)ﬁﬁi

{-I)"I) (’;-,}

X
FIGURE 1 - Quadrilateral Element Geometry

a. Geometric Shape Functions

The element shown in FIGURE 1 is described in the local
coordinate of the element and all material reference is made
with respect to the element local x axis. The element area

domain can be described by using a polynomial as




y =¢ 8

where x and y are the local ccordinates as in the element
domain,

T
i ~

9" = L1, r, s, rs] (&)

the row vector of polynomial coefficients p, a vector of
generalized coefficients, and r,s, the element natural
coordinates.
The generalized ccerficients can be solved for by evaluating
the polynomials at the vertices of the element. Therefore,

T

(7

X
H
|
[

T
A

<
n
Jeo

where ET contains the terms of the shape function of the
element; x and y are vectors containing the element ver-

tices as,

faal

|
t

z Lxl, Xps Xg5 x“J (8)
T

r
2

Lyl, y?’ y35 qu

The terms of the shape function can be described by

hy = i (1 + rir) (1 + SiS) {¢)
where
e, = L-1, 1, 1, -1} (10)
T
s, = {-1, -1, 1, 1/

detine the natural coordinates ot the elements.

o
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The mapping Of the element geometry and displacement functions

can Le cobtained by defining the Jacobian transformation as
3 = g 9 (11)

where J is the Jacobian matrix defined as

[x,P Yo
MRS (12)
x’s YQS i
and J
;
Sa
_ 3r
CI (3
35
(13)
3
) = Y
29 3 :
3y }
i

are the first derivative operators in the natural and local
reference frames respectively.

Note: The ",'" subscript implies "partial differentiation with

respect to". The inverse transformation is obtained by
1
%2 = 34 G 3, (15)

where J* is the determinant of the Jacobian matrix given as

- X, Y (16)

r

S s

and,




g g X -y
g = 11 12 - ’s v (17)

g21 g22 "xss y’I‘

It will be necessary to obtain second derivates in the
local reference; therefore

2 2
+ ]
f én (18)
represents the second partial operator in the local reference

given as

(3]
x |

1]
[+3]

(19)

J

%)
@

Q)
x
Q|

<

and the natural set as

32
2 or

a =l 42 (20) h

oras
a2
asz

The E matrix is defined as

(21)




where

T _ 1
iy~ Fx2 85 2, €5 (22)

"

with gi being the ith row partition out of the G matrix and

5 ¥ - s J* :
Zn - Zn = j* <n J (23)
The F matrix is defined as
T
I
z =1 £, (24)
T
f12
where
T _ 1 P -
§ij = 3*2 £; g3 (25)
with
_ g g:, O
g, =] e (26)
€1
© gi1 82

the elements being of the G matrix.

b. In-Plane Displacement Shape Function

The plate element is assumed to have in-plane deformations;
therefore the variation of x and y displacements, u and v res-
pectively, can be expressed using the same shape functions for

the geometry as in the previous section. Then

u = H
3u (27)

v = Hog,




are the domain displacements of the element

T

where q, Lul u, u, u J

2 "3 7y

Lvl v, Vg VHJ

(28)

m
i

and gv

contain the in-plane model displacements. Therefore, it is
assumed that in-plane displacements vary linearly within the

element.

c¢. Transverse Displacement Shape Function
The plate element defined by thin plate theory must have
a transverse shape function to allow for proper bending.
Therefore it is assumed that the shape function polynomial is
¢T z Ll,r,s,rz,rs,SQ,rs,rzs,rSQ,sa,rss,rssj
(29)
The natural degrees of freedom allowed per node for bending are

m

9o; = Lw ow., w, (30)

r S 1

Letting

9g * p 8 (31)
where g, is the full set of degrees of freedom in the
natural reference of the element, § is the matrix
¢ evaluated at the nodes and defined in reference
2 and 8 is the set of generalized nodal coefficients,

Then the transverse displacement w becomes

- T ,-1 _ =T -
w o ¢ VT gy = H gy (32)
where w-l is the inverse of ¢ and
0 i ihe ITranaverse shape function, both o! which
are dobaned aon orelercnce 7,
9




The transverse displacement shape functions are defined in the
natural reference of the element to allow for ease of develop-
ment since seccnd derivatives must be taken. Since a global
transformation by node 1is to be performed at a later stage,
the transformation by node from the natural to local coordi-

nate can be made.

3. PLATE STRAIN FUNCTIONS

The classical assumptions of linear thin plate theory are
made, essentially reducing the three-dimensional equations of
elacticity to a two-dimensional set of plane stress equations.
for the elastic continuum of the plate, the following assump-
tions are made:

eThe thickness (h) 1s small compared to the dimensions of
the plate in the x and y directions.

®A line element through the thickness remains normai to the
mid-plane surface under all states of deformation, inde-
pendent cf its translation or rotation.

eThe plate can be isotropic, orthotropic or comprised of a
number of orthotropic laminae, where each lamina obeys
Hooke's law.

#The displiacements u, v, and w in the x, y, and z direc-
tions respectively, are small when compared to the plate
thickness.

eThe reference axis 1is taken as the middle of the plate at
n/2, h being ‘the total plate thickness.

eThe normal strain in the z-direction is assumed to be

zero, giving

therefore, the lateral deflection is given by,

w = wix,y)

10

IO OSSO -

JPNS NP ST 3,




eSt. Venant's principle appiies. That is, local deformation

occurs in the area of applied loads while at distances
away from the load, the deformation state 1s not grossly
affected.

eTransverse shear deformations are neglected;

eDisplacements are linear such that

u = uo(x,y> - ZW, and v = vokx,y) - zw,y,

o = -9 , W = 8, and u, a are in-plane
where Wiy y? Wy <* d Ug nd Vg the 1n-pliane
displiacements of the middle surface. The rotations about

the x and y axes are pgiven by ex and ey’ respectively.
a. Midplane Strain and Curvatures

The mechanical strains associated with plate stretching
and bending can be written as

€ = € + z K (33) 1
- -Q -

the plate curvatures are

-w
xx

[N =l -w, (35)
Yy

-?2w,
XYy




with u and v being the in-plane displacements and w, the trans-
verse displacements. The thermal strains can be written as

= &T +23&T (36)

where & is a vector of thermal expansion coefficients
relative to mid-plane strains, TO the element mean temp-
erature 4iilerence and Tg the element thermal gradient

through the piate thickness.

t. Strain Displacement Functions .

The connecticn Detween strain and displacement is made
realizing that the in-bplane and transverse displacements have
been made relative to a set of nodal displacements. Equation
(33) can be written as

= +
€ Br 91 * 28 9 (37
where BI is the in-plane strain-displacements relative to l
Gy (the in-plane nodel displacements);

e

30 is the transverse strain-displacements relative to =0
(the natural transverse nodal displacements).

The in-plane aisplacements g; are

(% F
47 (38) :
3y
and the BI pecomes
- -
T ,T
g H o
1 n
1 T T 4T i
E’I‘j':‘e S g?j (39) i
Z ~n
gT 4T gf ET
-7 =~ - n
L 20 |
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wher

[
[

out of plane displacements gy are

\
01

& (1)

!

/
{
!

So :%
i

2o

where the sub-elements of the partition are defined by

0

[Na RN Ya R Ya'
[

0

| Xa)
w

equation (30) and B, becomes

~0
_ - nTl T PPN
By = I (E gn * F gnn] (= 2)
where 1
l
[- 0 01
}43 = -1 0 (4 3)
d 0 —ZJ
=T _ . ‘T (o)
l:{ﬂ - gn E
and
=T _ 2 =T
Hn = 3n H Ly)

In equation (37) the z variable,which is the plate's

o -

normal coordinate, is maintained distinctly since it i:
independent of the in-plane variables. Later, when the
strain energy is formed, the z variable will integrate
through the thickness and merge into material property

matrices.




4. JLANE STRESS COMPONENTS
The stress components for a thin plate can be written in

vector rorm as

o = :c (e - gT) (46)

Oy

wnere is <the material matrix described in the plate local

and 13 expre

o
x
(&)
[47]
o]
w
U
[¢i]
0
Qs
n

{eY%
[}

= R CR (47)

with { being the material matrix in the principal material
directions of the fibers and R’ being the strain trans-
Jormation matrix from element iocal coordinates to prin-
cipal Tibcer divections. The elements of equation (47)
are Tound in reference 2.
Tre clements of the thermal strain involving the thermal coef-
Ticients are defined as

& (L 8)

t
[h2n)
(%3

Jnce the mats

-~

~1al metrix is defined, the elements of the material

N

ALt
3ol

¢

ity matrix can be defined as in the following section.
3. MATERIAL ZLASTICITY MATRICES

The material coefiicients are defined with the use of
equation (3) in a s.ightly different form:

foTedvzfeTéedv_feTﬁgTdV (49)
v T 7 v -7 -7

v

Since the local z dimension is small compared to the x and v
plate dimensions, it is convenient to define the stress resul-

tants and moment regsultants as

N o= f‘t g d =z (50)




b_@=fgzdz. (51)
t

THen, a new stress-strain matrix can be defined as
bl

Ny A BT ¢
§:)‘—i~ SRR (525
T
M ['B D K
i = ~ (-I \
where {
-t
A = ./' C dz (53)
- . -
B = f C zdz ' (54) ‘
- t 1
i
D = f C 22 dz {53) 1;
t 2
i
Letting j
M A B
E =17 - (56)
 m T
B D
- ~ o
p 3
A B !
E, =17 T (87)
=T B D
-T =T \
- -4
and

[ AnB]

n
P g
[ X3 m

(o]
N

~

o

o

equation (49) can be written as

foTe fETEE fEnglo
2 fav o= J 8 i taa- J 8 Sq)T fen

.
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where

R T e L R SR T Y

A. = f C a dz (60)
Py t ~ :
By = f C a zdz (61)
B -
T a2’ az . (62)

o

The material A B D matrices and the thermal load coef-
icients Am, B anc chan be related to laminar material by posi-

tion t in the materlal build-up as

L
A = C. (t.-t. .) (63)
o 51 <1 i Ti~1
B o= 1/2 }% ¢, (2 -t (61)
c Loori ‘Y i-1
i=1
L. 3
D o= 1/3 p Cp o (r; - ti ) (65)
1i=1
L . .
‘/}T : Z_: 91 &5 (tl - ti—l) (66)
1=1
B. = 1/2 3 C. o, (t2 - t2 (67)
By ToCigy (85 - ti,
i=1
L 3 3
Dp = 1/3 i>=:1 C; oy (] - ti ) (68)

where the subscript "1i'" implies coefficient evaluation at
laminae level "i" and L is the total number of fiber lamina

levels.

6. COORDINATz TRAI'SFORMATIONS

The element information is initially determined in the
natural coordinates of the plate since it is quite easy to express
all loading and stiffness information in that reference. Ulti-
mately the information must be transformed to local coordinates
(x,y,2) and also to global coordinates (X,Y,Z). The following

sections describe the transformations.
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. Natural to LOo~al Trunurormaetion

The natural coordinate variables per node are defined as

v

ol

I
/.w_"_/ﬂmhm.h‘

s OF

-

1
N

~~

(o3

w>

A

tr

wnere §_ 1: the rotational degree of freedom ncrmal to

nwen

piate at node 1",

The transrormation matrix requ.red becomes

Sni T Tagi Sei (73)
where
I 0 07

[3&3 -

i
to.o=10 Q 0 (72)
S

t T T

L7 o 1)

i
PR < Lu V W UX Uy GZJ -
wlth
w,?i Ox
= Q
W,ﬁ’ ~1 9 . 79
57 y 3 (72)
Noting that the rotation degrees of freedom are definec as
0 =
X Way

,\ (73)
Yy = -w’x




(74%)

The compliete natural to local transformation therefore becomes

- T
thel
T
_ ~ng?2 .
= (735)
Iy . 9, .
~ng3
Enzu
L ]
b. Local to Glortal Transformations

The local to global transformation quantities are somewhat
more difficult to obtain since the transformation involves the
local coordinates of a quadrilateral element. Obviocusly only 3
soints define a pliane; the fourth point of the guadrilateral is
unnecessary. The fourth point, however, may not lie in the same
plane as the other threce points. Therefore local transformations
by node are determined and are averaged to obtain a general
transformation used in determining the element coordinates and
1n transtforming element matrices where applicable.

Defining the nodes ¢ Figure 1 as 1, j, k and 1 and allowing
thls sequence to permute, the element normal coordinate at node

"i" which also permutes, 1is

A
Y31 X Yy

i .. o
z1 IY]l X Yll

A
3
=

(78)

where the "X" symbols denote a cross product of two vectors,

and V.. implies

18




X. - X.\
] A
V. = Yj - Yil (77;
J i
z. - 2.3
3 1

witn X, Y and 2 being global cocrdinates.
A global material reference Vi is defined as a global vecror
defined as irput which locates the general loca. "x" of ail
elements referred to that vector. All material properties cre
defined relative to this « coordinate which beccmes the ele-
ment's local x coordinate. The element's local y coordinate

at each node can be calculated as

ézi X Yw
= (7:)

é . < ')P"———T
L . XV )
y Iez; -m
Finally, the local x coordinate at each node 1s deiermined as

& . X &

8 = YL zi (79)

X1 €45 X & .5
yi z1

The local to global transformation at node "i" becomes

a1

]

!egj (80)
Lé;‘"

where the direction cosines of each coordiriatie are placed

T.
~1

in row order in the transformation matrix.
The average transformaticn used to determine the local

coordinates is obtained by first averaging the nodal rormais as

oy
t
=

4
Lo, (81)
im1

and substituting into equations (78,79 and 80) to produce an
average tgg‘

19
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The giobal degrees of freedom can be defined by node as

(u

9gi (%) (82)

where U, V and W correspond to global displacements rela-
tive to X, Y and Z respectively and 6's corresponds to
global rotations about X, Y and Z respectively.

The complete transformation be_.omes

- -
Ezgl
T
- ~2g2
ST . g (83)
~2g3
! fzgu
where - -
t, . = t 9 (84)
~x gl ) +

and 9 and gg are the complete list of degrees of freedom
per element.
If the quadrilateral element is perfectly flat in its space,
then the tooi
~2gi
element space appears as a curved space. This effect should

becomes exactly t g If it is not, then the
allow the element to behave as a shallow shell.

¢. Natural to Global Transformation

The element stiffness will be transformed from natural to

global coordinates directly. Therefore that transformation

becomes

20




| ! ‘

= 3 5
gn Ing gg (85)
where
m - m
*ng ~ *ng ?Zg : (86)
Since both original transformation matrices are partitioned
diagonally, the nodal transformation matrix is E
1
tngi ° fnei Segi (87) i

which contains many off-diagonal zeroces. Therefore it is con- !
venient to define transformations by displacement and rotation Y
degrees of freedom. That is, the displacement transformation 1
at node i is s

th: = t. (88)

and the rotation transformation at node 1 is 1

3
= Q 0 t.] 5 (86G)
<Ri T J ~1J
1

This modification will save transformation operations later on.

10

7. ELEMENT STIFFNESS MATRIX

The element stiffness is easily defined in the natura: coor-
dinates of the plate, given the strain displacement functions.
Once this stiffrness is determined, it can be augmented with a
scaffolding or artificial torsional stiffness for the plate's

normal degrees of freedom. Finally, this stiffness can be

transformed to local and then to global coordinates for assembly

into a master stiffness matrix. The following details the above.

21




a. Plate Element Stiffness in Natural Coordinates

Defining a new set of degrees of freedom as

s =149
g Iq, (90)
i {90}

the strain components, as defined by equation (58) become

€ = B g, (91)
where
B 0
o= |-t (92)
[© B

The second integral of equation (59) can be used to define the
element stiffness in local coordinates as

-T - =T 5 =
f & En € A = qn gn 9n (33)
A
where
R = 87 £ B dA (94)
~n A~n “m ~n '

for convenience of computation, the material matrix Em in equa-
tion (94) is Cholesky factored as
_ T
E, * UV (99
where U is a upper tri-diagonal factoring matrix.
This allows equation (94) to be written in a more efficient
form as
K= jr w B)HT (U B dA (96)
~n < <n < =n
A
which allows the triple matrix product to be replaced by a sim-

pler transpose symmetric product. This process is especially

27
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e¢fficient since the Cholusky ractoring is performed {(at mcst)
Oonce per eienmcni. Alsc, numerical integration is to be per-

formed. Savings will occur at each integration point after

1 Torsional Stiffness

ate theory does not have any mechanism tc di-
rectly include twisting of the plate normal to the plate sur-
Tace. Theresore, if two coplanar elements are assembled at a
common node, a sin;uiar stiffness exists. To avoid this, an
artificial or scaffolding stiffness is added to the normal
rotational degree of Ireedom GZ. There is no change in the

system equilibrium. ¥

or convenience, this is performed at a.i
nodes of the element since i1t would be difficult to determine
coplanar effects in general. This does change the overall
element equisibrium. I the amount of artificial stiffness ig
xept smalil and the local rotational sti.ffness effects are in
equilibrium, then the error can be minimized. Defining a vec-

tor of normal rotations at the nodes as

[e:l
%e :
22
¢ - (57)
-z 6 ’
z3
ezu)
+he artificial torsional stiffness matrix relative to g, becomes
3 -1 -1 -1]
: -1 -1 .
< =0 ! + (98)
~ U 3 -1
sym 3

where { is an input scaling {actor which can vary ao




—

0 < f<1 (838)
and can be set in 1.E-8 increments, C is an artificial
coefficient estimated from element bending stiffness

coefficients and element area; i.e.,

C = MIN (D(1,1), D(2,2)) * AREA (100)

;

with the D's defined in equation (55).

c. Natural Stiffness Matrix

The degrees of freedom §n and Qz defined by equations (90)
and (97) can be merged to degrees of freedom 95 described in
equation (69). This requires the re-ordering of stiffness coef-
“icients of equations (96) and (98) to produce a natural stiff-

ness matrix:

. . MERGINGC o
X4 REORDERING [5n ' }Sez} (101)

relative to 95"

d. Global Stiffness Matrix

The global stifiness matrix K_ is formed by transforming
fn from natural coordinates to gl;bal using equation (85). The
transformation is formed using equation (1) realizing that the

strain energy Up is invariant relative to any coordinate

reference. Therefore,
. 1 T _ 1 7 .
dp -7 9 §n “n 2 gg gg 9g (1623
Using equation (85) produces
T
= T 103
5x Tﬂg En oy (103
The triple mateix jooduct dmplicd in cquation CIO3) i quite
inefficicnt, especi.ally since 't i+ hivhly digyonal. Lfflcicney

~fp

2y




Cafl nowever be ellelled OY partitioning Kn and X_ into 3 X :

. N . , n . . P . L L. 2 ~ R
sub-natrices labelled K.. and K.%? where 1 and i range from 1
v‘)J ~ a4
to &. Then
. . ~
B A HA - N
N2 o=z ot K.Vt (104
<17 ~1 i3] <) ‘
wilere matrix prelates 1o cquation (88) when 1 egual

t
i, 3, 5, 7 and reiates to equation (89) when i equals

ficicncy 1s ObTained wnen tne Triple matrixX proaudct

w

n

i

e
15 performed such that theée right portion matrix multipiy i
d

(s

and positioned back into Ki" Then, trne left

a
- . - - - . - J‘ . -

muitipiy 1is rormed with tne resulting product and placed 1into

K.9 .

.\13

¢. NUMERICAL INTEZRATION OF AREA FUNCTIONS

The elements in The matrix of equations (84) and (So) are
rherefore approximate
th sufficient acouracy

for jastificatrion. Jauss-Legendre Numerical Juadrature nas

3 s

[oFS]

193]
0

a
seen selected to periorm the integration of the stiffne

ficients as well us other area functions. IDguaticn (u4) car e

o
yy

rwwrlitten and trancrormed relatvive to variables and limits

LaTugrations as

Jrl :

“T . o - N
A= JC B (r,3) & 2 (r,z) J% cras . (.55
- - ~Nn ~Mm~nN

LA e
~ 03 o~

An eluvment of chis mdtrix cun e written au

1 1
K.. = j( f.. (rys) ddrds (1Gc)

1]

i
s
1
—
|
-

where

o

FoGus) 2 LOBL (i) LB (h,E) b (L) R (L07)
x: i




—N“

The stiffness coeificient can then be approximated as

kij :2( ZQ fij (pk,sg) w_W, (108)

where n., n, are the number o7 Legrendre root evaluation
&+
pcints in the r,s directions respectively.

T and s, are the roots of the Legrendre polynomial,

i

wk and wi are the appropriate Gauss weighting factors.

Tor
1 1
no= 2, r s, = ol nfa
koo Tk N3 NS (109)
wk = 1, 1
ror
ko Tk » 05 (110)

o}
"
w
B3
"
92}
t
I
W] v mlél
fl

ol O

-

v o}

9, ELEMENT MASS MATRIX
A consistent mass matrix relative to the in-plane variables

in one coordindate can be written as

[

~

40:/ o t HHT dA (111)
A

and a corresponding lumped mass matrix can be formed by summing

the rows of the consistent mass matrix as

wt = oot f HY dA (112)
A

assuming t and ¢ constant and realizing

4
Y H. = 1.
S S

26




The cumnonent. Y7 oare applied to the translatory degree. oI

‘recdom in o1il Jlooal dire flons, per node. A potary inertia

elfect cun be included by an approximation;

Dinaily, The picbal ilumped mass vector can oe formed:

=

;
(T

-

172
>
]
P,
3
o
(=
—~—
—~
-
FJ
E=y
N’
. S,

Mo, 1 |
e
\ ¢ )
®
where 1 is a & X 1 unit vector.

10. DLEMINT LCAD VICTOn5

The element lcad vectors are established from element Drop-

&“.

ties sucn as material. constants, temperatures,

o

. . ok . . 1
area and acceleration constants. The followlng sections ces- 5
crilbe the load vectors *developed.

a.  Therna. Loaa Vector
ne thira Zntogsral of equation (58) van Le used to del . nee

The esement thermnal Load vector using eguation (51):

- € - f
fe‘ s, 4 9%aA = o f B da u. ) ©
- ~ 1 T “n ~Ti Y l"C

& A

S
3
~

Therviore 5

n |
dA | J..

n J ,

§Qt
P
v
Lo
c
~—s

- 3
1
=~
s ¢

1s the thermal vector relative (o the hathural coordinatas an.

R I FYRR I YR SV Preess o veo Do Donemedd Do tra i




t
R
T )t
g
[he global thermal vector can be determineu by applying thne

ratura. to ypliobal transformation,

o = T _° FI . (ils
tg <ng 'n (ils)

D. Precsure woad Vector

pressure load, by node, is formed “or the shaze Teras

w
S,

e
zosociated only with the geomeiry and is appliec in the z (piate
)

|

normal) direction. Therefore,
R jf p H dA . (1297
o A

A pressure load vector can be formed relative to local coordi-

-y
ke
000 v 0O
N
F-

‘ne plcbal pressure lovad can be formed as

i . - T P ;

wnich, transtorms the normal traction into a global tractica.

¢. Constant Acceleration Load Vector
The acceleration vectcr can be computed from the mas: voeotor

lefined in equation (114); i.e.,

z a M (1?272)

1

-
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Jhie clements of S and 0., are saved on a secondary storage device

U vecovery once the displacements are computecd.




SECTION III
MODLULCATTONS TO SAP IV COMPUTER FROGRAM

The SAF TV conputer program wes modified To daccept the new

composite elument,  The followiny sections describe changes to

1he exiuling, Dr

soran as well as new routines of the composite
Plele clement.
1.0 S5APR IV OSTRUCTURE

The mailn onanges to the SAP IV program occur in the element
_izrary contrcl.  They occur in the clement generation pervion

>

of the prograr. Tipures 2 and 3 deplcet the major routines used
oy SAP to perform a static analysis of its elements. The HLTYCT
fouTtine calls o new routine called PLATE, which 1s usec to call
CVIRLAY (8). (stress recovery) Once OVERLAY (8) 1c called, &

va.l is made to CYLATE, the main routine of the composite plate

Jicite element., Figures 4, 5, 6, and 7 describe the flow of

rowtines used by CPLATE.




DLSCKRIPTINY

input title ang master Control arg

Input nodes
Write 8 ID, X, Y, 2, 7

Call element type (new composite

plate element called here)

WRITE 1 Elcment stress matrices
for recovery

WRITE 2 Element stiffness matrices,
mass and load vectors

Input Concentrated i1ocads/maccco
WRITE 3 Concentrateld loads/
masses for assembly

READ 2 Read stiffness oy dsoemblv
WRITE 4 Assembled Stlifress and
lL.oads in Dblocks
RITL 5 Assembled Mass Vector

Call appropriate solution tyue
0 Static

1 Nodal Extraction

2  Force Regponse Analysic

3 Response Spectrum Analysio
4 Direct Integration

™

oG

=

AM TLOW

L




Static woluticon option

C) Solution of Jdispliacement €guation
‘ READ & kead vtiffness and «cacw

for decomposition
WRIT: 2 Solve for displacements

‘ . READ & Kead ID identification
: . . nLatrix

>

READ 2 Recover Jisplacements
Print Jdisplacements

s o . e
: STRLOOD RLEAD 1 Eieément Ctress Matrices
| 1
PoKUsnlL ZLTYREY Stress recovery and Printing
Pt
k)

SLCU AL o STATIC SOLUTION AND RECOVERY STACGE
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s.].J-L Soav 4
TR T TS

Lo

DESCRIPTION

Composi~e Plate routine

Tnput material properties in
tables

Iaput globil materigl vector:s

Input load factors TLO au a
‘unction of thermal, Pressure
and ¢onstant ‘icceleration

Input element definition

ABD matrices and calcu-
Ew 1hermal Stress Vector.
ry

E= U U
~m <

form

HC

ate
fodi

Ry

Jetermine local to gio

tormation and locai el

coordinates.

CROSN - forms vector cross product

STRANS - special transpose

RGI, - used to transiorm gflobal to
lccal coordinates

b
e

:Jn,

X 2 .
Set e¢lement Kn’ B , A, M  matrices

~N %4
te zero.

W

I'LOW DIACRAM TOR
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>
Z.
b4
=3
C
>
vy
O
=
bl
=3
=
i
&
=

1= LN Loon on MO (Cuese points) in
T2 = 1,NG rachy dirceetion

Jetermline natural hape functlon

~ N

Accumulate Br cver .uall Causs
: 2n
points

e lV e

TMULT - forms .peciel multipily

ipae
i Ltores result In K
; ~n
Lower symmetric Sca.or muitlpil -
Tormo Kq (T1,I2) = W(ILY=W(I2)

~ T

Lower symmetelc add - ads inte-
sration resuite to accumuiat.e”
foro local crement ctiffness.

Deteririne: arec Gistribution veco-
A

tor A by node.

LTS TLOW DTACGRAM FOR OCPLATL (O0UETT)
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ce. o Libaanes o deseriprion o, the routines uscs

T Lt iate overiay.

v dee i Zea by CFLATD to 111l tne Ay b oard

cons 53, ooand 55 material matrices from the input
IR AR <.t . lents arrays. Lquations €0, €1, and 6
w0 oo ltee the theemae! load vectors and thermal

REVEER T equqtion 137.

§l
.

- L oot lad cdited by RMAD to ractor Jhe materd
u

i
pper Irianrular matrix oo desceribe

STrox B anto o an ed .n
- 200 : .

- . oabroutine called by CPLATE to determine the 1ocdl TO !
oLl L reomation matrix as described by equations 75

. The routince checks for proper area definitions.

- Lowurine walled vy LGCAL 1o perform vector cros:

U
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SoonnoPTO FRATLD JUDER UNIFORMLY DISTRIBUTED LATERAL LOAL
wWiTH ALI. LDCGEC SIMPLY-SUPPORTED

T
(1) Slize &f plate: ?
& = 18" » - 10"t = .2v i ;
e
() r.rertics o plate: | J [
.= L0275 *Y/in’ | / | L Y ¢
£+ 30 x 100 psi ‘

(3) Loading cond..ion:

2 O6,y) = pg :

(=) Boundary condit:ons:

1]
[en]

x = 0, a; w =20 MX

v=3,b; w=0 M
: y

{(5) Lefliection at center, wc;

FIGURE 9

(W) - 18437 x 1072 po ind/ip,
C exact B 3
(W ) = .18351 x 10-2 po iM¥/1b,
¢’ sap.
|
j
43




~

fwn/0,/90]

10" b
I'roperties

o= H0775

]

N
> w

o)

s
1

B
L.

o
o v

3
i}

-

UNDFR UNIFORMLY DISTRIBUTED LATERAL LOAD
WITH ALL EDGES SIMPLY-SUPPORTED

= 10" t =

oI plate:
3

0
0lx 10
.2

Do, .
Y/in

o .
O W

.67 4]

g .87

Loading condition:

plx,y) = ¢
o}

soundary conditions:

N oo, 4

b;

\; =
i

U,
Deflection

A
C exact

c’ sap.

w = 0 M
X

w = 0 M
Yy

at center,

5}

62.38 x

62.34 x

u

laminated plate:
bh =

.2“

6 1b,. 4

.75 {]x 103 1b-in

1] 1
o O

4y

%

/1b
/1b

FIGURE 10




4.

(3

()

(5)

[G5/9091¢ UNDER UNIFORMLY DISTRIBUTED LATERAL LOAD
WITH ALL EDGES SIMPLY-SUPPORTED

Size of laminated plate:
a=10"Db = 10" t = 4h = .2"

Properties of plate: 13
o = .0275%P/in3
pa—

3.3 20 . . y, [
A :[ .2 3.3 O]x 106 lb/1n ‘ ‘ ‘
~ 0 0 .2 Q "? l

.135 0 0 6 l l ‘
B = 0 -.135 0Of{x 10~ 1b l l
- 0 0 0

X

11 .67 0 3
D= ].67 11 Olx 10 1b-in
- 0 0 .67

13 - . x
[.oading condition: FIGURE 11
px,y) = pg
Boundary conditions:
x =0, a; w=0 M = = N, =0

X X
y = 0, by w =0 M = = N =
y y
Deflection at center, wc;
- T in3
(W) Lyaer = Ll4.4 x 1077 pJ 3/1b.
- -4 in
(wc> sap. 113.6 x 10 Po /1b.
45




5. [G/30]; UNDER IN-PLANE LOAD WITH TWO EDGES PERPENDICULAR
TG THE DIRECTION OF LOAD FREE AND OTHER TWO EDGES SIMPLY-
SUPrPORTED

(1) Size o lamlnated plate:

= 10" » = 10" t = 2h =

() iroperties o!

P .2075

plate:
1b/in”

" 4x b
: D/-f ISssay,
// -

g

Q

1.

-

.37 O
0 -3.37
| 0 0

[ey)
1

.1

v

0

0
O]X 10% 1p

O]x 10% 1b/in

Xy

X

///////7
&x

[13.8
b= .83 1

| o

lLoading conditions:

.8 0

3 2
3 0f{x 102 "b-in
.83

3.
0
. FIGURE 12
(3)

a =

1 psi

(4) Boundary conditions:
u =0

u# 0

x = 0 3
X = a

(5) Curvature at x-direction, Kx
(KX)eXdCt
(Kx)sap.

-.3050
X
-.30570
X

46




(3

W)

{(5)

TS

{0/90]¢ UNDER rREi VIBRATION WITH ALL EDGES SIMPLY-SUPPCRTED

Size of laminated plate:

a = 10" b - 10" v = 2h = 2"
Properties of plate:

0275 1b/in°

p =

[1.65 .1 0 .
A=} .1 1.65 0fx 10 1b/in
~ L oo 0 .1

[3.37 0 0 §
8= 0 -3.37 olx 10  1b
L 0 0 0

(e}
1

. 0 0 .83

Loading condition:

free vibration

Boundary conditions:

x = D, a; 6w = 0, GMX = 0,
v = 0, by dw = 0, GMy = 0,
Treguency:
{(¢) .. = 8.890 Hz.

CKACT
(). = 8.887 Hz.

sap

L7

.83 0 2
3 13.8 Ofx 10" 1ib-

in

4

FIGURE 13




~J
~

S0/05/90], CURVED PLATE UNDER UNIFORM PRESSURE WITH ALL
EDGES SIMPLY-SUrPORTED

(L) Size of luaminated curved plate:

10.0S" ¢ = uh = .2% 12
21.23¢

r
L

non
—
o
ry

s
o
3

"non

1es of plate:
75 1b/in’

™
i

1b/in

¢ >
1}

| S——

(9%

|2 2R OV]
oS

w N

oo

| DO |
x
.-
=

o

fu.25 .67 a7 3
:L .67 17.75 OJx 10° 1b-in
0 0 .67

1

Loading condition:

—~
e

»i{x,y) = p

o)
(+) Boundary conditions:
x = 0, a, w = 0, MX 6, v = 0, NX = 0 FIGURE 14

v = 0, by w = 0, My 6, u = 0, Ny =

1]

n

(%) Derlection at center W 3

o) = 24.0% x 107" . in®/1b.
C exXact -4 O .3
(W) = 25.68 x 10 P, 1n /1b.

Sap.

Ly




3. BI-METALLIC STTIP UNDER UNIFORM HEATING WITH ALL
EDGES SIMPLY-SUFFORTED

(1) Size of the beam: s
a = 16" b = 10" t = .z"

W\

prg—————r a
{2) Properties of the beam: ,l
5= .0275 1b/in° : s
Esteel = 30 x 106 osu
6 .
1 = 10 10
TR DU o
asteel = 6.5 x 10 F 180 - 4 4 ¢
-6 o,-1 IIL—+.*——rh
asl = 10.5 x 10 F b4 4 ——
- e -
7
(3) Loading condition: 2 3¢9
a7 = 100°F #
FIGURE 15

4) Boundary conditions:
pe

= 0; u=2430, M_ =20
X
v o= 0y = 0, M = 0
4 L y
(5) Curvature at x-direction, Kx;
; = 017
(:\x) exact .J313%4
(K )y . = ,013385
X sap.

u(’

mde an -

S




5. NATURAL FREQUENCY OF A TYPICAL BLADE CONFIGURATION

(1) Type of Blade: (Figure 16)

A typical blade used in aircraft engines, named J79 B/AL,
was approximated using 64 quadrilateral plate elements in SAPLA
(both TYPE 6 and TYPE 9). An equivalent NASTRAN model was also
run along with an experimental test to determine fundamental
frequency at zero frequence (results from AFSC - Wright-Patterson
AFRBR) .

(2) ‘Properties of blade:

Materiai used corresponded to the input used in the NASTRAN
~un uving anisotropic material properties.

Leading edge:

-~ = .0004G7 1b sec?/in

Cwx = 26.9E8 1b/in2 Cxy = L.BE7 1b/in?
Cyy = 20.3E8 1b/in? Gxy = 7.3E7 1b/in?
slade

- - 2 ,.
o = .00C0?2%1 1b sec”/in
same material coefficients as above.

—~
(e
~

Loading Condition:
Mass and Stifiness distributions for eigensolution.
(4) Boundary Conditions:

Base of bhlade completely fixed and rest of blade free,
(5) Natural Irequency o: Blade: (iest FLLEX)

(fdexp = 110 Hz.
(fINactron = (06,7 Ha,
(f)sap (T¢) = 138.3 Hz.
(f)sap (T9) = 112.8 Hz.

~0
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SECTION V
DISCUSSION AND CONCLUSIONS

A guadrilateral composite plate finite element has been
s1dea to the SADT IV computer propram library to be used on plate
tvpe structures. The element 1is a Your-noded sub-parametric
11at plate element excluding transverse shear deformations. The
clement is "incompatible™ relative to mid-plane surface rota-
Tions along the inter-element boundaries. The element converges
reletively well despite the incompatibility, as long as the
¢lement maintains a relatively rectangular shape with a reasonable
element aspect ratio.

The element was run, modelling various simple plate/beam
configurations and showed excellent rcsults. More complex models
were Jdesigned to test the composite laminate behavior of the
-lement, as described in section IV. The models included flat,
cvlindrical and doubly-curved shells. The results obtained
compared favorably with classical series solutions. (approximately
1-6% disagreement) The results obtained in section 4.9 for the
typical blade configuration shows that the NASTRAN and SAP
(TYPE 6) element values were slightly lower than the experimental
number while the result of the new element (TYPE 9) was sligntly
higner. The new elcment is based on an incompatible formulation
«nd in genera., cohvergence is not juaranteed. But, in more
caves, the element has been found to be slightly stiffer than
compatible element. and therefore the frequencv is higher.

The quadrilaterdl element will be inherently stiff if the

four points do not reresent a flatr surface. Therefore the "quad"

clement was relaxed to better represent shell behavior by allowiny

the flat plate element stiffness cocfficients to be transformed
relative to the local nodal coordinates oif the element.

The thin plate theory used to develop the element does not
account for normal torsional effects.  Theretore, non pglobal

adjacent elements, when assembled, will produce a singularitv

[Sal
L]

ash.




nermai to the plate it the two elements are coplanar. To avolid
this singularity in general, an artificial torsional stiffness

or scafrolding matrix was added to each of the four nodes.

[az N
)

i

42

dces violute element equilibrium but, if the magnitude of

T

e roefiicients are maintained relatively "soft" compared to
“h&¢ plate bending characteristics, overall equilibrium is closely
masntained.

Vhe composite plate element can be used in the existing
Ltatic and dynamlce analyses contained within the SAD IV prosram.
20 can be used witnh all the existing elements in the finite cle-
went library as long as the model effects are correct.

The element was not being developed to degenerate to &

Triangular pilate element. If the element 1s used as triangular,
Tne local etfTect is "too stiff™. If the fourth of the quadri-
iateral nodes is placed mid-plane on a triangular side, a better
aoproximaticn can pbe obtained.

The composite vlement presently does not contain geometric
titiening oftects such as those required in high speed centri-
“uys machinery.

Curther Develojpmonts:

urther worx @ Lould be done tou include thoe peometric sti:-

TOnLhy Cohelliolents to o account ror centripeial acceleratiorn

o

e Jeets of hipn spin biade systems.  This geometric matrix of

coclflelents woald ailow a better approximation of blade pending
stresses and closer representation of blade natural freguencic:
at high opin.

A pre-procesuor program should be developed to handle complex

a3

material laminates as a function of blade position. This 7ro-

gram would compute the A, B and D matrices and thermal vector:
needed in the SAP program and produce a storapge file for stroeus
recovery. This program should also plot all information {wr

Lnput checking. ‘

[




N

Lol t=procestor should Le wrelitten to retricve stress in-
gomation and material information, by lamina, to be used with
ielormation output and curvatures at the mid-plane surfaces tc

oo duce indivicual lamina stress to be used in faililure criteria.
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r— N

oMo ITE PLATE INPUT TO SAPHA

TYPE 9§ Composite rlate Element (QUADRILATERAL)

Note Coluniins Variable Remark

A, Control Card (6I5, I10)

5 NPAR(1) Number &
6-10C NPAR(2) Number of Plate Elements
12-15 NPAR(3) Number of different materials
) 16-20 NPAR(4) Materiai Type Key

=0 Composite Material Prop.
=1 Standard Anisotropic prop-
erties (same as TYPL €)

() 21-25% NPAR(S) Number of Global Material Vectors
If zero or blank then globai X
direction is assumed to he
material x axis.

26-3C NPAR(6) Integration Order (default set
to 2)
(37 31-43 NPAR(7) Rotation Stiffness Factor

(integer number)

H. Materiai Property Information
Two types of material can be
input to element type 9: general
composite material and aniso-
tropic material.

5.1 Composite Material Properties (NPAR(4).EQ.0)

Five cards must be input Ior
every different material. (NPAR(2))

Card 1: (I10, 20X, 4F10.0)
| 3-10 NN Material identification number

11-30 Blank

31-40 DEN Mass density
41-50 AT(1)

51-60 AT(2) A thermal vector components
£1-70 AT(3) (equation 66)
Card 2: (6F10.0)

1-10 BT(1)

11-20 BT(2)

21-30 BT(3) B, thermal vector component:
31-40 DT(1) (equation 67)
41-50 DT(2) DT thermal vector components
51-60 DT(3) - (equation 68)

SR




Coard 3 (DFl0.0)
=19 A(l,l)
‘ 11-20 A(1,2) A Matrix coefficients (upper
: 21-30 A(1,3  triangular) (equation 63)
! 31-40 A(2,2)
‘ 41-50 AC2,3)
, 51-60 A(3,3)
1
Card b4: (6F10.0)
i 1-16 B(1,1)
! 11-290 B(1,2) B Matrix coeificients (upper
21-30 B(1,3) ~ triangular) (equation &4
31-40 B(2,2)
41-50 B(2,3)
51-60 B(3,3)
Card 5: (6F10.0)
1-10 D(1,1)
11-20 D(1,2) D Matrix coefficients (upper
2:-30 D(1,3) ” triangular) (equation 65)
31-40 D(2,2)
L1-50 D(2,3)
51-60 D(3,3)

3.2 Anisotropic Material Properties (NPAR(4).EQ.1)

(4) Two cards must be input for every
different material (NPAR(3))

Card 1: (110, 20X, 4F10.0)

1-10 NN Material identification number
11-30 Blank

31-40 DEN Mass density
41-50 AX Thermal expansion coefficient ax
51-60 AY Thermal expansion coefficient ay
61-70 AXY Thermal expansion coefficient axy
Card 2: (6F10.0)

1-10 CXX Elasticity clement Cxx

11-22 CXY Elasticity element Cxy

21-30 CXS Elasticity element Cxs

31-40 CYyY Elasticity element Cyy
41-50 CYS Elasticity element Cys

51-60 GXY Elasticity element Gxy

59




C. Global Material Vectors (25, 5X, 3F10.0)

NPAR(S) material vectors must be input (except if
zero or blank)

i-5 NV Material vector identification
number
6-1C Blank
11-20 DX X direction cosine
21-30 DY Y direction cosine
3I-40 DZ Z directicn cosine
2. TLiement Load Multipliers (5 cards)
Card 1: (4F10.0)
1-10 PA Distributed lateral load multi-~
plier for load case A
1.-2C LB Distributed lateral load multi-
viier for load case B
21-130 PC D.stribured lateral load multi-
2lier for load case C
3i-4C D Jistributed lateral load multi-

p.ier for load case D

Card 2: (4F10.0)
i-18 TA Temperature multiplier for load
case A
11-20 TB Temperdture multiplier for load
case B
21-30 TC Temperature multiplier for load
case C
31-40 TD Temperature multiplier for load
case D
Card 3: (4F10.0)
1-13 XA AX-direction dcceleration for
load case A
11-20 XB X-direction acceleration f{or
load case B
21-30 XC X~direction acceleration for
load case C
31-40 XD X-direction acceleration for

load case D

60
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A
Card b (aF10.07
. 1-10 YA Y-dlrection acceélieration o
1oad case A
] 71-20 Y33 Y-a.rection accelerdation tor
ioed cune
21-30 YO Y-direction accelieration (o
1o cane O
31-40 Y Vedireotion acceicration or
itoad case D
Card §5: (41°16.0)
1-10 DA “-direction acceleration o
locad case A
IT-70 oB Y-direction acceleration oo
load case B
21-30 7C “=direction acceleraticn :or
Toad case C
31-U40 %D Z-direction dacceleration for

load case D
. Ulement Cards (515, I2, I3, I2, I3, I5, 4F10.0)

One card Yor each Ni'AR(2) element.

1-5 NN i’lement number
(%) 6-10 T Node 1
1i-1% J Node J
16-20 K Node
21=25 1 Node 1.
{0 26-27 NG No. of (Gauss lntegration ol
1) 28-35 Iv Material vector identificatr:.n
number
(a) 31-32 IRYUSEH Previous Flement re-use coce
=0 new ciement
=1 use previous element
(9) 33-3% IM Material identification number
(139 36-u0 INCL Llement generation pardmeter
(1) 41-50 TH "lement thickness
(12) 51-60 PR i.lement lateral pressurc
(13) 61-70 TO Mean temperature variation !rom

the reference level in unde-
tormed position.

71-80 TG Mcan tempoerdture pradient aoross
the hell thicknens.

N(,I_(‘.»:

(1) Llement TYPL 9 allows two ditterent iorne o0 anoat. The
tirst torm iu tor lamlnate matrice: while the Lecond 1+t
anisotropic matrices. The later {form 1. identical 1o clie-
ment TY L 6 input,




(2)

(3)

(4)

(3)

(9)

(1)

omaterial global axis must be defined relative to the
material properties formed in the Ay, B and D matrices.
Hotational Stittness Factor 1o set by multiplying NFAR(7)
timee 1.0-8. Default for NIAK(7) is 100.

Material input in this section 1s i1dentical to that of
element TYPL 6.

The T,J,K and I, indices detine the element connectivity
and also the element normal.  The element "z" coordinate

is formed bv the right hand rule as T poes to J goes to K,
ete.  The element local axis is determined by the projec-
tion of the ylobal material axis onto the e¢lement. Once
the x-axils is Jdetermined, the local y i¢ formed from z

and x. All stress output is in this reterence. If node L
cqual ko oor 1! wero or left blank, the program will assume
that the element is trianvular.  The resulting local stiff-
ness 1o then "too stiff",

The number ol Causs intepration points can vary as 2 or 3,
It a value is et above or below these numbers, the program
will reset it to 2. The detault value s set MPAR(6).

to 1 and less than or equal to NPAR(S). It NPAR(S) 1o blank
opr szero, then NPAR(S) 1s ot cqual to 1 and the plobal vece-
tor i: aligned alonge the plobal X axis. Lefault value is
set to 1.,

The vlobal material vector must be preater than or equal

i1 an element has the same planar cize, same orientation in
space and the same element loading parameters as the pre-
vious elementy then settinge [REUSE equal to 1 will use the
same global element stiffness and load veetors for ascembly.
Default is sct to 0.

The material ID number must be between 1 and NPAR(R).  De-
fault 15 set to 1.

Plement Generation Parameter: lement cards must be 1n
clement number coquence., 't element card: are omitted, the
program will generate the misosing cards an follows:

The increment for the olement number b one,
1.0, N = NH. o+
(A N Jl . i |

The corpes o lime tnerement  for nodal connectivity 1t INCT.




i.e., Ii+1 = Ii + INCL
Ji+1 = Ji + INCL
Ki+l = Ki + INCL
Li+l = Li + INCL
If INCL is left blank then INCL is set to 1. Material

identification, element thickness, distributed laterai
load, temperature and temperature gradient for the element
are then the same as for the first element in the generated
group. The last element card must be input to exit element
group properly.

.

(11) The plate thickness is used mainly to compute the mass of
the element. Default is set to 1.0.

(12) The pressure 1s normal to the surface of the element. The
positive direction for the pressure loading vector is in
the positive direction of the local z coordinate.

et

(13) The temperature required is the mean temperature difference
(T0) from the reference temperature of the element in a
undeformed state. The TG is the mean thermal gradient
through the element thickness.

b3




APFENDIX B - INPUT TO PRE-PROCLSSOR PROGRAM LAYUF

A pre-processor program was Jdeveloped to calculate the

,onoand D onatrices 1o desceribed in o equatilons 63 throuph 65 and

toe thermal loac veotors Jdescribea in equation: 66 throupn ©8.
Lne o material intormation by layer 1o o input e jaming position
snd riber orientation.  The pre-processor thoen computes the

~arprices involvon., the tensor transformation and constructs the

element: material Toetrix Em rerative to the mid-plane of the

. amm

flate.  Similar thermal vectors are also computed and output.

Iad

inis informati-n Iu then used directly for SAPUA - TYPE 9. {

hik s
Vot “ECRULNG pask BLANK -NOT Fl woip




INPUT TO PROGRAM LAYUP

A. Number of Cases Card (I2)

LOTe Columns Variable Remark

(12 1-2 NCASES Enter the total number of
laminate configurations to be
considered.

3. Heading or Title Card (8Al0)

(2) 1-83 ITITLE Enter the title information to
be printed with the output.

C. lLaminate Data Card (415)

(3) 1-5 NLAM Enter the number of laminae in
the laminate.
(4) o=-10 NMAT Enter the number of different
materials 1n the laminate.
11-15 ITRAN If ITRAN is zero or blank the

transformed thermal properties
of each lamina will not be part
of the output.

16-20 IORD If IORD is left blank the lami-
nate ordinates will not be output. {

N, MYaterial Property Card (6F10.3)

(5) 1-10 E11() Enter lamina modulus 1n fiber

direction .

Ti-00 1.22 (K} 'nter Tamin: modulus. in direction
transverve to fibers.

J.=-30 AN1(K) Inter major Poisson's ratio.

3:-4%0 512 (K) Fnter laming ohear moduius.

=510 THERM1 (KD mter C.T.1L. n iber direction.

51-60 THERM2 (K) Fnter C.T.L. 1n iransverse

direction.

L. Lamina Data Card (10.3, I10, F10.3)

IR T(J) Enter thickness of the Jth lamindg. :
11-20 MATL(J) Lnter the number that jdentifies
the material of the .7 laminay,
21-30 PJI(J) Enter the orientation of the J°7

laming with respect to the
laminate axcs.,




Notes:

(1)

(2)

(3)

%)

(5)

(8)

There are no program restrictions on the number of cases

that may be analyzed in a single run.

Begin each new data case with a heading card.

The program is currently capable of handling up to 48 lami-
nae per layup. This can be increased by changing the
appropriate dimension statements as shown in the program

listing.

Although no limitation on the number of different materials
need be imposed, the program dimension statements currently
allow for a maximum of NMAT = 4. However, this can also be
increased if necessary.

This material data is vendor information. One card is
required for each material (i.e., K = 1, NMAT).

One card is required, per layer, in the laminate. (i.e.,
J = 1, NLAM). :

67
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APPENDIX C - COMPUTER RUN - INPUT AND OUTPUT

This appendix contains the complete input and resulting

output of the SAPUA program using the new composite plate elo-
ment (TYPE 9). The e¢xample is the modecl contained in section
4.7 (Curved Plate under Uniform Pressure). The first seccticn
contains a listing of the card images used to executce the pro-
gram. The second section is the complete output resulting
from this input.

P ECEDING PAGE BLANK~-NOT F1 8D
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