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ABSTRACT

A numerical implementation of design sensitivity analysis of built-
up structures is presented, using the versatility and convenience of an
existing finite element structural analysis code and its database
management system. The finite element code used in the implementation
presented is the Engineering Analysis Language (EAL), which is based on
a hybrid method of analysis. It has been shown that design sensitivity
computations can be carried out using the database management system of
EAL, without writing a separate program and a separate database.

Conventional (sizing) design parameters such as cross—-sectional
area of beams or thickness of plates and plane elastic solid components
are considered in this report. Compliance, displacement, and stress
functionals are considered as performance criteria. The method
presented in this paper is being extended to implement shape design
sensitivity analysis using a domain method and a design component
method. Results of shape design sensitivity analysis will be reported

in Part II.
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CHAPTER 1

INTRODUCTION

1.1. Purpose

To date there exist a wide variety of finite element structural
analysis programs that are used as reliable tools for structural
analysis. They give the designer pertinent information such as
stresses, strains, and displacements of the structure being modeled.
However, if this information reveals that the structure does not meet
specified constraint requirements, the designer must make intuitive
estimates on how to improve the design. If the structure is complex, it
becomes very difficult to decide what step must be taken to improve the
design. There is however, substantial literature [1] on the theory of
design sensitivity analysis, which predicts the effect that structural
design changes have on the performance of a structure.

The purpose of this work is to develop and implement structural
design sensitivity analysis, using the adjoint variable method that
takes advantage of the versatility and convenience of an existing finite
element structural analysis code and its database management system and
the theoretical foundation of structural design sensitivity analysis
that i1s found in Ref. 1. The finite element code that will be used is

the Engineering Analysis Language EAL [2].



Using the full capabilities of the EAL system, design sensitivities
can be calculated within the program, without knowing the source code of
the program. This has the advantage that the user deals with only one
program, with only one database and no interfaces between different

programs [3,4,5].

l.2. Continuum Approach of Design Sensitivity Analysis

A number of methods céuld be used to implement structural design
sensitivity analysis, but the most powerful is the continuum approach
[1]. This method can be implemented outside an existing finite element
code [3,4,5], using only postprocessing data. This approach is
convenient, because design sensitivity analysis software does not have
to be embedded in an existing finite element code. The continuum
approach to design sensitivity analysis calculation can also be
implemented using a powerful database management system such as the
Engineering Analysis Language (EAL). Using the database management
system of EAL, only one database is necessary for computation of design
sengitivity information. That is, it is not necessary to create
interfaces and other datafiles to compute sensitivity information.
Information on element shape functions used in the finite element model
is, however, necessary for &esign sensitivity calculation.

The continuum approach to design sensitivity analysis can easily be
extended to complex structural systems that have more than one
structural component [6]. The design sensitivity vector 1is the
derivative of a constraint functional with respect to design

parameters. The magnitude of each component reflects how sensitive the




constraint functional is to a change in the associated design
parameter. If a component of the vector is negative, the corresponding
design parameter should be decreased to increase the value of the
constraint functional. If a component of the vector is positive, the
corresponding design parameter should be increased to increase the value
of the constraint functional. In addition, if the magnitude of a
component of the vector is large, then the corresponding design
parameter will have a more substantial effect on design improvement.

When a designer uses a finite element structural analysis code in
design of a structure, it 1is most likely that a number of program runs
are necessary before a substantially improved design is obtained. With
the aid of a design sensitivity vector, the designer will know what

direction to take to improve the design most efficiently.



CHAPTER II

DESIGN SENSITIVITY ANALYSIS METHOD

A detailed treatment of methods and procedures for calculating

~ design sensitivities are given in Ref. 1, for constraint functionals
such as compliance, displacement, stress, and eigenvalues. For
compliance and eigenvalue functionals, the adjoint equation is the same
as the state equation, thus no adjoint equation needs to be solved.
Each dispiacement and stress functional requires an adjoint load
computation and an adjoint equation must be solved. Note that the state
equation and the adjoint equation differ only in their load terms.

Using the reload or multiload option of an existing finite element code,
the adjoint equation can be solved efficiently [3]. For the
displacement functional, the adjoint load is a unit point load acting at
the point where the displacement constraint is imposed. For the stress
functional the shape function of the finite element code is necessary to
calculate equivalent nodal forces of the adjoint load.

The equivalent nodal force computation of the adjoint load for the
stress functional can be based on different principles. To be
consistent with EAL, a hybrid formulation should be used, which requires
computation of the applied loads in terms of stress coefficients. This
is impractical, because EAL is formulated in terms of nodal displacement
coefficients. Another method, which is consistent with the hybrid
formulation of EAL, is based on the modified Hellinger—Reissner

principle [10,11]. Here the equivalent nodal forces are expressed in




terms of nodal displacement coefficients. To alleviate this difficulty,
an equivalent nodal force computation is based on the formulation used
in the displacement method of finite element analysis. That is, once
the degrees of freedom (nodal displacements) of the element in EAL are
known, a compatible displacement shape function that is defined on the
same finite element and has the same degrees of freedom can be used for
computation of equivalent nodal forces.

The flow chart of Fig. 2.1 shows the overall procedure. First, the
model is defined by identifying the design variables, constraint
functionals, finite element model, and loadings. In the next step, EAL
is used to obtain structural response. With the structural response
obtained, an adjoint load is calculated, external to EAL, using assumed
displacement shape functions. The adjoint load is input to EAL, to
obtain an adjoint response for each constraint using reload option.
Using the original structural response and the adjoint response, design
sensitivity information is computed for each constraint, by numerically
integrating the design sensitivity expressions. The process 1is
convenient, since it uses data that are available or easily computable
in the database.

To give the basic idea of implementation of design sensitivity
analysis and computation procedures, simple prototype structural
components are investigated. Once design sensitivity analysis of
sﬁructural components 1s completed, the design component method of
Ref. 6 can be used for design sensitivity analysis of built-up

structures. The procedures and equations necessary for analysis of
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structural components as membranes, plates, and beams are shown in the

following sectionms.

2.1. Membranes

Consider a thin elastic clamped solid shown in Fig. 2.2, with
thickness u = h(x) of the membrane as a design parameter where x = (xl,

xz). The energy bilinear form and load linear form are [1],

B . 2 . 1y~
a (z,2) = [ nx) | o) e9(Z)ae (2.1.1)
v Q 1,j=1
and
- 2 g Z 54 :
L(z) =[] ) FZraq + [ ) TiZhar (2.1.2)
u Q i=1 I' i=1

1

where z = [zl, z2]T is the displacement field, F = [F", F2]T is the

1, TZ]T is the boundary traction, and OiJ(z)

applied body force, T = [T
and eiJ(;) are the stress and strain fields associated with the
displacement z and the virtual displacement z, respectively. The

variational state equation is [1]
7)) = £ z hadid
au(z,z) u(z) (2.1.3)

for all kinematically admissible virtual displacements Z.

First consider the functional that represents compliance of the

structure,
: 5 2 34
v = I ) Fiztae + [ ) ritar (2.1.4)
8 1i=1 I' i=1

The first variation of Eq. 2.l.4 is

1]
i1 ar (2.1.5)

1

I e~



Figure 2.2. Clamped Plane Elastic Solid of Variable Thickness

In order to eliminate the dependence on variation of the state variable

in Eq. 2.1.5, it is necessary to define the adjoint equation as [1]

pixdqgr (2.1.6)

2
a (A% = [[ ] Fitge +
]

/
i=1 ri

[ e 2

for all kinematically admissible virtual displacements X. Since the
right side of Eqs. 2.1.3 and 2.1.6 are identical if A = z, the adjoint
equation does not need to be solved. Using the adjoint variable method,
the design sensitivity is [1]
2 14 i
b = M1 M2y eM(z)]snae (2.1.7)
R 4,3=1

since z = A for the compliance functional.




To numerically integrate Eqs. 2.l1.4 and 2.1.7, a two-by-two Gauss-

point integration procedure is used. The equations then become

N | 4

2 k 2 2 k
b= L L Db 1 T T ahaeh st
k=1 | 4=1 h=1 k | #=1 h=1
(2.1.8)
and
N 4 2 . k.
= 1| 11 () Ho) W ek @
k=1| %=1 1, j=1

respectively, where J 1s the Jacobian, N is the total number of
elements, superscript % is the counter for the number of Gauss points,
superscript k is the counter for the element number, W is the weighting
constant for the %th Gauss point, and superscript h is the direction of
the force and the displacement.

Since EAL gives only the boundary displacement shape function for
the 4-noded membrane element E41l, a bilinear shape function for
displacement is adopted for integration in Eqs. 2.1.4 and 2.1.7. Using
stress computation of membrane element E4]l in EAL, stresses and strains

can be expressed in matrix form as

{dtl(zy, 0 22(2), o'2()|T = [p]{8} (2.1.10)
{2y, €22y, 21" = [E] o} (2.1.11)
where

(2.1.12)



= T
{B} = {bl’ b2’ b39 b4) bs}
1 v 0
[E] = —E— | v 1 0
(- )
1 -v
0 0 5
L

10

(2.1.13)

(2.1.14)

and [P] is the position coordinate matrix, which determines points where

the stresses are obtained, {3} is the stress coefficient vector, and [E]

is the elasticity matrix for a plane stress problem [8,9].

Next consider the functional that represents the displacement z at

Y

a discrete point x,

v

A 200 =[] 8x - w200 48
Q

(2.1.15)

where 9(x) is the Dirac delta. The first variation of Eq. 2.1.15 is

wé = [[ 8(x - x)z'(x)d®
Q
The adjoint equation in this case is [1,3]
a (%) = [f 8(x - x)K(x)a®
Q

for all kinematically admissible displacements A.

(2.1.16)

(2.1.17)

This equation has a

unique solution A, which is the displacement field due to a unit point

~

load acting at a point x.

sensitivity of the displacement functional is

2 .
v= - 1 old(z) elI(n) onan
8 i,j=1

where A is the solution of Eq. 2.1.17.

Using the adjoint variable method, design

(2.1.18)
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Using the same numerical techniques applied in the compliance

constraint case, Eq. 2.1.18 can be evaluated as

N 4 2 . k
=1 |11 (M) M)W w @aas
k=1 [%=1 1,j=1
where
{e(y} = [E] {on)}

[e]71 [p]{s} (2.1.20)

Finally consider the general functional that represents a locally

averaged stress on an element as
= [[ g(o(2) Jm_a® (2.1.21)
Q P

where mp is a characteristic function, defined on a finite element QP as

1
/[ a%
Q

P

L 0 X¢QP

x CQP

(2.1.22)

and g is the stress function. The first variation of Eq. 2.1.21 is

ff[ Z —-E—(z) CriJ(z )]m a8 (2.1.23)

Replacing the variation in state z' by a virtual displacement 7; the

adjoint equation is obtained as [1,3]

a, (A% = [f[ 2 —E(z) SN (D) Inya0 (2.1.24)

for all kinematically admissible displacements.x. Equation 2.1.24 has a
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unique solution for a displacement field A. Using the adjoint variable
method, design sensitivity of the stress functional is
2 i3 13
vy = [ Y Mz) eMny]snae (2.1.25)
8 1,35=1
where A is the solution of Eq. 2.1.24.
Using the same numerical techniques applied in the compliance

constraint case, Egs. 2.1.21 and 2.1.25 become

4

L, L 1.2 :

b= llg (0 @mu s (2.1.26)

2=

and
N 4 2 k
i i I

=1 | 1[- 1 oM@ MW e (2.1.27)

k=1 [%=1 1,j=1
The right side of Eq. 2.1.24 can be evaluated as
4 2 9 ij, 712 2.2
LL L =) o D] aw’s (2.1.28)
=1 i,j=1 dc*J

After the adjoint load of Eq. 2.1.17 is calculated, the adjoint
displacement field and resulting adjoint stress and strain fields are
evaluated. The adjoint strains are then used in evaluating Eq. 2.1.27
for sensitivity of the constraint functional.
If von Mises' stress criteria is selected in the constraint
functional, then
g = (1) & (022)2 + 3(012)2 - 011022]1/2 (2.1.29)

and




3
_°g _ (2011 _ 022)/2g

3gll
3
8. (20%2 - olly/pg (2.1.30)
3022
3
_% - 3012/g
90
which can be written in vector form as
3 9 3 3
(28} . g _°% _°% T (2.1.31)

t
Yo R agll’ 3422’7 3412

The equivalent nodal force is computed, based on the modified

Hellinger—-Reissner principle., The stress can be written as
{o} = [p]{8} (2.1.32)

(see also Eq. 2.1.10). The stress coefficlents {B} can be expressed in

. terms of the nodal displacement coefficients {q} as [7]

{8} = &1 ]{r]{q} (2.1.33)

if {Vo} = {0}, where

11 22 12
90 a0 o il ¢
{VO} = { = ox. T9x i=1,2 (2.1.34)
1 2 i

{Vo} can be written as
{vo} = [vp]{8} (2.1.35)

where — —_

(o] = |40 1 0 0 x)

3;(1 0 0 0 0 i=1,2




Using Eq. 2.1.34, [VP] in Eq. 2.1.35 becomes zero. Note that, if [VP]
is not zero, Eq. 2.1.33 is not valid. Using Eq. 2.1.33, Eq. 2.1.32 can

be written as
{o} = [p][a" 1[1]{q} (2.1.36)

Using Eqs. 2.1.27, 2.1.31, and 2.1.36, the equivalent nodal forces {F}

can be written as

(¢} - é e el (2.1.37)
1 o

which is valid only if [VP] is zero.

2.2. Bending of Plates

Consider the clamped plate in Fig. 2.3 of variable thickness

u = t(x), with a distributed load f(x). For this design independent

Figure 2.3. Clamped Plate of Variable Thickness

14
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loading, the energy bilinear form and the load linear form for the plate

are given as [1]

a (z,2) = éf D(“)[211211 *zpp2gp * V(2gpzyy + 2y25))

+ 2(1 = V) Jas (2.2.1)

Z12%12
and

L(z) = éf £2dQ (2.2.2)

where D(u) = Et/[12(1 - Vz)] is flexural rigidity, E is Young's
modulus, V is the Poilsson's ratio, and f is externally applied

pregssure. The governing state equation is [1]
au(z;E) = (z) (2.2.3)

for all kinematically admissible displacements Z.
First consider the functional that represents compliance of the

structure,
v, = [] £2a8 (2.2.4)
Y]
The first variation of Eq. 2.2.4 is
v o= [ £2040 (2.2.5)
Q
The adjoint equation is defined as [1]
a (M%) = [[ £Ra® (2.2.6)
Q

for all kinematically admissible displacements A. As in the membrane
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case, the right sides of Eqs. 2.2.3 and 2.2.6 is identical, so A = z.
Using the adjoint variable method, design sensitivity of the compliance

functional is [1,3,4]

v [ (oee2(.2 2 L2 2
¢4 = éf { Et [zl1 +z,, + 2“211222 + 2(1 V)zlz]/4(1 v )} Sedf
2 . .
==Y iy (2] sean (2.2.7)
8 1i,j=1

where UiJ(z) and eiJ(z-) are stress and strain of the extreme fiber,

given as
11 tzi.
€ J - . ___J_z s i’j = 1’ 2 (202.8)
and
e Al IR 00
2(1 - vV7)
22 _ ____Et (z,, + Vz;,) (2.2.9)
2(1 - V)
ol2 _ _ ____Et 2,
2(1 - V%)

To evaluate Eqs. 2.2.4 and 2.2.7 numerically, a two-by-two Gauss-

point integration procedure is used. Equations 2.2.4 and 2.2.7 become

N 4
)= L1 [£% 4 Pt (2.2.10)
k=1 %=1
and
N 4 2 . . :
- L0001 (M) W ek ei2an

k=1 %=1 i,j=1
For the Gauss integration, ciJ(z) and eiJ(z) are obtained at each Gauss

point, using the same moment formulation as in EAL. The moment vector




[M] is defined as

llezy, ¥ (2), M%)} = [p]{8} (2.2.12)
where
0 x2 0 1 0 0 xlx2 0
[p]=10 1 o o x;, 0 x, 0 0 0 X %, [(2.2.13)
0 1 0 0 x2 x1 0 0
T
{8} = {6, v,, bs, b, bss bgs byy bg, by, b0, b P (2.2.14)
Thus,
{oll(zy, ?2(z), o'2()}" = & ), W), 42T (2.2.15)

el ol 2y, 0?2(2), o'2()}T (2.2.16)

—

('), %), ) -

where [E]7! is given in Eq. 2.1.14.

Next consider the functional that represents displacement z at a

-

discrete point x,

<
n

5 = 2(x) = éf 8(x - x)z(x)d® (2.2.17)
The first variation of Eq. 2.2.17 is

v o= éf 5(x - x)z'(x)d0 (2.2.18)
The adjoint equation is defined as [1]

au(A{T) = éf 3(x - ;fx(x)dg (2.2.19)

for all kinematically admissible displacements A. This equation has a

17
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unique solution A, which is the plate displacement field due to a unit

~

vertical load at point x. Using the adjoint variable method [1], design

sensitivity of the displacement functional is

A A A
*ozyotyy T Uz A F 250 0))

o 2
vy = éf - e [211A11

+ 2(1 - V)

2
zlzklz]/A(l - vy} Seaf (2.2.20)

. Using Eqs. 2.2.8 and 2.2.9, Eq. 2.2.20 can be rewritten as

2 . .
vy = - [f ) o) Hysean (2.2.21)
& 1,3=1

Using the same numerical integration as in the compliance case,
Eq. 2.2.21 becomes
¥ = VT T () et ot e (2.2.22)
k=1 2=1 i, 6j=1
where Eij()\) are strains obtained by applying the adjoint load. The
procedure is the same as in Eqs. 2.2.12 thru 2.2.16.

Finally, consider the functional that represents a locally averaged

stress at the extreme fiber of the plate,
v =[] glo(z) Jm,a® (2.2.23)
Q P

where g(U(z)) is chosen as the von Mises' stress criteria and'mP is a

characteristic function on finite element QP’ defined as
1
x C:QP
[[ a2
Q L]
m, = P (2.2.24)

0 X g{ﬂp




The first variation of Eq. 2.2.23 is
2 1
=LY 23— M) Tngan (2.2.25)
Q  i,j=1 30 3(z2)
The adjoint equation is defined as [1]
a O = [f [ Z —g—(z) oM (%) Ingdn (2.2.26)
£ 1i,j=1 30
for all kinematically admissible displacement'i. Using the adjoint
variable method, design sensitivity of the stress functional is
Z ij ij ]
v=f[-[ 7 odz) edn)]eedn + [ B(o(z) myd (2.2.27)
6 ot P
Q i,j=1 Q
where A is the solution of Eq. 2.2.26. Using two-by-two Gauss-point
integration, Eqs 2.2.23 and 2.2.27 can be expressed as ’
4 L 2.2
Ve = Y o[g(o (z))mP]W J (2.2.28)
2=1

and

oom YITE F (M) tetion)ttet + 7 R ek sk

® kel 2m1 1,3-1 =1
(2.2.29)
The right side of Eq. 2.2.26 can be written as
¥ ij L2
Il Z ——g—(z) oI gty (2.2.30)
g=1 1,j=1 acd

For the von Mises' stress criteria, the last term on side right side of
Eq. 2.2.29 becomes

2 2 2 1/2
{%[(oll) + (022) + 3(012) - 011022] }lelmP (2.2.31)

N ~1b

=1
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For the displacement method, the equivalent nodal force for the
adjoint load can be computed in a consistent way, by using the
displacement shape functions of the code and then using the same
procedure as in Refs. 3,4 and 5. For the hybrid method, Reissnef's
principle can not be used, because [VP] is not necessarily zero. To
alleviate this difficulty, it is proposed to select an acceptable
displacement shape function for the adjointlload calculation. That is,
once degrees of freedom of the element in EAL are known, a compatible.
shape function that has the same degrees of freedom can be selected.
The term —3&7 is the same as for membrane elements (Eq. 2.1.31).

i3

Stresses in a displacement formulation are given as [8,9]

{o} = [ellB]{q} (2.2.32)

Using Eqs. 2.1.31, 2.2.29, and 2.2.32, the equivalent nodal forces {F} -

can be evaluated as

%g m W J (2.2.33)

ll ~

2.3. Beams
Consider a beam with variable width and height, as shown in Fig. 2.4.
Width and height are the design parameters; i.e., u = [b(x3),h(x3)]T.

The energy bilinear form and the load linear form of the beam are

2 3 3 =
a (z, 2 = [ E[bh(w 3w + -——(v33 33)) bh u33 33)]dx3 (2.3.1)
0 -
and
. )
2(z) = | FTzdx3 (2.3.2)

0




where F = [fl, f2, f3] is the distributed load, E is Young's modulus,
hb3/12 is the moment of inertia with respect to x-axis [2], bh3/12 is

the moment of inertia with respect to xz—axis, z = [ﬁ,v,w]T is the

A Xz
4
X 2 —4 \
b & |
)
h
/IV ’IV

Figure 2.4. Beam of Variable Thickness and Width

displacement field, in x,-, x,—, and x,-directions, respectively,
1 2 3

~

Ugq and Va4 are curvatures of the displacement field, and V34 and

~

uyq are curvatures of the virtual displacement field z = [;,;;;JT.

In EAL [2], the beam element E21 is based on Timoshenko beam theory
and includes torsion. The derivation here is based on technical beam
theory without torsion. Thus, if the energy bilinear form of Eq. 2.3.1
is used, results of sensitivity analysis are applicable only 1if shear
and torsion are negligible. However, it can be easily extended to
include torsional effects.

Note that the load is applied in the positive direction of the

coordinate axis. The state equation is [1]

21
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au(z;E) = 2(z) (2.3.3)

for all kinematically admissible displacements Z.

First consider the functional that represents compliance of the

structure,
o T
v, = [ Flzdx (2.3.4)
7 3
0
The first variation of Eq. 2.3.4 is
* T
v o= [ Frzvax (2.3.5)
7 3
0
By replacing the variation of z' in Eq. 2.3.5 by a virtual
displacement X, an adjoint equation is defined as [1]
L 'T
a (AT = [ Fax (2.3.6)

0
for all kinematically admissible displacements X. Since Eq. 2.3.2 is
identical to Eq. 2.3.6, A = z. Using the adjoint variable method of

design sensitivity analysis,

3 2 3
L 2 3EbZh 2, Eh ~2 1,
by o= = [ {Em] + S5 vy + 19 ug, Hobax,

3 2
[ {gpw? + BB 2, 3EBH” ~2

Eb” 5
R T VI + S5 u3y}ohdx

3 (2.3.7)

A cubic displacement shape function is assumed for beam bending and a
linear displacement shape function is assumed for axial displacement.

To numerically integrate Eqs. 2.3.4 and 2.3.7, a two—point Gaussian
integration procedure is used. Equations 2.3.4 and 2.3.7 can be

evaluated as




N2 K
b= 101 PN (2.3.8)
=] =1 :
and
N2 2 3
s ~
b= - 1 1 Elh)? + hf—(v§3)2 + %5(u§3)2 Wt R ek
k=1 &=l
N 2 3 2
) ~
- L1 L Elbwp? + Bwin? + Bl 2t s ek (2.3.9)
k=1 =]

where N is the total number of elements, £ is the Gauss point counter, W
is the weighting constant for the Gauss point, and J is the Jacobian.

Next, consider the functional that represents displacement z at a

Y

discrete point X4,

2

Vg = z(§3) = fo 3(x3 - £3)z(x3>dx3 (2.3.10)

where 6 is the Dirac delta. The first variation of Eq. 2.3.10 is

z,\ A
vy = IOG(x3 - x53)2' (x,)dx, (2.3.11)

The adjoint equation is defined as [1]

z“ A
a(A, % = | 8(xy = x5)X(x,)dx, (2.3.12)
0

for all kinematically admissible displacements A. Equation 2.3.12 has a
unique solution A, where A = [AU,AV,AW]T is beam displacement due to a

unit load acting at a point Xg. Using the adjoint variable method the

design sensitivity analysis is
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R AW 4 Ehb v h =~ s
7 fo{Ehw3 3% 7% Vi3t t 17 Y33 33} bdx,
* w Eb3 v Ehzb ~
- A X Ll §
fo{ Ebw L) 3 T2~ V33’33 + 4 Ugq 33} hdx3 (2.3.13)

Using the two-point Gaussian integration procedure, Eq. 2.3.13

becomes
N 2 w 2 v 3 :
2.%% hb L L h” ~2 L k
1 2 - A —_ A - A §
¥g L LD Elhwghy™ + 2= viyyhag + 5 ugghaglw ENA
k=1 2=1
N w 3 v 2 u
£ . b & ,7%  bhT ~2 TR ke, k
- 2 A 6
kzl{ LEIE[bw3 3 * 35 Vashgs + T3 Ung 33]w T IS (2.3.14)

Finally, consider the functional that represents extreme fiber

stresses in the beam,
. b h ~

Wg = fo{w3 - sign(b) 3 Va3 = sign(h) E-u33}Edex3 (2.3.15)
where h/2 is the half-depth of the beam, b/2 is the half width of the
beam, sign(b) and sign(h) are +1 or -1 and indicate at what extreme
fiber the sensitivity is computed, and mp is a characteristic function
that is defined on a finite element de as

xE:de

= P (2.3.16)
%—

The first variation of Eq 2.3.15 is
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L
v oo - b - h =~
¢9 fOEmP{w3 sign(b) 5 v§3 sign(h) 2 u§3}dx3

~

L

V33 k]
- f Em,(sign(b) == 8 + sign(h) == Sh)dx, (2.3.17)
0

Replacing the first variation z' in Eq. 2.3.17 by a virtual

displacement X = [;u, Xv, IW]T, the adjoint equation is defined as

2

a(d,X) = fOEmP{Tg - siga(b) = Av. - sign(h) %-7“ .}dx3 (2.3.18)

33 33

N|o

for all kinematically admissible displacementsix. Equation 2.3.18 has a
unique solution for a displacement field A. Using the adjoint variable

method of design sensitivity analysis,

v = - AW Ehb AV Eh™ ~ Au 5 [ ]
¥ IO{Eh“3 3 * T2 Vagtay * T Uyt lObdxg
L v L 3
33 3,w Eb v
- —= 8 - A = A
fOEmPsign(b) > bdx3 fO{Ebw 3 + 15 V33’33
2 ~ L a
Ebh™ ~ ,u 33
Ebh_ © v }s - 335 .3.
+ o Y33 33} hdx3 foEmpsign(h) > hdx3 (2.3.19)

!
where A is the solution of Eq. 2.3.18. With the two-point Gauss

integration procedure, integrals in Eqs. 2.3.15 and 2.3.19 are evaluated

as

2
) E % b 2 h~t 4L
Wg = 221 de(w3 - sign(b) 5 V33 = sign(h) 2 u33)w J (2.3.20)
N 2 W 2 v 3 a K
AL TR TR T T YT I LY
- - hb” A h §
¥ kzl{zzlE[hw3A3 + T4 vashay * 7 uagta VT O
N 2 w 3 v 2 a K
L."% b L 2 bh® ~4L 21 A _2 k
- A b bh ~b 5
kzl{zzlE[bw3 3 * 13 V33ta3 * 4 Y33ty I} oh
N 2 . N 2 o K
v [ u [
- 21 Em,, —%3 sign(b) W o Pep* - Y [} Em,, —%i sign(h)Ww J°} on*
k=1 £=1 k=1 %=1

(2.3.21)



26

The right hand side of Eq. 2.3.18 can be written as
N 2 w .

L
L md 1 EQA; - siga(b) 2 )
k=1 2=]

k

Ve U 2. &
b AW J bo(2.3.22)

33 ~ sign(h) >

2.4, Built-Up Structures

A general structure is a collection of structural components that
are interconnected by kinematic constraints at their boundaries.
Results stated in this section are from Refs. 1 and 6. The energy
bilinear form of a general system, consisting of beams, membranes, and

plates can be written as
a(z,2) =1 laGGal"+I a2l +] Gl @
u u u u

where [au(z,;)]M, [au(z,;)]P, and [au(z,;)]B are given in Eqs. 2.1.1,
2.2.1, and 2.3.1, respectively. The load linear form of a general

system can be written as
2@ =l @M+ I @+ 1 @ (2.4.2)

where [2u(;)]M, [zu(;)]P, and [lu(;)]B are given in Eqs. 2.1.2, 2.2.2,

and 2.3.2, respectively. The state equation is [1]
a (z,z) = % (2) (2.4.3.)
u u

for all kinematically admissible virtual displacements z. Since the
energy bilinear and load linear forms of the state equation are just the
sum of energy bilinear and load linear forms of each structural
component, the design sensitivity equation of the system is a simple

additive process [1,6]. The generalized design sensitivity of a built-

up structure is
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P o= ¢£5b + wﬁdh + ¢E5t (2.4.4)

which is the sum of the sensitivities of each structural component,

given in Sections 2.1, 2.2, and 2.3, respectively.

2.5. Coupling of Bending and Membrane Effect

2.5.1. Formulation of Membrane Plus Bending
A clamped plate combining bending and stretching is shown in Fig.

2.5 with the laterally distributed load f(x) and in-plane traction load

T = [T},72]7.

X3,23

Figure 2.5. Clamped Plate of Variable Thickness

Assuming that bending and stretching are decoupled, one can obtain the
energy bilinear form by adding the plate and membrane energy bilinear

forms as in the case of the built-up structure.
a (2,2) = [a (z,) " + [a(z,D]F (2.5.1)
u ? u b u ?

where [au(z,?)]M and [au(z,E)]P are given in Eqs. 2.1.1 and 2.2.1,
respectively. The membrane thickness h(x) has to be replaced by t(x) in

this case. Likewise, the load linear form can be expressed as

e (@ = it DM+ 1 D1 (2.5.2)
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where [lu(Z)]M and [QU(E)]P are given in Eqs. 2.1.2 and 2.2.2,

respectively. The state equation is
au(z,Z) =~£u(Z) (20503)

for all kinematically admissible virtual displacements z.
Consider the functional representing the allowable stresses in the

middle plane due to stretching and on the surface due to bending as
wlo = w3 + w6 (20504)

where w3 and wé are given in Eqs. 2.1.21 and 2.2.23, respectively.

Forces and moments of the component are [8]

T t/2 [UM]

{NxNxNxxMxMxMxx} = [ dx
172 7172 71 72 7172 -t/2 | [og]

3 (2.5.5)

where {UM} = [E]{eM} are the membrane stresses and {GB} = x3[E]{K} are

the bending stresses. The curvatures {x} are

z3 2z

() = {2 22 2715}

le (205t6)

Membrane and bending stress resultants can be decoupled if the plate is

symmetric with respect to the x ~X, plane. In EAL, moments and forces

1

are related as
= [C] = (2.5.7)

where [C] is the coupling coefficient matrix [2].




29

Design sensitivity analysis of the stress functional is chosen to
illustrate the procedure. The sensitivity is the summation of membrane

and plate sensitivity as

o= ¥t ¥
2 g 2 L
=[f[- 7 Metmlscan+ [f[- T Hetonee an
Q 1i,j=1 Q  1i,j=1
dg
+ fsfz—g [o(z) 1M, 8t 4@ (2.5.8)

which are given in Eqs. 2.1.25 and 2.2.27. Membrane stresses and
strains are expressed in Egs. 2.1.10 and 2.1.11, respectively and
bending stresses and strains on the surface are expressed in Eqs. 2.2.15
and 2.2.16, respectively.

For the design sensitivity of the displacement functional, Eq.
2.1.18 can be used for the in-plane displacements due to stretching and

Eq. 2.2.22 for the displacement z3 due to bending.

2.5.2. Numerical Examples
To demonstrate the numerical accuracy of the approach, a numerical
example is tested. The finite element plate model is given in Fig. 2.6
which is restrained at one side and loaded with a distributed tensile
load in the positive X] direction and nodal loads of 501b at nodes 21,
42, 63, 84 and 105 in the negative xq direction as shown in Fig. 2.6,
It contains 80 E43 elements (EAL bending plus membrane element type),

105 nodal points, and 500 degrees of freedom with the design variable
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thickness u = t(xl,xz). The material properties are the same as the one:
in Section 4.1.

Design sensitivity results of the von Mises' stress functional are
given in Table 1 for Membrane, Bending and Total sensitivities with the
perturbation of 0.0lt. Since the stress resultants can be decoupled,
the membrane sensitivity is expected to be the same as that of the
original membrane model given in Table 7. However slightly different
numerical values are obtained because numerical difference can occur in
the decomposition process of membrane plus bending stiffness matrix when

the process is compared to the membrane stiffness matrix alone.

X2 ‘50 LB
f .
" Y
8 o~
X3 £575000 LB/IN.
©
oY
” '\ X|
20 v

Figure 2.6. Membrane plus Bending Plate Finite Element Model

The same nodal points as in Table 6 are selected to check the
accuracy of the design sensitivity of the displacement functional in the
Xy, X9 and negative Xg directions. Design sensitivity predictions and

finite differences, with 6t = (0.05t are given in Table 2.




Table 1. Design Sensitivity Check for von Mises' Stress

of Membrane plus Bending Plate with 6t = 0.01lt
El. Ratio
No. v(t) Y(t+At) Ay y! %

M 10053.27 9953.71 -99.56 -100.53 101.0

1 B 12459.37 12194.25 -265.12 -249.86 94.3
T 22512.63 22147.96 -364.67 -350.93 96.2

M 9995.58 9896.59 -98.99 -99.96 101.0

10 B 7897.13 7732.11 -165.01 -158.86 9.3
T 17892.71 17628.71 -264.00 -258.81 98.0

M 9999.86 9900.97 -98.89 -100.00 101.1

20 B 748.51 731.58 -16.93 -16.72 98.9
T 10748.38 10632.55 -115.82 -116.72 100.8

M 8570.37 8485.51 -84.86 -85.7 101.0

21 B 14344.51 14040.40 -304.05 -289.13 95.1
T 22914.89 22525.91 -388.89 -374.84 96.4

M 10019.71 9920.49 -99.21 -100.19 101.0

T 17747.27 17486445 -260.82 -255.64 98.0

M 9999.20 9900.91 -98.30 -99.99 101.7

40 B 675.18 642.77 -14.41 -13.94 96.7
T 10657.08 10543.67 -113.41 -113.93 100.5

M: membrane, B:

bending, and T: total

31
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Table 2. Design Sensitivity Check for Displacement of
Membrane plus Bending Plate, 6t = 0.05t
Node Ratio
No. Dir. P(t) P(t+At) Ay V' 7
63 X 6.631E-3 6.315E~-3  =3.157E-4 -3.316E-4 105.0
63 X3  —2.585E-1 -2.214E-1 3.710E-2  3.895E-2 105.0
74 3] 3.297E-3  3.141E-3 -1.570E-4 -1.649E-4 105.0
74 Xy —2.011E-4 -1.915E-4 0.961E-5 1.004E-5 105.0
74 X3  =7.995E-2 -6.842E-2 1.153E-2 14205E-2 104.5
105 X 6.631E-3  6.315E-3 -3.157E-4 -3.316E-4 105.0
105 Xy  —3.996E-4 -3.804E-4 1.914E-5 1.995E-5 104.2
105 x3 ~2.582E-1 =-2.211E-1 3.707E-2  3.895E-2 105.1

elements, the sensitivities for Xy and Xy directions are the same as

that of Table 6.

Since the displacements can be decoupled in membrane plus bending

The sensitivity for Xy direction displacement at node

63 is not considered since the displacement is zero due to the symmetry

of loads and structure.

2.6.

Design Sensitivity Analysis of Pointwise Stress Functional

2.

6.1. Membranes

stress on an element as in Eq. 2.1.21.

¥y = f{} g(o(z))m do

(2.6.1)

Consider the general functional that represents a locally averaged
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where mp is defined on a finite element Qp in Eq. 2.1.22. If we have a
smooth problem so the stress is continuous, we can conéider pointwise
constraint. In this case, by letting the test area shrink to a point

~

X, mp becomes a Dirac delta measure. Thus

v, = &loz(x)))

(2.6.2)
= [[ glo(z ))8(x ~ x)d@
Q
The first variation of Eq. 2.6.2 is
2 A
a -~
e ) R M)
i,j=1 30
2 aa(z) 14 R
R - A COLICER LT (2.6.3)

Q1i,j=1 9o

Replacing the variation in state z' by a virtual displacement A, the

adjoint equation is obtained as

2 . -
a (AX) = [f ¥ 28(2) I Tyecx - x)da (2.6.4)
u Q1,j=1 3ot

for all kinematically admissible virtual displacements A. Using the
adjoint variable method, the design sensitivity of the pointwise stress
functional is
2 i3 i3
wo==f[[ 1 @I an (2.6.5)
11 :
Q 1i,j=1
which can be computed using information at Gauss points as
N 4 k

2 .
ro= 7 7 I- 7 (o)t wiit | ek (2.6.6)
21 |eel 4,5=1
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where N is the total number of elements, £ is the counter for the number
of Gauss points, k is the counter for the element number, J is the
Jacobian, and W is the weighting constant for the 2th Gauss point.

If von Mises' stress functional is selected as the constraint

functional, the formulations for stresses are given in Section 2.1.

2.6.2 Plates
Consider the functional that represents a locally averaged stress
on the surface of the plate as in Eq. 2.2.23. If we consider the

pointwise stress, the stress functional and its first variation will

become
wlz = g(o(z(}:)))
(2.6.7)
= [ g(o(2))8(x - x)de
Q
and
v - % ) z(;) cij(z'(;))
125 5=1  actd
(2.6.8)
2 ; -
=[] 1 35&%2 ciJ(Z')G(x - x)dQ
Q1i,j=1 303
The adjoint equation can be defined as
2 ° » ~
a, (00 = 7 2lW) E0)
i,j=1 3¢J
(2.6.9)
2 . a
=[] L‘(—il. Ty s(x - x)dn
Q1i,j=1 30

Then the design sensitivity of the pointwise stress functional can be

obtained using the adjoint variable method as




= -1 a2y () Jor an + [f 2 (o(2))o(x - 2dQ ...
j Q
(2.6.10)

which can be computed as

N | 4 2 . . 2 1j ’
i i A
T B I SO A Co IO DL Co eV L T e CO DY
k=1 j2=1 1,j=1 i,j=1
(2.6.11)
where N, 2, and k are explained in Section 2.6.1. In case of von Mises'

stress constraint, the formulations of stresses for plate are given in

Section 2.2.

2.6.3. Numerical Examples
The examples given in Sections 4.1 and 4.2 are used to test the
accuracy of design sensitivity of the pointwise stress constraint. For
the pointwise stress sensitivity, the first Gauss point shown in
Fig. 2.7 1s selected as ;.

AT

T GP4 | GP3

—X_ GP! GF.’Z

¥
=11

Figure 2.7. 2-by-2 Gauss Points

\

o

To check sensitivity of the stress constraint of Eq. 2.6.2, the
equivalent nodal forces of the adjoint load are computed using right
side of Eq. 2.6.4. Design sensitivity analysis results for the von
Mises' pointwise stress are given in Table 3 for several finite elements

with the perturbation of 6t = 0.0lt.

35
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Accuracy of the sensitivity analysis results of the pointwise
stresses at the first Gauss point of elements are almost equal to that
of averaged stresses except at the first element. The design
sensitivity results compared to the finite difference approximations are
excellent. Especially the sensitivity of pointwise stress of the first
element is better than that of the averaged stress in Table 7.

The design sensitivities of the.pointwise stress of plate problem
are computed using Eq. 2.6.11. The adjoint loéd of Eq. 2.6.9 is used to
get the equivalent nodal forces. Design sensitivity results of the von
Mises' functional at the first Gauss point are given in Table 4 for
several finite elements. The design perturbation for the finite
difference computation is 8t = 0.001t. The sensitivity results of
pointwise stress are not quite excellent when compared to Table 10. It
is found that the bending stresses are not evenly distributed on the
plate surface for a given finite element element. That is, values of
gtress at four Gauss points are rather different from the average value.

Table 3. Membrane Design Sensitivity Check for Pointwise
Stress at the first Gauss point, §t = 0.01t

El. Ratio
No. P(t) P(t+AL) Y P! %

1 10496.95 10392.99 -103.95 -104.97 101.0
10 9990.33 9891.39 -98.94 -99.90 101.0
20 9999.99 9900.96 -99.03 -100.0 101.0
21 8453.86 8370.15 -83.71 -84.54 101.0
30 10015.01 9915.84 -99.17 -100.15 101.0

40 9999.93 9900.94 ~-98.99 -99.99 101.0




Table 4. Plate Design Sensitivity Check for Pointwise
Stress at the first Gauss point, &t = 0.001t

El. ' Ratio
No. P(t) P(t+At) AY P! %

1 35.64 35.57 -0.071 -0.074 104.7
2 830.29 828.62 -1.661 -1.665 100.2
3 1841.86 1838.17 -3.691 -3.609 97.8
4 2716.80 2711.37 -5.432 -5.331 98.1
5 3252.14 3245.63 -6.510 -6.374 97.9
7 1157.15 1154.83 -2.314 -2.376 102.6
8 1273.81 1271.26 -2.553 -2.473 95.7
9 1169.60 1167.25 -2.341 -2.112 90.2
10 1038.10 1036.02 -2.078 -1.735 83.5
13 1310.30 1307.68 -2.620 -2.670 101.9
14 1151.13 1148.83 -2.307 ~2.432 105.4
15 901.55 899.75 -1.805 -1.985 109.9
19 1402.82 1400.01 -2.813 -3.057 108.7
20 1533.27 1530.20 -3.069 -3.291 107.0

25 1883.25 1879.47 -3.77 -3.901 103.5




CHAPTER III

PROGRAMMING ASPECTS

So far analytical results and numerical algorithms for design
sensitivity analysis have been stated. This Chapter outlines the basic
organization of the EAL database management system and a structural

design sensitivity analysis program that has been implemented using EAL.

3.1. The EAL Database Management System

Design sensitivity analysis of structural components and built-up
structures can be implemented using a database management system. A
survey of database management systems can be found in Ref.l2. EAL can
be considered as a database management system [12], as well as a higher
order programming language with advanced programming concepts [13].

EAL is a set of independent processors that communicate with each
other through a random access database (Fig. 3.1). The database is
manipulated according to user commands. The commands can be combined in
a runstream, which can be stored in the database as a runstream
dataset. Runstream datasets are driven by the Execution Control System
(ECS), which also allows branching and looping within a runstream
dataset. The ECS allows the user to call a runstream dataset from the

database within a called runstream dataset. The ECS also initiates the

execution of a new processor.
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. Besides the regular database, EAL has a set of registers, which are
stored in core. The user can assign a name, a type code (real, integer,
or alphanumeric), and a value to each register. The contents of a
register can be manipulated by register action commands. The registers,
together with the ECS, enable controlled branching to be performed in
runstream datasets. Register action commands have a higher priority
than other commands, so whenever a register action command is given, the
regular command procedure will be interrupted and the register command
will be executed first.

To manage the database, a set of database utility functions are
provided. The database consists of one or more libraries, where each
library contains a set of named datasets. The contents of each library
are stored in a separate table, which for each dataset stores the name,
data type, block size, number of columns, total number of words in a
dataset, and location in the library. If many datasets are stored in
one library, database overhead disk I/0 can be very large. Database
utility functions allow the user to change information in the table of
contents, copy datasets from one library to another, and erase
information in 1libraries.

To manipulate information within each library, EAL provides the
Arithmetic Utility System (AUS). AUS allows a wide range of vector and
matrix manipulations as well as storing new datasets that are specified
by the user. Matrices can be stored as full matrices or in a Spafse

storage forum.




Besides the database management system, EAL contains a variety of
processors common to finite element analysis programs. Although EAL's
eiement library is 1limited, it contains one, two, and three dimensional
elements. The program is able to solve static as well as buckling
problems. The dynamic analysis part can handle eigenvalue and
eigenvector solution and forced dynamic response analysis.
Substructuring and graphical pre- and post-processing are also
available. Because the global system matrices (stiffness, mass, and
geometrical stiffness matrices) are usually very large and sparse, a
sparse storage technique for hypermatrices is used for global
matrices. Thus, the user does not have to worry about bandwidth (as in
SAP IV [14]) or wave front length (as in ANSYS [5]). TFor the solution
of a large system of equations, the global stiffness matrix is factored
according to Ref. 15.

EAL also allows the user to write his own program and combine it
with the EAL database system. Because the user can use Fortran callable
data handling routines, it is relatively easy to create new processors
for the EAL database management system [16]. Writing a separate
processor for a specific task is time consuming, but the result will be
a more efficient system than just using the registers and the arithmetic
utility pfocessor. No separate processor is written in this work,
because the goal is to show the feasibility of combining the design

sensitivity analysis method with the EAL database management system.

3.2. Program Organization

Using the Engineering Analysis Language EAL, a general purpose

design sensitivity analysis program has been written. The program can

41
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handle three types of constraint functionals; compliance, displacement,
and stress. Three types of elements (element types E21, E41, and E42)
can be used to model a structure and evaluate design sensitivities. A
flow chart of the program is given in Figure 3.2. To use the program,
the user sets the system control parameter, gives information about the
design variables, specifies the constraints, sets up his finite element
model. The finite element model is described in the runstream dataset
INIT MODL O 0, where all other information is given in the runstream
dataset PARA SET 0 0. After that, the program automatically computes
sensitivities for the given constraints and design variables. System

control parameters are as follows:

NLST = Number of load cases

LCAS - Actual load case

NBTD -~ Number of independent beam/truss design variables
NMDV - Number of independent membrane design variables
NPDV - Number of independent plate design variables

NDV - Total number of design variables

DE21 - Number of beam/truss elements
DE4]1 - Number of membrane elements
DE42 - Number of plate elements

DETO - Total number of elements

For simplification of the checking process only, the program allows

only one control parameter per finite element. For beam elements, the
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user can chose the height, the width, or a combination of both as
independent design parameter. Weighting values for beam design
parameter are introduced for selecting the height or width or any
combination as design variables. The weighting values for beam design
parameters are given in the table DESV VALU 0 O.

The relationship between elements and design parameters are defined
in the lists given below. For each element, there is one entry in the

appropriate table that gives the design variable group.

ED21 REL 0 0 Relationship for beam/truss elements
ED4] REL O 0 Relationship for membrane elements

ED42 REL 0 0 Relationship for plate elements

The constraint control parameters are

CCOM

Compliance constraint

CDIS =~ Number of displacement constraints

CS21 - Number of stress constraints for element typ E21
CS41 — Number of stress constraints for element typ E41l

CS42 - Number of stress constraints for element typ E42

CTOT

Total number of constraints

For every constraint group, with the exception of the compliance
constraint, a table is required to describe the location of the
constraint. For displacement constraints, two entries are needed for
each constraint. The first entry is the node number on which the

displacement sensitivity is evaluated and the second entry 1is the




45

direction of the displacement constraint. For each stress constraint
group (E21, E41, and E42) a separate table is needed that gives the
element numbers on which the stress constraint functionals are

evaluated. The tables are

ST21 LIST 0 0 - Gives the constraints for beam/truss elements
ST41 LIST 0 0 - Gives the constraints for membrane elements
ST43 LIST 0 0 -~ Gives the constraints for plate elements

For the stress constraint in a beam element (E21), the maximal
stress is at one of the four corners of the beam cross section. The
program computes stresses at four corners, finds the corner with the
largest absolute value of stress, and computes sensitivity of the
maximum stress.

Additional parameters are;

IDGP=1 - Pointwise stress at Gauss point case

IDGP=0) - Averaged stress case
(1) For E43 elements,

DE43 -~ Number of E43 plate eleménts

ED43 REL 0 0 Relationship for E43 plate elements

CS43 - Number of stress constraints for element type E43
For results,

CIND has an additional number between 60,000 and 70,000
indicating the stress constraint of E43 element.

(2) For pointwise stress constraint,

GPNO LIST 0 0 1Indicates the Gauss point at which pointwise
stress will be evaluated



For results,

DVAL E42 1 1

DVAL E41 1 1

46

The value of pointwise stress constraint functional
at Gauss point listed in input data set of E42

The value of pointwise stress constraint functional
at Gauss point listed in input data set of E41l
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CHAPTER IV

NUMERICAL EXAMPLES

In order to check whether the design sensitivity information
obtained is accurate, a comparison 1s made with the finite
difference AY, An appropriate design perturbation du must be selected,
in order to obtain a meaningful finite difference of the constraint
functional. That is, if Au is too small, AV = ¥(u + Au) - ¥(u) may be
inaccurate, due to loss of significant digits in the difference. On the
other hand, if 4u is too large, 4V will contain nonlinear terms and the
comparison with V' will be meaningless. The design sensitivity V' of a
constraint functional is the scalar product of the design sensitivity
vector-%% and the design variable perturbation vector Su. That is, the
perturbation of an element design parameter is multiplied by the
corresponding sensitivity component and the sum of all products is the

design sensitivity V',

4,1. Membrane

The finite element membrane model in Fig.4.1 is a simple plane
elastic solid that is restrained at one end and loaded with a
distributed tensile load at the other end. It contains 80 isoparametric
elements (EAL plane stress element, type E41), 105 nodal points, and 200
degrees of freedom, with the design variable thickness u = h(x).

Young's modulus and Poisson's ratio are given as E = 3x107 psi and

Y = 0.3, respectively. Each finite element has uniform thickness,
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so that a maximum possible number of design variables is 80. For
simplicity, a uniform thickness of h = 0.5 in. is used for the
sensitivity check.

Compliance sensitivity results are shown in Table 5, where

AY = Y(h + Bh) - ¥(h) and V' is the predicted value computed from

Eq. 2.1.9, with design perturbations of 6h = 0.0lh and $h = 0.05h. The
percent accuracy of the sensitivity prediction is computed using the
ratio ¥' x 100/4vy.

Table 5. Membrane Design Sensitivity
Check for Compliance

oh V(h) V(h+Lh) Ay yr Ratio %
0.01h 265.24 262.62 -2.63 -2.65 101.0%
0.05h 265.24 252,62 -12.63 -13.26 105.0%

Several discrete nodal points shown in Fig. 4.1 are selected to
check accuracy of design sensitivity of the displacement functional of
Eq. 2.1.19. 1In order to compute this equation, the adjoint
strain Eij(A) due to the adjoint load is needed. For each direction of
displacement on a node, there is a separate sensitivity calculation that
produces an adjoint strain eij(k). Design sensitivity predictions and

differences, with Sh = 0.05h, are given in Table 6.
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Table 6. Membrane Design Sensitivity
Check for Displacement

Node Dir.: V¥(h) Y(h+4h) AY 1A Ratio
No. %

74 X 3.297E-3 3.141E-3 -1.570E-4 -1.649E-4 105.0
74 Y -2.011E-4 -1.915E-4 0.961E-5 1.004E-5 105.0
105 X 6.631E~-3 6.315E-3 -3.157E-4 =3.315E-4 105.0
105 Y -3.996E-4 -3.804E-4  1.914E-5 1.995E-5 104.2

63 X 6.631E-3 6.315E-3 -3.157E-4 -3.316E-4 105.0

To check the stress constraint sensitivity of Eq. 2.1.27, the
equivalent nodal force of the adjoint load on the right of Eq. 2.1.37 is
éomputed for the finite element adjoint analysis and Eij(A) is obtained
for each constrained element. Design sensitivity results for von Mises'
stress functionals are given in Table 7, for several finite elements.
Perturbations are §h = 0.0l1h and 6h = 0.05h, for the von Mises' stress
criteria.

With all three constraint functionals, design sensitivity results
compared to the finite difference approximation are excellent. It is
interesting to note that in Tables 5, 6, and 7, the finite diéference
approximation is nearly 1% of the constraint functional when 6h = 0.0lh
and nearly 5% of the constraint functional when S6h = 0.05h. These
results also show that as ¢h approaches zero, the ratio V¥'/AV approaches

one.




Table 7. Membrane Design Sensitivity Check for Stress

(a) von Mises' Stress with Sh = 0.0lh

El. V(h) P(h+4h) Ay LA Ratio
No. %

1 10053.402 9953.863 -99.539 -106.804 107.3
10 9995.646 9896.680 <-98.966 -99.957 101.0
20 10000.141 9901.130 =-99.011 -99.999 101.0
21 8570.358 8485.503 —84.855 -86.209 101.0
30 10019.743 9920.537 -99.206 -100.197 101.0
40 10000.065 9901.054 -99.011 -99.996 100.9

(b) von Mises' Stress with 6h = 0.05h
El. VY(h) Y(h+4h) Ay P Ratio
No. %

1 10053.402 9574.668 -478.734 -534.021 111.5
10 9995,.646 9519.663 -475,983 =499.958 105.0
20 10000.141 9523.944 -476.,147 -499.996 105.0
21 8570.358 8162.246 -408.112 -431.046 105.6
30 10019.743 9542.612 -477.131 -=500.983 105.0
40 10000.065 9523.871 -476.194 -499.,982 105.0
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4.2 Bending of Plates

The clamped plate element model shown in Fig. 4.2 is uniformly
loaded with a pressure f(x) = -1.5 1b/in in the z direction. Since the
model is symmetric with respect to the center and symmetric boundary
conditions are applied, only one quarter of the plate is analyzed. The
quarter model contains 25 4-node quadrilateral thin plate elements of
type E42. It has 36 nodal points and 85 degrees of freedom.

The design variable is the plate thickness u = t(x). Young's
Modulus and Poisson's ratio are E = 30.5x107 psi and Y = 0.3,
respectively. The constant plate thickness is t = 0.4 in. Self-weight
of the plate is neglected.

Compliance sensitivity results are shown in Table 8, where

AY Y(t + bt) - ¥(t) and ¥' is the predicted value that is computed from
Eq. 2.2.11, with design perturbations 6t = 0.0lt and 6t = 0.05t. The 1%
design perturbation for the compliance constraint functional gives good
correlation between design sensitivity and the finite difference
approximation. However the 5% perturbation shows nonlinearity in the
compliance of the plate element.

Table 8. Plate Design Sensitivity
Check for Compliance

A Y(t) V(t+A¢t) Ay A Ratio %

0.01t 5.0016 4.8545 -0.1471 -0.1501 102.0

0.05t 5.0016 4,3205 -0.6811 -0.7502 110.2
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Several discrete points in Fig. 4.2 are selected to check design.

sensitivity accuracy for the displacement functional in Eq. 2.2.22.

In order to compute this equation, as in the membrane case, the adjoint

strain eiJ()\) due to the adjoint load is needed. Some displacement

results are shown in Table 9 for a design perturbation of &t = 0.0lt.

The design sensitivity results of Table 9 agree very well with the

finite difference approximation.

Table 9. Plate Design Sensitivity
Check for Displacement

Node ¥(t) b(t+4t) Ay b Ratio
No. %

9 1.9287E-3 1.8720E-3 -5.6720E-5 -5,786lE-5 102.0
10 3.0860E-3 2.9952E-3 -9.0760E-5 =-9,2579E-5 102.0
14 1.9287E-3 1.8720E-3 -5.6720E-5 -5.7861E-5 102.0
17 1.1349E-2 1,1015E-2  -3.3380E-4 -3.4046E-4 102.0
200 3.0860E-3 2.9952E-3 -9.0760E-5 -9.2579E-5 102.0
23 1.8585E-2 1.8038E-2 ~-5.4660E-4 -5.5753E-4 102.0
27 1.1349E-2 1.1015E-2  -3.3380E-4 -3.4046E-4 102.0
28 1.8585E-2 1.8038E-2 -5.4660E-4 -5.5753E-4 102.0
32 4.1105E-3 3.9896E-3  -1,2088E-4 -1.2331E-4 102.0
35 2.5256E-2 2,4514E-2  ~7.4280E~4 <=7.5767E-=4 102.0
36 2.7124E-2 2.6327E-2 -7.9780E-4 =-8.1372E-4 102.0




To check sensitivity of the constraint functional of Eq. 2.2.29,

the equivalent nodal forces of the adjoint load are computed with

Eq- 2.2-330

functional are given in Table 10, for several different elements.

perturbation for the finite difference calculation is &8t = 0.00lt.

Design sensitivity results for the von Mises' stress

The

Note

that even though the equivalent nodal force calculation for the adjoint

load is not consistent with the hybrid method, since a displacement

shape function is used, design sensitivity accuracy is excellent.

Table 10. Design Sensitivity Check for Stress

Von Mises' Stress with 6t = 0.001t

El. Y(t) P(t+At) Ay ¥' Ratio

No. %

1 451.13 450.23 -0.90 -0.889 98.7
2 1128.39  1126.14 -2.25 -2.185 97.1
3 1762.13  1758.61 -3.52 -3.476  98.7
4 2268.37  2263.84 -4.53 -4.518 99.7
5 2549.64  2544.54 -5.10 -5.097 99.9
7 1253.26  1250.76 -2.50 -2.543 101.7
8 1268.91  1246.42  =2.49  -2.471  99.2
9 1034.00 1031.93 -2.07 -1.967 95.0
10 809.66 808.04 -1.62 -1.460 90.5
13 1288.46  1285.89 -2.57 -2.548 99.1
14 1210.50 1208.09 -2.41 ~2.380 98.8
15 1084.12 1081.96 -2.16 ~2.134  98.8
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Table 10--continued

19 1534.12 1531.06 -3.06 -3.057 99.9
20 1680.28 1676.92 -3.36 -3.358 99.9
25 1963.52 1959.61 -3.91 -3.927 100.4

4.3 Beams

A cantilever beam finite element model shown in Fig. 4.3 is loaded
with a force F =‘[0.0 10.0 -10.0] 1b. at the tip. It contains 20 2-node
beam elements of type E21 and 21 nodal points with six degrees of
freedom each. The beam has a rectangular cross—section with constant
width and height, b = 0.5 in. and h = 0.25 in., respectively. Young's
modulus and Poisson's ratio are E = 30.5x107 psi and Y = 0.3,
respectively. Self weight is excluded in the analysis.

Compliance sensitivity results are shown in Table 11, where

AY = Y(u + du) -¥(u) and V' is the predicted value calculated from

Eq. 2.3.9, with design perturbations 6b = 0.0lb and $h = 0.0lh.

Table 11. Beam Design Sensitivity
Check for Compliance

8h Sp Y(u) Y(u+du) Ay P Ratio 7

0.0lh 0.01b 22.524 21.646 -0.8789 -0.9010 102.5




100.0

Figure 4.3. Beam Finite Element Model

Several discrete points along the beam are selected to check
accuracy of design sensitivity of the displacement functional of
Eq. 2.3.14. 1In order to compute Eq. 2.3.14, the beam curvature of the
adjoint displacement field is needed. Displacement results are shown in
Table 12 for design perturbations of b = 0.0l1b and 6h = 0.0lh. Results
show that design sensitivity predictions are close to the finite

difference approximation.
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Table 12. Beam Design Sensitivity

Check for Displacement
Node Direc V(u) V(u+bu) Ay v Ratio

No. tion %

3 3 -0.0272 -0.0261 0.00106 0.00109 102.6
6 3 -0.1613 -0.,1550 0.00629 0.00645 102.6
9 3 -0.3904 -0.3752 0.01523 0.01562 102.5
12 3 -0.6955 -0.6684  0.02713  0.02783  102.5
15 3 -1.0577 -1.0164 0.04130 0.04231 102.4
18 3 -1.4578 -1.4009 0.05690 0.05831 102.5
21 3 -1.8769 -1.8037 0.07320 0.07508 102.6
3 2 0.00546 0.00525 -0.2126E-3 -0.2192E-3 103.1
6 2 0.03229 0.03104 -0.001259 -0.001294 102.8
9 2 0.07814 0.07509 -0.003046 -0.003129 102.7
12 2 0.13918 0.13375 -0.005430 -0.005572 102.6
15 2 0.21162 0.20337 -0.008250 -0.008470 102.6
18 2 0.29167 0.28030 -0.011370 =0.011670 102.6
21 2 0.37551 0.36087 -0.014640 -0.015028 102.6

To check stress constraint sensitivity of Eq. 2.3.21, the

equivalent nodal force for the adjoint load and the right side of

Eq. 2.3.18 must be computed for finite element adjoint analysis and the

adjoint displacement field A must be obtained for each constraint

element.

Stress results for several finite elements are shown in Table

13 for design perturbations Sh = 0.0l1h and 6b = 0.0lb.
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The reduced accuracy in correlation between the finite difference
calculation and the first variation for the element number 20 results

from an inaccurate finite difference calculation.

Table 13. Beam Design Sensitivity Check for Stress

El. Fiber V¥(u) V(ut+du) Ay e Ratio
No. %
1 4 60613.5 58831.9 -1781.6 -1818.0 102.0
5 4  48187.0 46770.9 -1416.1 -1445.2 102.0
10 4  32654.9  31695.6 -959.3 -979.1 102.1
15 4 17121.3  16621.7  =499.6 -512.8 102.6
20 4 1592.9 1541.7 -51.2 -62.3 121.8

4.4 Bullt-Up Structures

A built-up structure that uses beams and plates is shown in Fig. 4.4,
The structure is clamped on two edges, with symmetric boundary
conditions applied along the other two edges. A uniform pressure
f(x) = 1.5 1b/in is applied on the top surface of the plate. The model
contains 20 beam elements (E21) and 25 plate elements (E42). Beam width
and beam height are two dependent design variables of the first
independent design parameter, and the plate thickness is the second
independent design parameter. The initial values are b = 0.05 in.,
h = 0.40 in., and t = 0.1 in. Young's modulus and Poisson's ratio for

the beams and plates are E = 30.5x107 psi and Y = 0.3, respectively.



60

Sym,

12

Sym
36
s
@
9 30
9
€9
23
@
(5]|is
|7

®

35
@7

®

34

10

|s@@ 16
2]

()

9

® | ®

33
5
27
2!
i3

r~ [
9,0, 0|6
3@ =]
@ 6|9 |0
SRS S S S RL R ey

Figure 4.4 Built-Up Structure Finite Element Model




Self weight is neglected. An example of the design sensi;ivity
vector-gg is given in Appendix Al.
Compliance sensitivity results are shown in Table 14, where
AV = Y(u+bdu) - ¥(u) and ¥' is the predicted value computed from
Eq. 2.4.4, with the design perturbations &b = 0.01b
and h = 0.0lh for the first control parameter and perturbation of
6t = 0.01t for the second control parameter.

Table 1l4. Built-Up Structure Design Sensitivity
Check for Compliance

Control v(u) VY(ut+ly) oY yr Ratio
Parameter %
1 110.084 109.086 -0.998 -0.9893 99.1
2 110.084 107.560 -2.524 -2.5577 101.3

Several discrete points in Fig. 4.4 are selected to check design
sensitivity accuracy for the displacement functional in Eq. 2.4.4. 1In
order to compute this equation, just as in the case of single
components, the adjoint strain eij(l) is needed. Some displacement
results are shown in Table 15 for the design perturbations &b = 0.01b
and Sh = 0.0lh for the first control parameter and a perturbation of 6t

= 0.0lt for the second control parameter.
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Table 15.

Built-Up Structure Design Sensitivity
for Displacement

Node Control Y(u) Y(u+bu) Ay b Ratio
No. Parameter %
8 1 -0.02115 -0.02131 0.000197 0.000196 99.6
8 2 -0.02115 -0.02102 0.000492 0.000498 101.2
9 1 —0.06217 -0.06157 0.000605 0.000606 100.1
9 2 -0.06217 -0.06078 0.001394 0.001420 101.3
10 1 -0.10086 -0.09992 0.000941 0.000937 99.6
10 2 -0.10086 -0.09857 0.002295 0.002324 101.3
11 1 -0.12491 -0.12372 0.001190 0.001192 100.2
11 2 -0.12491 -0.12209 0.002820 0.002855 101.2
12 1 -0.13473 -0.13348 0.001250 0.001242 99.3
12 2 -0.13473 -0.13166 0.003070 0.003111 101.3
15 1 -0.18204 -0.18032 0.001720 0.001715 99.7
15 2 -0.18204 -0.17792 0.004120 0.004174 101.3
16 1 -0.29650 -0.29375 0.002750 0.002727 99.1
16 2 -0.29650 -0.28974 0.006760 0.006845 101.3
17 1 -0.37298 -0.36955 0.003430 0.003407 99.3
17 2 -0.37298 -0.36447 0.008510 0.008626 10l1.4
18 1 -0.40049 -0.39683 0.003660 0.003628 99.1
18 2 -0.40049 -0.39133 0.009160 0.009285 101.4
22 1 -0.48626 -0.48186 0.004400 0.004365 99.2
22 2 -0.48626 -0.47511 0.011150 0.011300 101.3
23 1 -0.61524 -0.60970 0.005540 0.005478 98.9
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Table 15=-—continued

23 2 -0.61524 -0.60110 0.014140 0.014329 101.3
24 1 -0.66123 -0.65533 0.005900 0.005840 99.0
24 2 -0.66123 -0.64600 0.015230 0.015434 101.3
29 1 -0.78180 -0.77486 0.006940 0.006861  98.9
29 2 -0.78180 -0.76377 0.018030 0.018279 101.4
30 1 -0.84074 -0.83332 0.007420 0.007334  98.9
30 2 -0.84074 -0,.82131 - 0.619430 0.019688 101.3
36 1 -0.90440 -0.89647 0.007930 0.007836 98.8
36 2 -0.90440 -0.88347 0.020930 0.021217 101.3

To check design sensitivity of the stress constraint functional for
plate elements in the built-up structure, the equivalent nodal force for
the adjoint load of each constraint must be computed.' Design
sensitivity results for the von Mises' stress functional are given in
Table 16, for several different elements. The perturbations $h = 0.0lh
and Sb = 0.01b are for finite difference calculation of the first
control parameter and St = 0,01t is the perturbation of the second
control parameter. Note that the equivalent nodal force calculation for
the adjoint load is done with shape functions that are inconsistent with
the hybrid method, but this has no effect on accuracy of design

sensitivity calculations.



Table 16. Design Sensitivity Check for Plate Stress

Von Mises' Stress with 6t = 0.0lt

El. Control  V¥(u) V(utbu) Ay vt Ratio
No. Parameter %
1 1 3669.32 3635.34 -33.98 -34.11 100.4
1 2 3669.32- 3621.67 -47 .65 -42.95 100.6
2 1 9094.17 9005.53 -89.17 -86.17 96 .6
2 2 9094.17 8979.13 -115.04 -111.05 96.5
3 1 14410.77 14276 .46 -134.31 -132.65 98.8
3 2 14410.77 14223.77 -187.00 -184.91 98.9
4 1 18484.13 18309.74 -174.39 -172.25 98.8
4 2 18484.13 18245.95 -238.18 -238.23 100.0
5 1 20882.59 20688.57 -194.02 -192.30 99.1
5 2 20882.59 20611.15 -271.44 =-272.81 100.5
7 1 10370.80 10277.77 -93.03 -92.73 99.4
7 2 10370.80 10233.58 -137.22 -140.06 102.1
8 1 10381.71 10288.66 -93.05 -91.21 98.0
8 2 10381.71 10244.29 -137.42 -137.10 99.8
9 1 8802.67 8730.74 -71.93 -68.44 95.1
9 2 8802.67 8681.11 -121.56 -115.74 95.2
10 1 6956.20 6900.33 -55.87 -51.49 92.2
10 2 6956.20 6859.40 -96.80 -87.96 90.9
13 1 10757 .59 10664 .65 -92.94 -90.63 97.5
13 2 10757.59 10612.64 -144.95 =-143.94 99.3
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Table 16--continued

14 1 10079.36 9990.00 -89.36 -87.01 97.4
14 2 10079.36 9945.17 -134.19 -131.87 98.3
15 1 9011.52 8931.79 ~-79.73 =77.53 97.2
15 2 9011.52 8891.51 -120.01 -117.59 98.0
19 1 12794.24 12682.81 ~-111.43 -109.85 98.6
19 2 12794.24  12622.52 -171.71 -172.01 100.2
20 1 14073.98 13952.86 -121.12 -119.39 98.6
20 2 14073.98 13884.00 -189.98 -190.94 100.5
25 1 16610.25 16472.22 -138.03 -135.45 98.1

25 2 16610.25 16382.40 -227.85 -229.33 100.6

To check stress constraint sensitivity for beam elements in the
built-up structure, the equivalent nodal force for the adjoint load on
beam elements must be computed, so that the adjoint displacement field A
can be calculated. Stress results for several beam elements are shown
in Table 17.

The forward finite difference method has been used so far to check
the accuracy of the design sensitivity prediction. The prediction of
the gradient for the first design parameter is very small for the beam
element, which implies that the function has a nearly zero slope. For
better finite difference approximation, the central finite difference
method is used, to compare the accuracy of the prediction. The central

finite difference method is defined as



AY =

The perturbations are %b = 0.01b and Sh = 0.0lh for the first control

Y(u + du) - Y(u -

Ay)

2

parameter &u, and 6t = 0.0lt is the perturbation for second control

parameter.

Table 17. Design Sensitivity Check for Beam Stress

El. Fiber Control ¥(u)  V¥(ut+bdu) V(u-2u) Ay V' Ratio

No. Parameter %
1 4 1 40182.0 40191.2 40161.1 15.1 17.8 118.7
1 4 2 40182.0 39277.9 41109.3. -915.7 =915.7 100.0
2 4 1 7430.8 7457.8 7401.8 28.0 27.9  99.9
2 4 2 7430.8 7245.7 7621.7 -188.0 -188.0 100.0
3 4 1 -9945.1 -9947.6 =9939.7 -3.9 -4.6 117.4
3 4 2 -9945.1 -9721.0 -10174.6 226.8 226.8 100.0
4 4 1 -17328.3 -17337.9 -17313.5 -12.2 ~-13.1 107.4
4 4 2 -17328.3 -16934.5 -17732.,3 398.9 399.0 100.0
5 4 1 -20339.1 -20363.2 -20309.4 =-26.9 -28.1 104.5
5 4 2 -20339.1 -19867.9 -20823.6 477.9 477.8 100.0
6 4 1 82011.8 82049.4 81950.6 49.4 56.0 113.4
6 4 2 82011.8 80152.9 83919.1 -1883.1 -1883.1 100.0
7 4 1 17977.1 18035.4 17914.1 60.6 62.9 103.8
7 4 2 17977.1 17534.3 18433,3 =449.5 -449.6 100.0
8 4 1 -18646.6 -18639.5 -18648.1 4.3 1.7  40.0
8 4 2 -18646.6 -18234.8 -19067.7 416.5 416.5 100.0
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10

10

Table l7-—continued

-36874.1
-36874.1
-44467 .5

-44467.5

-36910.3

-36024.9

-44534.1

-43426.8

-36648.1

=37746.3

-44388.5

-45537.6

_41 .5

860.7

_72 08

1055.4

—43 05

860.8

-77 02

1055.3

104.7

100.0

106.1

100.0




CHAPTER V

CONCLUSIONS

Results of this study show that it is possible to combine the
design sensitivity algorithms of Ref. 1 with the database management
system of EAL. For stress constraints as performance criteria, it is
necessary to compute equivalent nodal forces for the adjoint load. For
plate elements, the EAL finite element analysis is based on a hybrid
formulation, but a displacement finite element formulation is used for
evaluating the equivalent adjoint nodal forces. Nevertheless, results
of the design sensitivity analysis are very accurate, which indicates
that it 1s not necessary to compute equivalent nodal forces for the
adjoint load using exactly the same shape functions that are employed in
finite element analysis.

A database management system with a finite element capability and
the adjoint variable method of design sensitivity analysis, permit
implementation of a design sensitivity analysis method that does not
require differentiation of element stiffness and mass matrices. It is
shown that a database management system can be used to implement design
sensitivity analysis, so only one program with one database is
necessary.

Work is progressing to extend the methods presented in this report
to include shape (geometric) design parameters. A domain method [17]
for shape design sensitivity analysis and a design component method [6]

for sensitivity analysis of built—up structures are used for software




implementation.

Numerical implementation and results of shape design

sensitivity analysis will be reported in Part II: Shape Design

Parameters.
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APPENDIX Al - DESIGN SENSITIVITY VECTORS
This appendix lists the design sensitivity vectors-%g for the
built-up structure for the compliance constraint, for the displacement
constraint at node 36, for the stress constraint in beam element 1, and

for the stress constraint in plate element 25.

Table 18. Sensitivity Vectors for the Compliance Constraint

Beam element %g— g%— Plate element %%—
i i
1 -11.62 -30.97 1 -9.83
2 -0.62 -1.65 2 =47 .94
3 -0.73 -1.94 3 -127.21
4 -1.97 -5.26 4 -219.05
5 -2.72 -7.26 5 -282.67
6 -47.55 -126.80 6 =47.94
7 -3.13 -8.34 7 -50.04
8 -2.51 -6.68 8 -50.25
9 -8.94 -23.85 9 - -38.58
10 -12.97 -34.58 10 -27.41
11 -11.62 -30.97 11 -127.20
12 -0.62 -1.65 12 -50.25
13 ~-0.73 -1.94 13 -59.09
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Table 18--continued

15 -2.72 -7.26 15 -59.77
16 -47.55 -126.80 16 -219.03
17 -3.13 -8.34 17 -38.58
18 -2.51 -6.68 18 -62.54
19 -8.94 -23.85 19 -114.17
20 -12.97 -34.58 20 -145.47
21 -282.65

22 =27 .41

23 -59.77

24 -145.47

25 -202.79

) -185.52  -494.66 ) -2557.65
Su 0.004 0.0005 Su 0.001
pr -0.7421 -0.2473 pr -2.557

In Table 18, the sum of the sensitivity components %g; i=l,***,n
is given in the third row from the bottom. When multiplying the sum of
the sensitivity components with the perturbation Su of the design
variable u, one gets the first variation, which is given in the last row
of Table 18. Note that this result coincides with results given in

Table 14. Results in Tables 19, 20, and 21 coincide with results given

in Tables 15, 16, and 17, respectively.




Table 19.

Sensitivity Vectors for the Displacement Constraint

Beam element %%- ‘;% Plate element %%
1 0.0604 0.1610 1 0.040
2 0.0074 0.0197 2 0.251
2 0.0010 0.0028 3 0.755
4 0.0144 0.0386 4 1.426
5 0.0286 0.0763 5 1.934
6 0.3205 0.8547 6 0.251
7 0.0405 0.1079 7 0.355
8 ~-0.0068 -0.0181 8 0.429
9 0.0587 0.1564 9 0.394
10 0.2098 0.5595 10 0.311
11 0.0604 0.1610 11 0.755
12 0.0074 0.0197 12 0.429
13 0.0010 0.0028 13 0.448
14 0.0144 0.0386 14 0.457
15 0.0286 0.0763 15 0.389
16 0.3205 0.8547 16 1.426
17 0.0405 0.1079 17 0.394
18 -0.0068 -0.0181 18 0.457
19 0.0589 0.1564 19 0.958
20 0.2098 0.5594 20 1.490
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Table 19--continued

75

21 1.934
22 0.311
23 0.389
24 1.490
25 3.744

)) 1.469 3.9176 )} 21.217

Su 0.004 0.0005 Su 0.001

yr 0.005876 0.0001958 P 0.021217




Table 20. Sensitivity Vectors for the Beam Stress Constraint

76

: Y 1) Y

Beam element DY w Plate element It
1 77168 -62100 1 -15002
2 9230 24614 2 -52185
2 -652 -1739 3 -80766
4 603 1610 4 -87753
5 1108 2955 5 -83260
6 -18728 -49942 6 -88775
7 -97 -258 7 -13790
8 -1728 -4608 8 4890
9 -2162 ~5765 9 3402
10 -1163 -3102 10 -1870
11 -13565 -36174 11 -111076
12 618 1648 12 23378
13 -2072 -5524 13 -45076
14 587 1565 14 -21198
15 1405 3746 15 -4547
16 -15697 -41858 16 -104176
17 -709 -1889 17 1248
18 -1428 -3807 18 -29999
19 -2440 -6506 19 -30033
20 -1815 -4841 20 -20950



Table 20--continued

21 -97175
22 137
23 -7950
24 -23568
25 -29563
)) 28463  -191975 )y -915657
Su 0.004 0.0005 Su 0.001
P 113.85 -95.99 2 -915.657

77




Table 21. Sensitivity Vectors for the Plate Stress Constraint

78

Beam element %% -g% Plate element "%%
1 -641 -1711 1 -361
2 -117 -312 2 -2660
2 19 51 3 -8478
-4 =201 =538 4 ~16560
5 =444 -1185 5 -22898
6 -3784 -10090 6 -2660
7 -865 -2307 7 =4650
8 1316 3509 8 -6543
9 2632 7018 9 -6805
10 -10611 -28298 10 -5715
11 -641 -1711 11 -8477
12 -117 -312 12 -6543
13 19 51 13 -7439
14 -~201 ~538 14 -6114
15 =444 -1185 15 4866
16 -3784 -10090 16 -16560
17 -865 -2307 17 -6805
18 1316 3509 18 -6115
19 2632 7018 19 -803
20 -10612 - -28299 20 2472



Table 2l--continued

21 ~22897

22 T 5714

23 4864

- 24 2472

25 -79195

) " -25392 ~67726 ) -229328
Su 0.004 0.0005 Su 0.001
P -101.57  -33.86 v -229.328
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APPENDIX A2 - SOURCE PROGRAM

AAUtT Ul

B3

%

G = e e e o e e e et o 1 i 4 e V. o 5 o s i 51 re o e 2 o < e —_

k-3

% Praograwm for computing the first variation of stress, displacament
£ and compliance constraints

E Written by B. DOPKER

# (29 DRIV GLOB) ENDDR IV
+

#DCALL, (29 PARA SET 0 0)

#DCALL, (29 INIT MODL G 0)

#DCALL, (29 DSA COM 0 O)

PA

#NETURN

#EMODRIY

© rmea e e i e e m o e o e o o o 0 e 2 14 2 o e e 2 ot e 2 e 2 2 i ot e s e e S e o o 2 e
£

#{29 PaAR&A SET 0O Q) ENDPARA

%
RS T=1 ¢ NUMBER OF LOAD CASES
'LCAas=1 t NORMAL LOAD CASE
4

4

‘~l’

'NETD=1 $ NUMEBER OF INDEPENDENT BEAM/TRUSS DESIGN VARIABLES
PINMDV=0 $ NUMBER OF INDEPENDENT MEMBRANE DESIGN VARIABLES
‘HNPDV=1 $ NUMBER OF INDEPENDENT PLATE DESIGN VARIABLES

£y

PRDVENBTDHMMDY NP DY

it
3

'RDE21=20 % MUMBER OF BEAM/TRUSS ELEMENTS
'CE41=0 ® NUMOER OF MEMBRANE ELEMENTS
'DE42=25 & NUMBER OF PLATE ELEMENTS

S
'DETO=DE21+DE41+CEA2

%

% DEFINE INITIAL VALUE FOR ALL DESIGN VARIABLES
+
4T AUS

TADLE(NI=2, NJ="NBTD"): DESV VALU Q O
=1 1.0 1.0

Lo

DEFINE RELATION BETWEEN ELEMENTS AND DESIGN VARTABLES (SIZING)

 ® e

& BEAM/TRUSS
HJIZ(DBEDL, 10)
TABLE(NJ="DE21", TYPE=0): ED21 REL 0 O



ORIGINAL PAGE IS
OF POOR QUALITY

=10
g1l
A N
BN RCH
NN
=19
=146
PSS IV
NEEDREN
NE N
=20
#LABEL 10
He o MEMHROME
L CDES L, 30
Tagie (MU="DE4L", TYPE=(G): 1 ED41 REL. O O

O Ut U SO Y

S S N U WIS (A D VU Y

W
+LABEL 320
B PlAaTe
#JZ2 (D402, 40)

TABLE (MI="DE4A2", TYPE=0): ED42 REL O 0

.
=¥
2
2
<
3
3
2’




SRR SRR

jtx]

J=23:
J=24
J=LG:
AL ABEL 40
$COMTRAINT DEFINITION

th

[
e

H A}

bt

LLOUM=O ,
'CDIS=0 4
LCE21=0
LCHGL=0
LCSATE]
OETR=CE2L+C841+CE42
#
PCTO M =CCOMICRDIS+CETR

13
e

b

+*

G &% & ¥

MUMBER

. PAGE 13
ORIGINAL
cr POOR QUALITY.

COMPLIAMNCE CONTRAINTS

NUMBER (OF DISPLACEMENT CONSTRAINTS

OF STRESS CONSTRAINTS IN BEAM/TRUSS ELEVENTS
NUMBER OF STRESS CONSTRAINTS [N MEMBRANE ELEMENTS
MUMBER OF STRESS CONSTRAINTS IN PLATE ELEMENTS

+TABLES FOR CONSTRAINT NODES/ELEMENTS

#JZICDIS, 100)

TABLE (MI=2, MJ="CDIS", TYPE=0): DICO LIST 1t 1

J=1 036 3
4 =29 3
% J=3 010 3
i3 J=4 11 3
% J5 112 a

alLABEL 100
wJZLCS21, 1100

TABLE (MJ="C821", TYPE=0):

LS M |
#LADBEL 110
%
#J2(C841, 130)

TABLE (HJ="CG41", TYPE=0) !

J=1 01

S 2y
% W=D 10
$ NELEEER L.
+ J=H 21
1 Sl 31
1 dmT bt
EN J=t 0 L4
stlLLADEL 120
+H

#JZ24C542, 140)

TABLE(MJ="CE42", TYPE=0):

% FIRST NUMBER IS THE NODE, SECOND IS DIRECTION

8721 LIST

ST41 LIST

ST42 LIST



J=io0 25
SLABEL 140
8
AL TURN

=427 INMIT MOOL O Q)
Ed
=07 Tab
START 3&
TITLE ‘TESTING OF MEMBRAME
MATERIAL CONSTANTS
1 303000600, 0.3
JOINT LOCATLIONS
t =200 --20.6 0.0
L =200 0.0 0.0
MREF
FURMe T=2
1,1, 50.0,30.0,0.0
G4
i 010
| 3
RECT 1, 0. 4G G, 0%
CONSTRAINT DEFINITION 1
Zerd L 2 &
1, 3&
SYMMETRY PLANE=
SYMMETRY Pl.ANE
JERO 1 2 3 4 9 &
i,6 1
2231, 46
#XQAT ELD
1721
13 14 1+ 3
25 246 1 0L
39 1 9
5 11 1 9
e
1 20 7 T 5% 9
#XaT E
AAQT EKS
*RXQT TaAN
4 GT W
A407 BRSI
43GT &U8
ALPHA: CASE TITLE
1 CUNIFORM ELEMENT PRESSURE
TABLE: NODAL PRESSURE
J=1, 36: -1.0
4XQT EQNF
RESET SET-="L.CAS"
#XGT S8l
RESET SET="LCaE*
# AT VPR
PRIMNT 1 STAT DISP "LCAS" 1
B3
LTEMP=DETO-DE21
#JLCTEMP, 200)

300.0

ENDPARA

ENDINIT

OF 80 ELEMENTES

0.0 —-20.
6.0 Q.

tod o]
oo
SO
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#UZIDEAL, 19&)
*XQT £9

PHNDE~ 2

QUTLTR=T

OUTPUT TYPE=ESH

U= STAT DISP “LCAS" |

4l 1
QuUTPYUT TYPF.=ES[)_‘ o ORIGINAL PAGE 1S
:;‘;:’;ISTAT DIGP "LCAS" 1 OF POOR QUAI.'ITY

L ADEL 194

*JZ(DE4A2, 197)

#XGT ES

PMODE =2

OUTLIG=1

OUTPUT TYPE=ESH

U= STAT DISP “"LCAS" 1
Ea2 1

OUTPUT TYPE=-ESD

U= BTAT DISP “lLCAS" |
Caz 1

wl.ABEL 107

dLoabtt. 200
'TEMP=FRLEE ()

P

AL TURN

ALMDINIY

]

R v s o o 2t o g e . o et e e e e i e et s A e o 2 e ot £ St e 0 o T e o e e i i e o e o -

$

#(22 LSA COM o 0) ENDDSAC

%

$ PREPARE DATA FOR LATER USACE IN SENSITIVITY CALCULATICN

“
»

*SZCME21, 40D

aUCALL, (29 PREP E21 0 0)
# ABEL. 40

#*JZ{DE4L, 50)

#DCALL, (29 PREP E£E41 O O)
a1 ABETL 50

+JZ(DES4S, &0)

#DCALL, (29 PREP E42 O O)
#.ABEL &0

%
£ LDOP OVER all. CONSTRAINTS
“;

'CLC=0 ® REGISTER FOR COMSTRAINT COUNTING
sUABEL BO0 :

POLOC=LLC

'ADLC=1000+CLC

RSI=0.0 % REGISTER FOR VARIATION SUMMATION
TURIST=0. O

PPN

FCLC

%
#DCALL, (22 ADJO COMP O 0)
*DCALL, (29 ADJD SOLU 0 0)
*DCALL, (292 SENS Cal.C O O)
+
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'CLCC=CLC- C0T
#MZ (CLLCE, DOA)
$

#RETURN

b {
#LMNDDEAC

e o o o e e e e e s e _
¢

4
YEMP=GL.C-1

VUENT=0

*JGZ(TEMP, 870)

WJZCCOM, 670)

k7

% COMPUTE COMPLIANCE

%

¥LQT DCU

TOCC 1 STAT DISP “LCAS" 1: N3="ADLC"
1

AJUMP 1600

*LABEL. 870

1

CTEMP=CLC-CCOM CDIS

G Z O TENP, 880)

%

%  COMPUTE ADJUINT FOR DISPLACEMENTS
i
CTEMP=CLC-CCON

$GET TEMP S ENTRY OF DICO LIST

VUENT=DS 1, "TEMP", 1 (1 DICO LIST 1 1)
VIDIR=DS 2, “"TEMP", L (i DICO LIST i 1)
%
44GQT AUS

SYGVEQC: APPL. FORC “"ADLC" 1
I="IDIR"

JEUUENTY

1.0

R

PTDIR=FREE ()

+
#JUMP 1000
%

=LLABEL 8GO

&

COMPUTE STRESS ADJOINTS

&

* &

FOR E21 STRSS CONSTRAINTS
YTERPCLC-CCOM-CD1S--C3521
CYEmMe

wJGLOTEMP, BR0)

F
PIEMP=CLC--CCOM-CDHIS

YRR

‘DE21

LGET TEMP 'S ENTRY OF 8T21 LIST

COERT=DS "TEMP, L 4 1 (1 5721 LIST 1 1)

ORIGINAL PAGE 1S
OF POOR QUALITY,
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o

% COMPUTE STRESS CONSTR FOR ELEMENT: JENT E21

®

#*DCALL, (29 ADJO E21 O O)
¢ ;

HAUMP 1060

o

stABEL 890

TEMP =CLOC-CCOM-CDIS-CS21-C541

TEMP

#SGLOTENP, 210)

PTEME-CLC~-CCOM-CDIS--CS21

RN
3GET TEMP 'S ENTRY OF ST41 LIST

Y41

VGENT=DS “"TEMP“, 1 , 1 (1 8741 LIST 1 1)
b3
$ CONPUTE STRESS CONSTR FOR ELEMENT: JENT E41
N .
~DCALl., (29 ADJO E41 O Q)
(j'

s UM 1000
EY
L ABEL 210

PIEMPEFRER ()

$ FOR E41 STRSS CONSTRAINTS
¢
]

¢ FOR E42 STRSS CONMSTRAINTS
PTEMP=CL.C-CCOM-CDIS-CE21-C541-CS42
CTEMP

#JGZ(TEMP, 1000)

%
PTERMP=CLC-CCOM-CDIS- C521-C541

PTEMP

tpeaz

$GET TEMP 'S ENTRY OF STA42 LIST

PUENT=DS "TeEMP", 1 . 1 (1 §8T42 LISY 1 1)

3
+ CCMPUTE STRESS CONSTR FOR ELEMENT: JENT E42
%
DCALL., (29 ADJO E42 O O)
%

#_ABEL 1000
' TEMP=FREE ()
VUJENT=FREE ()
7

aRETURRKN

\I}

#ENDADCO

#(29 ADJD SOLU O O ENDADSO
%

TTEMP=CLC-1

AJGLCTEMP, ¥89)



JZ(CCOM, B85}

THIS JUMP IS DONLY FOR COMPLIANCE CONSTRAINTS

th P %

FJUMP B84

%

#laBiEl. 8BY

#AGQT SSOL

RESGET SET="ADL.C"

%

#AGT VPRT

$

PRINT 1 STAY DISP "aDLC*
4

L. ABEL. BB&

4

'TEMP=DETO-DE?2]
wJZCTENMP, 158)
#JZ(DE41, 156)

®¥XQT ES

PraDE=- 2

QUTLLID=1

BUTPLT TYPE=ESH

U= STAT DIGF “ADLC" 1
Fa1

#LABEL 156

#JZ(DE42, 137)

= {GT ES

FirObDE=:2

OUTILIB =1

CUTPUT TYPE=ESH

U= STAT DISP "ADL.U" 1
Eda 1

#LABEL 157

#LABEL 158
'TEMP=FREECC)

+

A RETURN

# ENDADSO

*(2% SENS Cal.C 0 0) ENDSECA
4

'ICDV=1

PYEMP= O

*LABEL 300

IPSI=0. 0

£

*JZ (DE21, 140)

*DCALL, (29 SECA E21 0 O)

#LABEL 140

b
#JZ(DEAL, 150)

#DCALL, (29 SECA E41 O O)
#LABEL 150

$

4JZ(DE42, 160)

*DCALL, (29 SECA E42 O O)
“LADEL 160




%
LICDV
LY

PrODV=100V4

' TEMP =NLV-

LDV
Preme

B
aJGZ{TEMP,

4

£
#RETURN
£
HENDSECH

XA R B e

»
2]
—f
m
-
.

$
EXTRACT:
CREATE 13
¢

EXTRACT:
CREATE 13
%

EXTRACT:
CREATE 13
b

EXTRACT:
CREATE 13
$
EXTRACT.
CREATE 13
3
EXTRACT:
CREATE 13
4

»AQT DCU
TQCC
% 1F
P
#XQT AUS
tICOU=0
H_ABEL

THE PRINCIPAL.
TEMPORY LIBRARY IS 17.

i00

-1CDV+

000

PTEMP=FREL ()

VICDV=FREE ()

THIS SUBROUTINE IS

SOURCE=E21:

ILENG E21 O

SOURCE=ERQ1:

DIRC E21 O

SOURCE=E21:

ELNO E21 O

SOURCE=ER21:

MATP £2i ©

SOURCE=E21 :

CONMN E21 Q

SOURCE=E21:

sSPLO E21 0

13 COMN E21 O O
NOT ALL NODAL INFORMATION

PICOU=ICOUT L

‘P1=DE, 13,
'P2=DS, 14,
UX1=DS, 1,
'UY1=Ds, 2,
‘UZ1=DS, 3,
'RX1=DS, 4,
'RY1=DY, 5,

ORIGINAL PAGE IS _
OF POOR QUALITY .

ENDPE21

FOR ELEMENT TYP E21

LLIBRARY IS 13

WILL

CONTENT
0

CONTENT
o

CONTENT
0

CONTENT
o

CONTENT
0

CONTENT
0

TYPE=0

BE DELETED AT THE END OF THIS ROUTINE

SPEC:

SPEC:

SPEC:

SPEC:

SPEC:

SPEC:

GEOM 1 ¢ LENGTH OF ELEMENTS

GEDOM 5,13 $ DIRECTION COSINES

GEOM 14,31 $ ELEMENT-NODAL RELATION

2

MATE 1., $ MATERIAL PROPERTIES

INTE 1,18 % CONNECTIVITY

SECTION 146,23 $ STRESS POINT LLOCATION

IS IN GLOBAL COORDINATES USE LTOG

“ICOU", 1 (13 CONN E21 0 O)

“ICOU®, 1 (13 CONN E21 O 0O)

“P1*, 1 (1 STAT DISP “LCAS"
“P1",1 (1 STAT DISP “LCAS"
"P1",1 (1 STAT DISP “L.CAS"
"P1“, 1 (1 STAT DISP "“LCAS"
“P1", 1 (1 STAT DISP "“LCAS"

1
1)
1)
1)
1)



tRZ1=DSB, & “P1Y,
tUX2=Ds, 1, "P2",
Y2=06, 2, "p24,
‘UZ2=08, 3, P2,
'RX2=DS, 4, "P2",
'RY2=DS, 5, "F2",
'RZ2=05, &, "P2",
'PE=FREE ()

%

TABLE(NI=3, NJ=4): 17 EL21 DISP "“ICQu" 0O
J=100 tuUXLt o tuvile o tuzZae

J=20 URX1Y O URYLT O URZLM

J=3: ryxat  tuyar o vyzae

J=4 URX2" S "RY2" “RZ2"

DEFINE B1i=13 CIRC EZ21 O O

'P1=ICOU-149

'P1

TABLE (MI=73, NJ=3): 13 EL21 ROTA “ICQU" O
TRANSFER (SOURCE=B 11, IL{1M=7, SBASE="P1")
'Pi=FREE(

DEFINE B1i=13 E£L21 ROTA "“ICOU" O

DEFIME B12:=17 EL2t DISP “ICOU" O

13 DI21 ELRF "ICOU" O=RPROD(B11,B1l2)

(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)
(1 STAT DISP “LCAS" 1)

[ R gy

tUXt1=DS, 1,1.,1 (13 DI21 ELRF "ICOU" O)
'UY1=DG, &, 1,1 (13 DI21 ELRF "ICOU" O)
'uZ1=ps, 3,1.,1 (13 DI21 ELRF "ICOU" O)
'RX1=D8, 1.2, 1 (13 D121t ELRF "ICOU" 0O)
'RY1=DG, 2,2,1 (13 DI21 ELRF "ICOU" Q)
'RZ1=DS, 3,2, 1 (13 DI21 ELRF "“ICOU" G)
‘uxXa2=nS, 1,3,1 (13 DI21 ELRF "ICQU" 0)
'uya2=pg, 2,3,1 (13 DI21 ELRF “ICOU" O)
'UZ2=05, 3,3.1 (13 DI21 ELRF "ICOU" Q)
'Rx2=DE, 1.,4,1 (13 DI21 ELRF "ICOU" O)
'RY2=DS, 2,4,1 (13 DI21 ELRF "ICOU" O}
'RZ2=DS, 3,4,1 (13 DI21 ELRF "ICOU" O)
nY

'L=DS, “IC0OU", 1.1 (13 LENG E21 O O)
fICou
PAGP1=1. 0--0. O7735#L%0. 3
PRGP2=1. O+G. 3773535140, 5
'Al=-1.0/LxUZ1

AZ=s1 O/LsUL2
PUZG1=A1 A2

PUZGS=A14 AL

tAl=1. O/L

tA2=A 1Al

tAS=AZRAL

tEl=-6. O#A2

TE2=12. O#XGP1xnad
VE3=-4. QAL
'Ed=6. G XGP1uA2
VES=E340. 5
TWXGL=E1+E22UY]
'WXGL=~E3- E4#R{1L+WAC1
'WXGL=—E1-E2#UY24 WG L
HIXGl=~ES—E4#RXZ+WACL
'HYGL=EL+ERRUX1
'WYGL=E3+E44RY1I+YGL
'WYGL=—E1-E23#U 2+WYCL
PRWYGL=ES+E4aRY2+WYEL
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TERQ=12. O XGFP2#+A3
'Ed=4. O#XGP24A2
TWXGR2=E 1 +E2aUY1
TWXG2 =~E3-E4#RX1+WXE2
'WXGR=-El--E2#UY24WXE2
THXG2=~ES5-E4#4RX2+WXG2
THYG2=E1+E2#UXL
'WYG2Z=E3+E42RY 1 +WYC2
THYG2=-E1-E24UX2+WYG2
'HYGR=ED+E4#RY2+HYE2
'XGP1=FREE()

' XGP2=FREF. ()
YAL=FREE ()
'h=FREEC)
YA3=FREE()
'L=FREE ()
'E1=FREE()
'EI=FREE ()
PESB=FREE ()
'E4=FREE ()
LES=FREE()

TABLE (NI=2, NJ=3):

J=1: "UZGL"  *UZGR"
JE2: CWXGLM “WXGRY
JE3T TWYELY MWveRY
¥

'TEMP==ICOU-DE21
#JINZ (TEMP, 100}
'TEMP=FREE ()
'ICOU=FREE ()
'UZG1=FRECE()
YUZG2=FREE ()
'WXG1=FRCE()
'WAGR2=FREE ()
'WYG1=FREE()
'WYG2=FREE ()
YUK L=FREE ()
PUYL=FREE ()
PUZ1=FREE ()
'RX1=FREE ()
'RY1=FREE ()
'RZ1=FREE ()
TUX2=FREE ()
LUY2=FREF ()
tUZ2=FREE()
'RA2=FREE ()
'RYZ=FREE ()
‘RZI2=FREE()
#XQT DCU
ERASE 17
#RETURM

#XQT AUS
'ICOU=0

ORIGINAL PAGE IS
OF POOR QUALITY

13 ELST E21 "ICOU" O

ENDPE21

ENDSC21
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L ABEL. 100

PICOU=ICOU+ 1

'TEMP=DS 1, "ICOU*, 1 (1 ED21 REL O Q)

11CDY
'TEMP

'TEMP=TEMP-ICDV

#INZ (TEMP,

200)

‘R1=05, 13, “IC0Ut, 1
'F2=D5, 14, "ICOQU", 1
'UXL=Dy, 1, P11 €

PUYL=DS, 2 "R
tUZ71=049, 3, "P1Y 1
IRX1=DY, 4, "P1", 1 (
'RY1=DG, 5, "P1", 1
'RZ1=DG, &, "PL" 1

(
{

(
¢

'UXa2=0ns, 1, "P2%, 1 (
'UY2=D3, 2, "P", 1 (
'UZa2=be, 3, *P2". 1 (
'RX2=Dg, 4, "P2%, 1 (
'RY2=DS, 5, "P2", 1 (
'RZ2=Ds, &, *P2", 1 (

'P1=FREE()
IP2=FREE()
%

TABLE(NI=3, NJ=4): 1

=1, tuxae
=20 “RXLM
J=3: “ux2"
J=4: "RX2"

" U‘Y’ 1 "
“RY1e
" L)“ll‘z "
" RY2 "

DEFINE Bli=i3 EL2!L
DEFINE B12=17 EL21

17 DI21 ELRF
'uxt1=Ds, 1,1,
‘UY1=DS, 2,1,
'UzZ1=D8, 3. 1,
'RX1=DE, 1,2,
'RY1=DS, 2,2,
'RZ1=DS, 3,2,
tUX2=0bs, 1,3,
'uya=ns, 2, 3.
‘UZ2=DSs, 3,3,
'RA2=DS, 1.4,
'RY2=DS, 2, 4,
'R22=DS, 3, 4,

TICOU
$

tL=DS, "ICOuU", 1,1

“rcaut
17
(17
(17
(17
(17
(17
(17
(17
(17
17
17
(17

o e e i

(13 CONN E21 O O)
(13 CONN E21 0 O

1 STAT
1 STaT
1 STAT
1 STAT
1 STAT
1 STAT
1 STAT
i STAT
1 STAT
1 STAT
1 8TAT
1 STAT

7 EL21
“uz1"
"RZIN
~yza®
“RZQ“
ROTA *
pIsp *

DISP
DISP
DISP
DISP
DISP
DIse
DISP
DISP
DISP
DIsP
DISP
DISP

DISP

Icau»
Icou"

"ADLC
"ADLC
“AaDLC
“ADLC
“ADL.C
“ADL.C
“ADL.C
*ADLC
*ADLC
“ADL.C
“ADLC
“ADLC

"1
" 1)
" 1)
" 1)
" 1)
"1
“ 1)

" 1)
1)
" 1)
1)

“ICOU" “ADLC"

)
“aDLC

*ADLC"=RPROD(RE11

DIZ21
DI21
DI21
Diai
DIi21
D121
DI21
DI21
DI21
DIZ21
Di21
DI21

PXGP1=1. 0=0. 37735#L.#0. 95
PAGPR2=1. 040. S57735#{.40. 5
tAl=—-1. O/L#UZ1
tA2=1. 0/L»UZ2

'LHZ1=A1rA2
'LUZZ2=A114A2
tal=1. O/L
tal=Al#Al
PAD=A2RAL

tE1=-&. OHA2

TE2=12. O#XGP1+#AZ

TE3=-4. 0Nl

"E4T6, O#XGP 12AR

ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF
ELRF

" Icoun
“I1CouU"
" ICDU"
" ICOU"
“1Ccau"
" ICOU"
*Icau
“Icou
" I1COuU"
*I1coun
*Icaut
u ICD(JII

(13 LENG E21 O 0)

» Bla
“ADLC")
"apl.ct)
“ADL.C")
“apLc)
“ADL.C")
"ADLC")
“ADL.C")
“ADLC")
"ADL.C")
*ADLC*)
YADLC")
"aDLC™)
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PES=ETGR0. G
HAG1I=E1+ER24UY1
THXG1=~E3-E4#RX1+WXG1
tHXGI==E1-E2#UY2+WXU1
PLWX L =—~ES-E4#RX2+WLG1
TWYGL=EL+ER22UX L
PWYGLI=ES+E4¥RY1+WYGL
TWYGL=—E1-E2L4UX24WYCL
LY L =ES+E4#RY2+WYGL
'EQ=12 O#XGP2#AL
VE4=h. O#ACGFR24A2
TWXG2=EL1+E2RUY
TWXG2=—E3-E44RX L +WXG2
PHXG2=—E1-E2#UY24WXG2
NLWX2=-E3-E4#RAZ2+WXG2
PWYG2=E1+E2#UX 1
PWYGR=E3+EA4RY1+WYC2
TWYG2=-E1-E2#UX241WYC2
CLWYZ=ES+E4#RYZ2+WYGR
PXGP 1=FREE ()

P XGP2=FREE ()
VATG=FREE ()

VEJ=FREE ()

'E4=FREE ()

'ES=FREE()

'UZG1=D8, 1, 1,1 (13 ELS

tUZe2=08, 2, 1. 1 (13 ELST

'WXG1=DS, 1,2, 1 (13 ELST

TWXG2=DS, 2,2, 1 (13 ELST

'WYGL=DS, 1,3,1 (13 ELST
1 (13 ELST

‘WyGa=ns, 2, 3,
%

+ COMPUTE DESIGHNS SENSITIVITY

£
YE=DS, 1, M ICOU",

(13 MATP

1
'R=DS, 2, 100U, | (13 SPLO E21 O O}
1

'H=DS, 1, “I1COU",
IB=HZ. Q
PH=HR2, 0

'WEIR=DS 1, "ICDV", 1 (1 DESV vaALU
'WETH=DS 2, “1CDV", 1 (1 DESV VALU

'DELB=1. O®WEID*B
'DELH=1. O#WEIH#H

YICDV

PAL=UZGLRLUZE
'A2=ULIG2HLLZ2
'E1=AL+A2#*E#H#DELB#L/2
'E2=A1+A2#E4BHDELH#L/2
'PST1=PSI-EL1-E2
'El=Al+aA2#ExHRWEID#L /2
TE2=A1+AR#EABHWETH®L/2
'HDEL=-E1%#1. O
'HDEL=-E2%#1. O
Tal=WXG1alWX1
PAL=WXGRALWA2

'E1=AL1+A2#E#B#BRB#DELH#L./24. O

(13 SPLO E21 O 0)

E21 "ICOu" O)
E21 "Icou" O)
E21 “"ICOU" O)
E21 “ICOU" O)
E21 “ICOU" O)
E21 "“ICOU" 0)
E21 O 0)
0 0)
0 0)

TE2=AL1+A223. O*%E*H*B#B#*DELB#L/24. O

'PSI=PSI-E1-E2

'El1=Al+42#E#RBaB#E#WEIH*L/24. O

'E2=AL+AR#3. O#E#HB#BsWEIB#L./24. O

ORIGINAL PAGE IS
OF POOR QUALITY.
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'BDEL=BDEL--ERQ
'HDEL =HLEL-E1
PAL=WYGLI#LWY ]
TAR2=WY G2 LWY2
TEl=Aal+AR#ErHHRH*DELB#L/24. O

tE2=A1+A2#3. O#ExBiH#H#DELH*L /24 O

'PYI=PSI-E1-E2
TEl=Al+A24E#H#HHAWEIB*L/24. O

'E2=A1+A24#3. O#ZuBaHtHrWEIH*L/24. 0

' BLEL =BDEL-E1

'HDEL=HDEL.- E2

'PSI

.

' TEMP=CL.C-CCOM-CDIS-CS21-CS41-1
' TEMP=CLC~CCOM-CDIS--1
#JL.Z(TEMP, 135)

' TEMP=TEMP + 1-CS2i

#JIGZ (TEMP, 155)

' TEMP=CL.C-CCOM-CDIS

VUENT=DS “TEMP", 1 ., 1 (1 8T21 LIST 1 1)

PJENT

ITEMP =1COU- JENT
PUENT=FREE ()
*#INZ(TEMP, 1957
'G18=1.0
'GIH=1. 0
'TEMP=POIN-2
#JUNZ (TEMP, 444)
'SIB=~1.0G
'OIH=1. 0

#OUMP (448)
#LABEL 444
'TEMP=POIN-3
H#JINZATEMP, 446)

'S1B=-1.0
PSIH=-1.0

#JUMP (448)

#LABEL 444

TEMP=POLIN~-4

#INZ(TEMP, 448)

'SIB=1.0

PSIH=-1.0

#LABEL 448

'SIB

SIH

ES

PINTI=WXGLHWAG24#E#Q. 25+DELB*SIB
PINT2=WYGL+WYCZ#E«+0. R5#DELH*SIH
'PS1
'PEI=PSI-INTI-INT2
‘Pel
VINTI=WXGLHWXG2#E+0. 2
VINT2=WYGL+WYC24#E#0. 2
'HOEL=HDEL-INTZ
'BDEL=BDEL-INT1
'INT1=FREE()
'INT2=FREE ()
'SIB=FREE ()
'SIH=FREE ()

ES

S#WEIB*SIB
ORWEIH#*#SIH
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#LADBEL. 199 R
\ TEMP=FREE () ORIGINAL PAGE IS
I DELB=FREE() OF POOR QUALITY
I DELH=FREE () :

$ £
LICOU

LRER D

'BDEL

'HIDEL

'AL=FREE ()

tag=FRER ()

'E1=FREE )

1E2=FREE ()

YesFREE ()

151Gt =FREE()

tSIG2=FREE()

%
A€ ABEL. 200
fTEMP=ICOU-DE21
#JNZ (TEMP, 100)
CICOU=FREE()
CTEMP=FREE ()
TUZG1=FREE ()
VUZG2=FREEC)
"WAGL=FREE ()
TWXG2=FREE ()
TWYG1=FREE ()
1WYGR=FREE()
HLUZ1=FREEC)
ILUZ@=FREE()
WX 1 =FREE ()

‘L WX2=FREE()
TLWY 1 =FREE ()
HLWY2=FREEQ)
LESFREE ()

| B=FREE )

"H=FREE ()

'YX 1=FREE ()

TUY 1=FREE ()
tYZL=FREEO)
IRX1=FREE()
IRY1=FREE()
'RZ1=FREE()
HJX2=FREE ()
tUYR2=FREE()
TUZ2=FREE()
tRX2=FREE ()
IRY2=FREE ()
'RZ2=FREE ()

#RETURN

# , ENDSC21

#(29 apJo E21 G O ENDAD21
%
#XQT AUS

4

3  COMPUTE AVERAGE ELEMENT STRESS
*



'UZG1=DS, t, 1,1 (13 ELST
1UZG2=DS.2,1,1 (13 ELST
'WXGi=DS, 1, 2,1 (13 ELST
'WXG2=DS, 2, 2,1 (13 ELST
'WYG1=DS, 1,3,1 (13 ELST
TWYG2=DS, 2, 3,1 (13 ELST
'L=D8, “JENT", 1,

'B=D3, 2, “JENT"
tH=DS, 1, "JENT"
'D=0#2. O
tH=H=#2. O

'H

)
'SICGLI=E®xUZIGL
'SIGCL=-E#0. 9#BxUXGI+SIG1L
'SIGLI=—E#0. S*HWYGLI+SIGL
1SIC2=E#UZGC2

'SIG2=-E#Q. S#BRWXG2+5IG2
1EIGR=-Ex#]. S#HrWYG2+5IC2
TUMS1=SIG1+SIC24#0. 5
'SIGL=E+UZG1

'SIGI=+E#0. 5#B#WXG14SIG1
'SIGL=-"F#0. HYaH*WYGL1+5IGL
'S1G2=E+4UZIG2

'SIG2=+E#0. S#B*UWXG2+SIC2
'SIG2=~E#Q. SaH*WYG2+8IG2
VMES2=SIG1+516G2%#0. 5
‘SIG1I=E#VUIGT

'SIGI=+ERQ. S#B#*WXGLI+SIG1
'SIGI=+E#0. 93tH#WYGLI+51G1
'SIG2=ExUZC2

'1SIG2=+E#D. S#B*WXGR24+4S51G2
'SIG2=+E#(. SHH*#WYGI+SIC2
PUME3=8IG1+51IG62#0. 9
'SIGI=E#UZG1

'SIGLI=-E#0. 9#B#WXGLI+S5IG1
'SIGLI=+E#0, S*HAWYGI+SIG1T
1SIG2=E+UIC2

'SIG2a=—-E#Q. S#R*WXG2+8IG2
'SIG2=+E40. SaH#WYG2+8I1G2
'VMS4=851G1+51G240. 5
'UZG1=FREE ()
VWZGE2=FREE()
'WXGI=FREE()
'HXG2=FREE ()
'WYGTI=FREE()
'WYG2=FREE ()

'VMEL

'YMS2

'VIMS3

CVME 4

'VMC 1=ABS (VST
PVMC2=AD N (VME2)
'YMC3=ABS (VMS3)

VMG 4=A05 (VMS4)
'UMST=VMS 1

TVMCS=VMC L

PPOTN==1

tS5IB8=1. 0

1

'E=DS, 1, "JENT", 1 (13 MATP
I1
11

E21
E21
E21
E21
E21
E21

"JENT"
“JENT"
“JENT"
"JENT*
" \JF—NT 111
"JENT*®

(13 LENG E21 0 O)
E21 0 O)
(13 6PLO E21 O O)
(13 SPLO E21 © O)

0)
o)
o)
0)
)
o)
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1SIH=1. 0
L COMP=VMCS--VMC2

#JGZ(COMP, 444) ORIGINAT o v
FYMST =VMER RN Pﬁé(%gfh
POIN=2 CE PO At e

151IB=-1.0

'SIH=1.0

aLABEL 444
PCOMP=VMCS-VMCT

# U2 CCNIR, 4459)
'VMST=Vi53

PO IN=3

'5IB=-1.0

YGIH=-1. 0

#LABEL 4495

' COMP=VMCE--VMC 4
HIGLCCOMP, 446)

LVMET =VME4

'POIN=4

'S$1B=1. 0

TS IH=~-1. 0

#+_ ABEL 446

VST

'POIN

PCOMP=FRELIZ()
'VMSL=FREE ()
'VMS2=FREE ()
'VMS3=FREE ()
'YHS4=FREE ()

'YHC 1 =FREE ()
'WMC2=FREE ()
'VMC3=FREE.()
'WIMC4=FREE ()
'YMCS=FREE ()
'SIGLI=FREE()
'SIGR2=FREE()
YXGP1=1. 0-0. 377354L#0. 5
'XGP2=1. 0+0. S7735#L#0. 5
'AD3=~1. OnE/L

'ADI=1. OHE/L.

tal=1. OQ/L

'AZ=A14A1

'a3=AR2#Al

'El=-4&. O%A2

'E2=12. O#XGP1#43
'E3=—4. OxAl

'E4=S O#XGPIuA2
‘ES=E340. 5

EE&=12. OXGP2rAT
VE7=6. O#AGP2RA2
'AD=2 O#E1+E2+EL/2. 0
'ADR=-ADREXSIB*B/2. O
'AD1=-AlME#G [H#H/2. O
'AD=—-2. O+E1-E2-E&6/2. 0
'ADB=—-AD*E#SIB*B/2. O
'AD7=-ADREX*SIH#H/2. O
'AD=2. OFESH+EA+ET /2. 0
'AD4A=AD®E#SIB«B/2
'ADS=~ADHE#SIH*H/2. O
'AD=2. O0*ES1E4+ET7/2. 0



PADLO=AD®EXSIB+B/2. O
'AD11=-AD®EXSIH#H/2. O

'AHD=FREE ()

'XGP1=FREE ()

' XGP2=FREE ()

'F=FREE ()

'B=FREE ()

'H=FREE ()

'L=FREE ()

TAI=FREE ()

PA=FREEO)

'A3=FREE ()

TEL=FREE ()

TEQ=FREE ()

'E3=FREE ()

'E4=FREE ()

tES=FREE ()

'EA=FREE ()

'E7=FREE Q)

ISIB=FREEC)

'SIH=FREE ()

TABLE(NI=3, NJ:=4): 17 ROTA AD21 "aDLC
J=1: “ADL"  ap2"  “"AD3"

J=2: "AD4Y  tans” 0.0

J=3: “ADTC “aDB"  “ADS"

J=4: “*AD10O" “ADRLI1" 0.0

DEFINE B11=13 EL21 RATA “JENT® O

17 EL21 ROTT “JENT" O=RTRAN(B11)
DEFINE B12=17 EL21 ROTT "“JENT" O
DEFINE Bi1i=17 ROTA AD21 "ADLC" O

17 GLAD EZ21 “ADLC" O=RPROD(B12,B11)
'AD1i=Du, 1.,1.,1 (17 GLAD E21 "ADLC"
tAD2=DS, 2. 1,1 (17 GLAD E21 "ADLC"
tab3=DS8, 3.1,1 (17 GLAD E21 "ADLC"
tAD4=DS, 1,2.1 (17 GLAD E21 "“ADLC"
'AaLS=0G, 2, 2,1 (17 GLAD E24 "ADLC™
'ADL=DS, 3. 2,1 (17 GLLAD E21 “ADLC"
'AD7=DS, 1.3,1 (17 GLAD E21 "ADLC"
'aDB=DS, 2,3,1 (17 GLAD E21 "ADLC"
'AD9=DS., 3,3.1 (17 GLAD E21 "“ADLC"
PAD10=DS, 1. 4,1 (17 GLAD E21 "ADLC"
'AD11=DS, 2,4,1 (17 GLAD E21 "“ADLC"
tAD12=DS, 3,4.,1 (17 GLAD E21 "“aDLC"
'PL=DS, 13, "JENT", 1 (13 CONN E21 0 O)
'P2=DE, 14, "JENT", 1 (13 CONN E21 O O)
SYSVEC: APPL. FORC "ADL.C* O

I=1
J="P1t o "Aabt
="p2 . "ADR7"
1=2
S=UP1t o tapat
J=rp2ar o tang”
1=3
J="e1t 0 tAapge
J=EUP2R 0 tang
1=4
="pLY o "AD4"
="p2% ¢ Yapio”
=9

J="PLM L MADS

00

o)
o)
0)
0)
o)
)
o)
0)
o)
(o}
o)
0




\J:‘.PQ 113
I=:4
Jznppe

=UpP o

vabDi1®

“ADG"
“aniat

IPL=FREF ()
'PR=FREE ()
'ADL=FREE ()
'AD2:=FREE ()
'AD3=FREE ()
YAL4=FREE ()
'ADS=FREE()
TADG=FREE ()
'AD7=FREE()
'ADB=FREE ()
'ADP=FREE ()

ORIGINAL PAGE 1S
OF POOR QUALITY

'ADLO=FREE()
'AD1 1 =FREE ()
YAD12=FREE ()

#XQT U1
#*SHOW

#XQT DCU

ERASE 17

2RETURN

3 ENDAD21

e et e et e e e e e o e e e e e e e e e

‘3‘.

#(29 PREP £41 O O) ENDFE41

Q’,

% THIS SUBROUTINE IS FOR ELEMENT TYP EA41l

:2 .

$ THE PRINCIPAL LIBRARY IS 14

¢  TEMPORY LIBRARY IS 15 CAN BE DELETED AT THE END OF THIS ROUTINE
%

#XGQT EI1

L 3

EXTRACT: SOURCE=E4l:  CONTENT SPEC: GEOM 1 $ AREA OF ELEMENTS
CREATE 14 AREA E41 0 O

%

EXTRACT: SOURCE=E41: ~ CONTENT SPEC: CGEOM 5,12 % LOCAL ELEM. REF. FRAME
CREATE 14 ELRF E41 0 O

&

EXTRACT: SOURCE=E41:  CONTENT SPEC: GEOM 22,57 & ELEMENT-NODAL RELATION
CREATE 14 ELNO E41 0 0

%

EXTRACT: SOURCE=E41:  CONTENT SPEC: MATE 1,2 % MATERIAL PROPERTIES
CREATE 14 MATP E41 0 O

‘.‘)

EXTRACT: SOURCE=E41:  CONTENT SPEC: INTE 1,1& % CONNECTIVITY
CREATE 14 CONN E41 0 O :

l’,

EXTRACT: SOURCE=E41:  CONTENT SPEC: S 1,25 $ HINV T

CREATE 14 HIT E41 0 O

kS

#XGT DCU

TOCC 14 CONN E41 0 O TYPE=0

#XQT UL

'ENT1=0. 6220084
'ENT2=1. 0/4. 0
YENT3=0. 0446582

#TI(14

SHAP FUNC 1 1)
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HENTL® SENT2Y “ENT3" “ENT2"
BENT2" “ENTLY O MENT2Y “ENT3M
"ENT3" “ENT2" YEMTIY "ENT2"®
"ENT2" YENT3Y “ENT2Y  “ENTL"
'ENTLI=FREE ()
VENT2=FREE ()
'ENT3=FRE()
&
AXQAT AU
'ICOU=1
'TEMP=0
#LABEL 200
'TEMP=FREE()
'Bi=I1COU-14#8
DEFINE Al=14 ELRF E41 O O
TABLE(NI=2, NJ=4):15 ELEM REFT “ICOU" 99
TRANSFER (SOURCE=A1l, ILIM=8, SBASE="B1")
‘Bl=FREE()
DEFINE BQi=19% EI.EM REFT "ICQUY" 99
14 ELEM REFE “ICOU" O=RTRAN(BQ1)
$
% COMPUTE DETERMINATES FOR INTEGRATION
Yil=1
'GP1=0.97/35
#LABELL 359
'PXI=-1. 04uP1
PET=—1. O3GP1
"TEMPR=11-2
#FIUNZ (TEMP, 35)
'PXI=+]1. OHGP1
PET=-1. 0%4GP1
=L ABEL. 39
'TEMP=IL -3
# JMZ(TENP, 37)
'PXI=+1. Q#GP1
PRPET=+1, OaGP1
l_ABEL 37
'TEMP=IL-4
#INZ(TENP, 39)
'PXI=—1. O=xGP1
'PET=+1. OxGP1
#L ABEL. 3%
'PpUFL=-—-1. O+PET*0. 25
'DUM=—~1. QO+ XI#C. 259
'DUMB=+1. O-PET+0. 25
'DUM4=-1. 0-PXI#0. 259
PDUMS=+1. O+PET#0. 25
'DUME=+1. O+PXI*0. 25
'DUM7=-1. O-PET*0. 25
DUMB=+1. O-PXI#0. 229
TABLE(NI=2,NJ=4). 15 HFELP E41 "“IL" 99
: "DUMT"  “DuMRe

"puUM3" rpuMa
: “DUMS"™  “DUns
: "DiW17¢ v pumge
DEFINE E1=15 HLLP Ed41 “IL" 99
DEFINE BEB2=14 ELEM REFE "“ICOU" O
15 JaC E41 "ICOU" "IL“"=RPROD (E1,BB2)
'DUMLI=DS 1,1,1 (15 JUAC E41i “ICOU" "“IL")
'DUMZ=DS 1,2,1 (15 JAC E41 “ICOU"™ “IL")

| G S S
|}
& W




'DUM3=DS 2, 1,1 (1% JaC E41 "icOou"
'DUM4=DS5 2, 2,1 (15 JAC E41 "ICOU“

' DUIMS=DUML #DUM4
'DUME=DUM2#DUM3
' DUMB=DUMS~-DUME
' puMs
'TeEMP=iL-1
#JINZ(TEMP, 43)
'DET1I=DUMB
#JUMP 53

ALABEL. 45
'TEMPR=IL-2

S UNZ CTEMP, 47)
'DET2=DUMSB
*JUMP 53

#L_ABEL. 47
PTEMP=IL-3
#JINZCTEMP, 49)
{DET3=DUMB
#JUMP 53

sl ABEL 49
'TEMP =1 -4

* JINZ CTENMP, 92)
'DET4=DUMB
4lLABEL 53
CIb=It+t
TEMP=IL -9
RJINZ(TEMP, $9)
TABLE(NI=4,NJ=1):14 DETE E41
J=1. “DETi1" “DET2" "DET3"
'DETL=FREE ()
'DET2=FREE()
'DET3=FREE()
'DE F4=FREE()
'DUML=FREE ()
'DUM2=FREE ()

' DUM3=FREE ()
DUMA=FREE ()
'DUMS=FREE ()
'DUM&=FREE ()
'DUM7=FREE ()
'DUMB=FREE ()
'IL=FREEC)
'PAXI=FREE ()
'PET=FREE ()
'GPI=FREE()

%

DEFINE BB1=14 SHAP FUNC 1 1

" ICOU’I
“DET4"

DEFINE BDR2=14 EILEM REFE “ICQU" O
(BB1, BB=2)

15 ¢AUS POIN “ICOU" O= RPROD
L

'XGP1=DS 1,1,
'YGP1=D8 1,2,
'XGP2=DS 2.1,
'YeP2=0S 2,2,
'XGP3=DS 3.1,
'YGP3=DS 3,2,
'AGP4=0S 4,1,
'YGP4=DS 4, 2,
E

(15 GAUS POIN
(15 GAUS POIN
(13 GAUS POIN
(15 GAUS POIN
(15 GAUS POIN
(1% GAUS POIN
(13 GAUS POIN
(15 GAUS POIN

T e e

“Icau”
“ICOU”
“Icou"
" ICDUII
“ICOu"
“1COu*
“1cou*
“Icoy”

wyp )
1l IL“ )

0

o)
0)
o)
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TABLE(NI=12, NJ=5): 14 PMAT E41 "ICDU“ 0

J=1: 0.0 0.0 1.0 0.0 0.0 .0 0.0 0.0
=2: 0.0 1.0 0.0 0.0 1.0 0 o 0.0 1.0
J=3: 1.0 0.0 0.0 10 0.0 0.0 1.0 0.0
J=4: “YGP1" 0.0 0.0 "YGP2" 0.0 0.0 "YGP3"* 0.0
J=3: 0.0 "XGP1" 0.0 0.0 "XGP2" 0.0 .0 “XGP3
'XGP1=FREE ()

'YEP L=FREE ()

VAGP2=FREE ()}

YYGP2=FREE ()

VAGPR3=FRELE ()

'YGP3=FREE ()

PXGPA=FREE ()

'YGPRA=FREE ()

3

tNU=DS 2, "ICcOu”, 1 (14 MATP E41 O 0O)
'NUP1=NU+1. O

TNU=~1. Ox=NU

$

TABLE(NI=12, NJ=12): 14 SIEP E41 "“ICOU" O

JE1 1. G0 "NUY 0.0 0.0 0.00.0 0.00.00.0
J=2: "NU" 1.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0
J=3: 0.0 0.0 “NUP1L" 0.0 0.0 0.0 0.0 0.0 0.0
J=4: 0.0 0.0 Q.0 1.0 “NU* 0.0 0.0 0.0 0.0
J=3: 0.0 G.0 0.0 U“NU" 1.0 G. O 0.0 0.0 0.0
J=6 6.0 0.6 0.0 0.0 0.0 "NupPL" .0 6.0 0.0
J=7- 0.0 0.0 0.0 0.00 000 1.0 “NU" 0.0
J=8: 0.¢G 0.6 0.0 0.0 0.0 0.0 “NU" 1.0 0.0
J=%: 0.0 0.0 0.0 0.00.00.0 0.000 "NUPL"
J=10. 0.0 0. 0 G. O 0.0000.0 000000
J=11 O 00000 0.00.00.0 000000 "N
J=132: .0 0.0 0.0 0.0 0.000 0.0000.0 0.
!NU=FREE()

INUP L =FREE ()

: ¥

'TEMP=FREE ()

'B1=ICOU--i#5

DEFINE A2=£5B E41 1 1

TABLE(NI=39, NJ=1):15 BBB E41 “ICQu" 0O
TRANSFERR (SOURCE=AZ2, ILIM=5, SBASE="B1")
'D1=FREE()

4

DEFINE BB1=14 PMAT £41 *"ICQU" O
DEFINE BB2=15 BBB E41 "ICOU" O
'SAGR=DS 8, "ICOU", 1 (14 CONN E41 O 0O)
'00TH=NS 226, "SAGR", 1 (1 S8A BTAB 2 13)
14 GPST E41 “ICOU" O= RPROD (“0OOTH" BB1,BB2)
'OOTH=FREE ()

'SAGR=FREE ()}

¢

'ICHU=IC0U 1

'TEMP=DE41~-1C0OU+1

#JCZ(TEMP, 200)

'B1=FREE()

PICOU=FREE()

TTEMP=FREE ()

|9
#AQT DCU
ERASE 19

AHETURM

ocCoocoosoooo

1.0 0.0
0.0 G. 0
0.0 1.0
0.0 "YGP4"
0.0 0.0 "X
006000
0 0.00.0
00.000
0 0.0 0.0
0 0.00Q.0
0 0.0 0.0
0 0.00.0
o 0.0 0.0
0O 06000
“NU" 0.0
1.0 0.0
0.0 "NUPL"

OO0GCCO
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# (29 SECA E41 G O)

ES

#XQT AUS

e

VICDU-s1

CTERIP=0

wLABCL 2

)

GO

#INZCTEMP, 195)

e

tR1=1C0OU- 145

DEF TRE
TABIE (MNI=5,
TRANSFERR (SOURCE=AZ,

YO FREEC)

'+

TELCGR=DS 1, "1COU", 1
'TEMP=ELGR-ICDV

A2=1 ESE €41
NJU=1):15 BBB E41

PSACR=DS &, *1CauU",
0TH=DS

15 GrST E4l

26, "SAGR", 1
"I C oue

PO0TH=FREE ()
ISAGR=FREE()

+

DEFINE Bi1=14 SIEP
DEFINE B12=13 GPST

E 3

i
l
L T B )

£ WM -

oo

LN

¢
-
o8]

-
"~

3L

=S
=08
=0BS
=DSg
S 1
-Ds
=08
DS

'$110=D§
'SI11=08
'5112=D8

TEP 1
tepR
VEPD
1P 4
'EPS
'EP&
'EP7
'EPH
TP

=0G
=Dyg
=D8
=Dy3
=08
=D8
=DSg
=D&
=DE

'EP10=08
'EP11=DS
'EP12=DS

3

1.1,
2, 1.
3,1,
4, 1.
3, 1,
&, 1,
71 .ll
8, 1.
1.1
10.1,1

e e R

11,1.1

12, 1,1
i.1,1
2, 1,1

~ & =

T T

3' 1[
4l 1
5‘ 1
6! 1
71 ll
E:l 1’
2, 1.1
10, 1,1
1i, 1,1
12, 1,1

{EP1=SI1%EP1
FEP2=SI24EP2

14 GPEP E£41 “ICQU"

(14
(14
(14
(14
(14
(14
(14
(14
(14

(14 CPST E41
(14 GPST E41
(14 GPST E41

(14
(14
(14
(14
(14
(14
(14
(14
(14

(14 GPEP EA41
(14 GPEP E41
(14 GPEP E41

EMNDPE4L

ENDSC 41

(1 ED41 REL. O

" ADLC "

ILIM=G,

" ICDUN

1
“ ICDU"

Q)

"CLC 1"

SBASE="B1")

DEFINE BB1=14 PHAT E41 “ICOU" O
DEF (NE BB2=13% BBB E41

“ CLC "

1 (14 CONN E41 O O)

“CL.C

E11
EA1

“Cl.C"= RPROD (B11.RB12)

GFSY
GPST
CPST
cPSY
GPST
GPST
GPST
GPST
GPST

CPEP
CPEP
GPEP
GPEP
GFEP
CPEP
CPEP
CFPEP
CPEP

(1 SA BTAaB 2 13)

“ = RPROD ("DOTH"

“ICOU" O
"ICDU" IICLcu

E41
E41
Eql
E41
E41
E41
E41
E41
E41

E41
E41
E41
Eq41
Eq1
E41
E41
E41
E41

"1COU"
"Icou”
“1cou”
“1COU"
“1cou"
“I1COU"
“1cou"
“1cou”
“1cou”
" Icou”
“Icou"
“1cou"
“Icou”
“1cou*
"1Cou”
“1cou"
“Icou"
“Icou"
“1cou”
"Icou”
“1cou”
“rcoy"
"1COU"
“Icou"

0}
0)
Q)
0)
0}
o)
o)
o)
o)
Q)
Q)
0)
IICLC "
“cLee
"cLGt
IICLC "
lchC "
llCl-C "
“CL.C"
“CLC "
IICLC 1"

"CLC w
“CLC "
ucLC "

L L

ORIGINAL PAGE IS
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BB1, BB2)

)
)
)
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TEP3=2. 0#S13#EP3

'DETE=DS 1,1,1 (14 DETE E41
'EP3=EP1+EP2+EP3#DETE
'EP4=5I14#EP4

'EPS=S5I9+ERD
'EPL=2. ORI 6#EPS

'DETE=DS 2.,1,1 (14 LDETE E41
'ERPH=EP4+EPO+EPO#DETE
'EP7=SI17®EDP7

'ERPS=8I8#EPYH
'EPP=2. 0#5 19 #EPY

'DETE=DS 3,1.1 (14 DETE EAL
'EP9=ERP7+EPS+EP?+DETE
'EP1O=SI10aCP10
'EP1L=ST11sEPLL

'EP12=2 O#5112*EPL2
'DETE=DE 4.1,1 (14 DETE E41
'EP12=EP1OQ+EPLI+EPI24DETE
'PSIS=EP3+ERLA+EPI+EP 12
'NU=DS 1, "ICOuU", 1 (14 MATP

k41

“1cou"

"ICOU"

“1cou”

" ICOU“

0)

0)

o)

0)

o o
'SAGR=DS 8, *ICOuU", 1 (14 CONN E41 O 0O)

'OUTH=DS 26, "SAGR".1 (1 SA BTAB 2 13)

'PSIG=-PSIS/NU
'PSI=PSI+PEIS
PICOU

'PSIS
'PSIS=FREE ()
'SACR=FREE ()
TOOVH=FREE ()
'NU=FREE ()

121=612#G11
154=S1I5#514
187=818#517
TOI=SI10%#5111

PHT1=8T1#E11

'CIZ2=81a2#SI2

'STI3=S51I3#5113

1GI1A4=514#514

'SIH=3I5#819

'S5 {e=SI&#E1h

'SI7=817%#517

fSI8=5I8#3189

PS5 19=81?%819
'GI10=S110/8110
9I11=511126111
PGT12=5112#5112

%

'SIN=8I343. O+51i+8S12-SI21
'DETE=DS 1,1.1 (14 DETE E41
'G13=813#%0. S4DETE
'SI&=816%3. 0+514+515-5154
'‘DETE=DS 2.1.1 (14 DETE £41
'ESl6=S16##0. S#DETE
15[92=8194%3. O+517+818--8187
'DETE=DS 3,1,1 (14 DETE EA41
1819=519##0. S#DETE

“1cou"

" ICDL}"

“I1Ccou”

16I112=5112#3. 0+5110+8111-5101

'DETE=DS 4,1,1 (14 DETE E41

" ICDU"

0)

(03]

o

o)
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1G112:28112%40, S#DETE
PUMST=E813+48I6+851I9+45112

TAREA=DS 1, "ICOU", 1 (14 AREA E41 O 0O)
'YMST=VMST s AREA

AREATFREE ()

LT ORIGIN AL PAGE 18
'S121=FREE () OE POOR QUALITY,

'SI54=FRLE()
'SIB7=FREE ()
'SIOL=FRLF ()
'SI1 =FREE()
'SI2 =FREE()
Y513 =FREE()
1§14 =FREE()
'S19% =FREE()
‘5186 =FREE()
'SI7 =FREE()
'SI8 =FREE()
VSIS =FREE()
'SI10=FRCE()
15111=FREE()
ISTID=FREE ()
PEP1 =FRCEO)
PEP2 =FREF()
PR3 =FREE()
TEPYS =FREE()
"IP& =FREE ()
EP7 =FREE()
‘EP8e =FREE(Q)
VEPS =FREFE()
'EPLQ=FREE ()
fEP11=FREF ()
'EP12=FREE ()
'DETE=FREFR ()
(3’

#LABEL 19%
'ICOU=ICOU+L
'TEMP=DE41-1C0U+ 1
#JGZ(TEMP, 200)
'Bl=FREE ()
PICOU=FREE ()
TEMP=FREF ()
$

#XQT Ul
A5HOW
H#RETURN

: . ENDSC41

(29 ADJO E41 O G ENDADA 1
3

1XQT AUS

'Bi=JENT-1425

CEFINE A1=14 HIYT E41 O O

TABLE(NI=5, NJ=5):15 HITE ELEM "ADLC" 1
TRANSFERR(SQURCE=ALl, ILIM=25, SBASE="B1")
'B1=FREE ()
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3 LEFINE MATRIX A

A21=DS 3, "JENT", 1 (14 ELRF E41 O O)
'X3i=D% 5, "JUENT", 1 (14 ELRF E41 O 0)
{¥32=DS &, "JENT". 1 (14 ELRF E41 0 O)
1X41=DS 7, “"JENT", 1 (14 ELRF E41 0 O)
' X42=D3 8, "JENT", 1 (14 ELLRF E41 0 O)
VEM22=-1. 0aXDR/X21
VEN24=X32/ K21
VENG3Z=X31/K21-1. 0
VEN3d=-X31/X21
TEN4D=-1. 0#X42/X21
CEN44=X48/%21
TENS2=X41/X21-1.0
'ENSd=-X41/%X21
aXQT Ul
#TI (15 AMAY E431 “ADLC" O)
~1.0 =-1.0 0.0 -1.0 0.0
0.0 “EN22Y “EN32" “"EN4R" “"ENS2"
£ 0 0.0 0.0 0.0 0.0
0.0 HEN24" "EN34“ “EN44" “ENSAY
0.0 1.0 0.0 0.0 0.0
0.0 0.0 1.0 0.0 0.0
0.0 00 0.0 1.0 0.0
o0 0.0 0.0 0.0 1.0
PX21=FREE ()

'A31=FREE ()

CX32=FREE ()

'R 41 =FREE ()

' XA2=FREE ()

TEN22=FREE ()

PEN24=FREE ()

CENZ2=FREE ()

VEN34=FREE ()

PENS2=FREE( )

TEN44=FREE ()

PENSR=FREE ()

TENS4=FREE ()

%

SXQT AUS

DEFINE B&4Q=15 HITE ELEM “ADLC" 1
DEFINE BAW=15 AMAT E41 "ADLC® O
15 HITF E41 “ADLC“ O=RPROD(BAQ , BAW)
DEF INE BAG=14 PMAT E41 “"JENT" O)
DEFINE BAW=15 HITF E41 “ADLC" O)

'SACR=DS B, "JENT",
'00TH=DS 264, “SAGR",
135 FHIT E41 "ADLC"™
POOTH=FREE ()
'SAGR=FREE ()

&

LIDOot =1

#*LABEL 400

LIDOF

'Sl =DS 1.1,1 (14
'512 =DS 2, 1.1 (14
'GI3 =S 3.1,1 (14
'SI4 =0% 4.1.1 (14
1518 =DS 5.1,1 (14
'BIs =DE 6,1,1 (14
‘SI7 =DRS 7.1.1 (14

1 (14 CONN E41 O 0)

1 (1

GPST
GPST
CPST
GPST
GPST
GPST
GPST

SA BTAB 2 13)
O=RPROD ("0OTH"

Eq1
41
E41
E41
E41
Eq41
E41

" JENT "
“JENT"
"JENT"
"JENT*
"JENT "
"JENT"
"JENT™

BAG, BAW)

o
o
o)
o)
o)
)
)
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'S18 =D
1519 =D

S 8, 1,1 (14 GPST E41
8 9,1,1 (14 EPST E41

'gI10=ns 10, 1,1 (14

'8111=D
S112=0
"ERPL =D
EP2 =D
EP3 =0
'EP4 =D
EPS =D
'EPe =D
YERP7 =D
'eP8 =0
'EP? =D
'EPL1G=D
'EFPL1=D
‘P 1a=Dn
kS

PV =2
PVML=Q.
PUM2=3.
YUMR=-0.
'3
PG =2
GG
VMG
PUMS 0.
PURMG =3,
P77 =2
U7 =0
PAMB =2,
'VME=0.
VUMY =3,

VMO =R,

TUML0=0

VM1 1=2.
‘yrt 1 =0
PRl =3,

5121 =8
54 =5
87=5
13101=8

(=
B

)

I
H
{
I

H11=81

S 1i,1.1 (14
S 12:,1.,1 (14
g 1, "IDOF", 1
G a2, "IDGF", 1
3 3, “IDOF", 1
S 4, “IDOF", 1
g 9 “IDOF", 1
8 &, “IDOF", 1
5 7.,"IDOF", 1
3 8, "IDOF*", 1
S 9. "IDOF", 1

5 10, "IDOF", 1
S 11, “LDOF", 1
g 12, “IDOF", 1

. O#8I1-81I2

H#VM1
Or8I2-SI1
SHVM2

o513
O#E14-51I9
S#UMY
VES15-SI4

9 VMS

O#81&
02817918
S4\7
08518817
H#VMa

Qag19
OxS110-8111,
. H5HVMLIO
0O#5111-SI10
SAVMI L
o#3112

12611
I5#S14
IBxS17
I10%5111

1#511

'S12-8I2+481(2
'G13=81I3%513
'S514=514#514
'EI5=515+515
'C146=816%814
PEI7=817%817
'HI8=5Ig#SI8
'S I9=519#819

'BI10=S110%#5110

THIT1=8111#8

'SI12=5112#8112

k4

I1i

G3T E41
GPST a1
GPST E41
(15 PHIT
(15 PHIT
(15 PHIT
(15 PHIT
(195 PHIT
(15 PHIT
(15 PHIT
(19 PHIT
(15 PHIT

(15 PHIT E41
{15 PHIT £41
(1% PHIT E41

THIZR5I383. 0+E811+8I2-81I2l

'EI3SI3#0.

5

TGIE-516#3. O+S14+81I5-51534

"JENT" O
YJENT" 0)
"JENT" Q)
"JENT" O)
"JEMTY 0)

E41
E41
E41
E41
E41
E41
E41
E41
E41

“ADL.C"
"ADLC"
IIADLC "
“ADLG"
"ADL.C"
“ADL.C"
"ADLC*
“ADLC*
“ADLC"

"ADL.CY
IIADLC "
"ADL.C 1t

Q)
Q)
o)
Q)
)
Q)
0)
o)
0)

0)
o)
0)

ORITTKAL PAGE I8
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107
1G16~S16H#0. 5

'S1F=517%3. O+317+518-85187
'GI9=R198%0. S

'GI12=8112#3. O+S110+8111-5101
'5112=6112#%0. 5

$

PUML =L /S I3sERT
PUM2=VM2 /ST EHEPS
FUM3=VM3/SI3#EF3
PYMA=UME /S A4EP S
'YMS=VMS /S TAEHERS
PUME=VMG /S TLAEPG

PMT7 =T /S 19RERT

PUMB=M3/ SI9HERR
VMRSV /ST 9RERT

Wl 0=VYM10/85112#E£P10

VML =VMIL/STI2HEP L
CUMIZ2=VML2/8T12%ER 12

b
'DETE=DS 1, 1,1 (14 DETE E41 “JENT" O)
PUME3EEVM3+VER2+YM LR DETE

'DETE=DS 2, 1,1 (14 DETE E41 "“JENT" 0)
PUME=VIMG VMG UM R DETE

'DETE=DS 3, 1,1 (14 DETE E41 “"JENT" O)
PUMG VMR VB +YMT7 s DEVE

'LETE=DS 4,1,1 (14 DETE £41 "JENT" O)
VML 2=VMI24VML LA VYMT O DETE

AREA=DS 1, "JENT"., 1 (14 AREA E41 ©O 0O)
PRI 2:=VML2+VM9+VMA VMO

U1 2=YM127 AREA

LAREA=FREE ()

b3
TTEM2=IDOIF-1
#INZ ( TEMZ, 1G0)
YAD1=1. QavML
*JUMP 300
slLABEL 100
PTEM2=IDAOF-2
wNZ (TEMZ2, 110)
tanz2=1. OsVMi2
e JUMP 300

Al ABREL 110
'TEM2=1LD0OF-3
RJIMNZITEMZ, 120)
tAD3=1. O%VMLI2
=JUMP 300
*lLABEL 120
'TEM2=1IDOF -4
FINZCTEMZ2, 1307
'AD4=1. UARVMILZ
#*SUME 300
wlabel. 130
PTEML=T0LOF-5
AUNZ CTEMZ, 140)
PADS <=1, 0sUML2
+JUMP 2300

WL AabEL {40
'TEM2=]1DOF~-&

# JNZ(TEMZ2, 150)
PabDo=1. OrVUMIL2




UMP 400
#LaBiElL 150
VTEM2=IDOF-7
FUMI(TEM2, 160)
PAD7=1. OwYM12
& JUMP 300
#LABEL 140
'TEM2=1DOF -8
#INZ(TEM2, 170)
PADEB=1. OxavMl2
#L.aBEL 170

t

#LABEL 300
CTDOF=IDOF+1
PTEM2=THOF-9

FUNZ (TEMZ, 400)

' TEM2=FREE()
' [DOF=FREE ()}
'SI2L=FREE()
1C154=FREE()
'SIB7=FREE()
'SIQ1I=FREE ()
'SI11 =FREE(Q)
1812 =FREE()
"SBI3 =FREEQ)
1514 =FREE ()
SIS =FREE()
'ule =FREE()
1517 =FREF()
'53I8 =FREE()
1919 =FREEQ)
tSI10=FREE()
'SI11=FREEC()
'S112=FREE()
'FERP1 =FREE()
'EPR2 =FREE()
'ERP3 =FREE()
‘P4 =FREE()
PSS =FREE)
P& =FREE()
'EP7 =FREE()
'tRPE =FREE()
YERPY =FREE()
'EPL1O=FREE()
'ERP1LI=FREE()
'ERP12=FREE()
W1 =FREE ()
'UH2=FREE()
'Vin3=FREE ()
PUMA=FREE ()
MO =FREE ()
"WHiG=FREE ()
VM7 =FREE()
PUMB=FREE ()
VM =FREE()
FYMLIO=FREE ()
'YM1 1 =FREE()
PUM12=FREE ()
'DETE=FREE()
%

-
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% NOW ASSIGN LOAD TO PROPER DEGREES OF FREEDOM 109
PYUMST

DEFINE BB2=14 ELNO E£41 O O

TABLE(NI=12, NJ=12):15 ROTA ELEM "“ADLC" 99
PAL=JENT-14#36

'B1=0

TRANSFERR (SOURCE:=BBa, ILIM=3, SBASE="Al1", DBASE="B1")
AL =JENT-1#36+3

'Bi=12

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="A1", DBASE="B1")
tAal=JENT-1#36+6

'D1=24

TRANSFERR(SOURCE=BB2, ILIM=3, SBASE="A1", DBASE="B1")
A1 =JENT-1#36+9

'‘B1=36+3

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="Al1", DBASE="B1")
TAL=JENT-1#36+12

'Di=46+3

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="Al", DBASE="B1")
'aisUENT-1#36+15

'B1=60+3

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="A1l1", DBASE="B1")
'Al1=UENT -1%36+i8

'B1=72+6

TRANSFERR (SOURCE=BB2, ILIM=3, SBDASE="Al", DBASE="B1")
'Al=JENT-1#36+21

'Bl=84+6&

TRANSFERR (SOURCE=BB2., ILIM=3, SBASE="Al", DBASE="B1")
'Al=JENT-1#36+24 ‘
'B1=96+6&

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="Al", DBASE="B1")
'AL=UENT - 1#36+27

‘B1=108+%9

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="Al", DBASE="B1")}
'AL1=UENT—~1#36+30

'D1=120+9

TRANSFERR (SOURCE=BB2, ILIM=3, SBASE="Al", DBASE="B1")
PAL=JENT-1%36+33

PEi=13849

VTRANSFERR (SOURCE=EB2, ILIM=3, SBASE="Al", DBASE="B1")
'al=FREE()

i1=FREE ()

TABLE(MNI=12, NJ=1):15 ELLO E41 "ADLC" 1

J=1: "Ap1" "AD2" 0.0 "AD3" "AD4" 0.0 "ADS" "AD&" 0.0 "AD7" “AD8" 0.0
DEFINE Al = 15 ROTA ELEM “ADLC" 99

i95 ROTA ELEM "aAaDLC" 1 =RTRAN( Al )

DEFINE 0B2= 15 ELLO E41 “ADLC" 1

DEFINE A1 = 15 ROTA ELEM "ADLC" 1

14 ADLO VE41 “"ADLC" O = RPROD ( Al, -BB2)

'AD1=DS 1,1.,1 (14 ADLO VE41 "ADLC" 0O)

'AD2=DS 2,1,1 (14 ADLO VE41 "ADLC" Q)

14AD3=DE 3,1.1 (14 ADLO VE41 "ADLC" Q)

'4D4=D5 4,1,1 (14 ADLO VE41 "ADLC" O)

'ADS=DS S5, 1,1 (14 ADLLO VE41 "ADLC" O)

taD6=DS &4, 1,1 (14 ADLO VE41 “ADLC" Q)

tAD7=D8 7,1,1 (14 ADLO VE41 "ADLC" Q)

'AD8=DS 8,1,1 (14 ADLO VE41 "ADLC" Q)

'Ab2=DE 9, 1.1 (14 ADLO VE41 “"ADLC" O)

'aD10=DS 10,1 (14 ADLO VEA4AL "ADLC" O)

tap1i=pS 11,1 (14 ADLO VE41 “ADLC" O)

—




'AD12=Dg 12,1, 1 (14 ADLO vES41 “apLce

B

1J1=ng 13, "JENT", 1 (14 CONN E41 0 Q)
YJR=08§ 14, “UENT", 1 (14 COMN E41 0 o)
YI3=D8 13, "JENT", 1 (14 CONN E41 0 0)
4Dy Léy “JENT", 1 (14 CONN E41 0 0)

SYSVEC: APPL FORC “ADLC® 1
=1 ‘
JENIL o eapge
=M L wapge
=UU3" 0 mAp7e
J=tyar s uangow
I=2

SUJ1 L waDgw
JEUUZE L epps
JENI3R L nppga
JENAN gy
1=3

L S e
SESG2Y e
WERUGN L g
JEtagr s eapyou

YADL=FREE ()
YADR=FREE ()
'ADZ=FRFE ()
PADY FREE ()
TADS=FREE ()
YADAL=FREE ()
YADZ<FREE
'ADB=FREE ()
"AD?=FREE ()
'AD1Q=FREE ()
YADL L=FREE ()
YADL2=FREE ()
YJL=FREE ()
PI2=FREE ()

P UZ=FREE ()
YASFREE ()

%

AXQT DCy
ER&SE 15
HRETURN

0)

ORIGINAL PACE 1S
OF POOR QUALITY

CAN BE DELETED AT THE END OF THIS ROUTINE

GEOM 1 ¢ AREA OF ELEMENTS

* ENDADLL 1
54 _________________________________________________
%

(29 PREP g4 o o)

%

$  THIS SUBROUTINE IS FOR ELEMENT Tve E42
# .

3 THE PRINCIPAL LIBRARY IS 14

% TEMPORY LIBRARY 15 17

£

#XQT EI1

¢

EXTRACT: SOURCE=E42: CONTENT SPEC:
CREATE 16 AREA E42 0 ©

o

EXTRACT- SOURCE=E42: CONTENT 8PEC ;.

CREATE 164 ELRF £42 0 0
$

GEOM 5,12 & LOCAL ELEM. REF. FRa&aME
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EXTRACT: SOURCE=E42:
CREATE 1& ELNO E42 O O
*®

EXTRACT: SOURCE=E42:
CREATE 16 MaTP E42 O O
%

EXTRACT: SOURCE=E32:
CREATE 16 CONN E42 0 O
i

HXQU DCU

TOCC 16 CONN E42 O O TYPE=0
#XGT Ul

TENT 1 =0. 6220084

TENTE2=1.0/6.0

YENT3=0. 0434582

#TI(1& SHAP FUNC 1 1)

“ENTL O CENT2Y “ENT3"  YENT2"
YENT 2T CENTIY MENT2" “YENT3™
TENT3' MENT2Y  "ENT1®  “ENT2"
TEMTZY O CERT3Y “ENT2" "ENTL®

TENTILI=FREEZ ()
TENTZ=FREE ()
VENT3=FREE()
%
AXQAT AUS

YICouU=1

PTEMP =G

#LADEL 260

'TEMP=FREE ()

R1=1C0OU~1#d

DEFINE Al=1& ELRF E42 O O

TABLE (NI[=2, NJ=4): 17 ELEM REFT "“ICOU"
TRANSFER
'Bl=FREE ()

DEFINE BGi=17 ELEM REFT “ICOUY 29

CONTENT SPEC:
CONTENT SPEC:

CONTENT SPEC:

(SOURCE=aA1, ILIM=8, SBASE="B1")

GEDM 22,57 $ ELEMENT-NODAL RELATION
MATE 1,2 % MATERIAL PROPERTIES

INTE 1,16 % COMNNECTIVITY

14 ELEM REFE "ICDU" O=RTRAN(BQ1) .
3

£ COMPUTE DETERMINATES FOR INTEGRATION

|

'GP1=0. 957735
#LABEL 395
'PXl=-1. OaGF1
'PET=-1. 0a4GP1
tTeEMP=IL--2
#JMZ(TEMP, 35)
PR I=+1. 0%GP1
'PET=—1. O3GP1
#LAHEL 3%
YTEMP=1L-3
HIMNZCTEMP, 37
'PXI=+1. OXGP1
'PET=41. 0xCP1
#ABEL 37
TTEMP=1L-4
HUNZ (TEMP, 39)
PPXT=-1. OuGP 1
'PET=+1. O#GFP1
wLABEL 39
DUML=~1. O+PET®*Q. 25
'DUM2=-1. O+PXI#0. 25
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'DUM3=+1. 0--PET#0. 2
'DUMA=-1. O-PXI#0. 2
TDUMS=+1. O+PET®#0. 25
VOUMEG=+1. O+PXI#0. 2
U hum7=--1. O-FET#0. 25
'DUM8=+1 O-PXIx0. 2

TABLLE (MI=2, NJ=4): 17 HELP E42 "IL" 99

Js1 0 "DUMIM “DumM2®
J=2 1 "DUM3" UDUM4
J=3 “DUMS® " DUME"
J=4 © "DUM7“  “BUMB"

DEFIME El1=-17 HOLP E42

wip

DEF I[N BB2=1& ELEM REFE "IC
17 JAC EA42 “"ICOU" “"IL"=RPROD (E1, 8B2)
PDUMLE-DE 1.1, 1 (17 JAC E42
PDUML=DS 1,2, 1 (17 JAC E42
PUM3=DE 2. 1,1 (17 JAC E42
'DUM4A=0S 2, 2, (17 JAC EA42

FDUMS=DUML s DUr4
FPUME=DUM2#DUM3
fDUMB=DUMS-DUME
fpumMg
PTEMP==1L.—-1

# INZ(TEMP, 45)
'DET 1 =DUMB
JUMP 53

“.ABEL 45
VIEMP=IL -2

* JNZ(TEMP, 47)

' ET2=0UMB
wJUMPP 93

«L.aBEL 47
PTEMP=IL-3
*INZ(TEMP, 49}
TDIZT3=DUMB

# JUMP 53

#LABEL. 42
TEMP=IL-4

s JNZITEMP, 53)
'DET3=DUMS
#LABEL 973
VIL=TL k1
FTEMP=IL-9

# MZ(TEMP, 55)

99
au* o

"ICD'J" "Il-")
"ICOU“ “IL")
“ICOU" ul'Lll)
"ICDU" llILu)

IaBLE(NI=4, NJ=1): 146 DETE E42 “ICOU" O

JJlo UDETLY tDET2"
'DET1=FREE()
'DETE=FREE()
'DET3=FREE ()
'DETA4=FREE ()
PDUML=FREE ()
'DUMY=FREE ()
'DUM3=FREEC()
PDUMA=FREE ()
'DUMS=FREE ()
POUME=FREE ()
'DUM7 =FREE ()
DURB=FREE()
PIL=FREEO)
'PRI=FREE()

“DET3"

“DET4"

112



I PET=FREE () . 113
{GP1=FREE ()

i

DHFINE BB1=1& SHAP FUNC 1 1

DEFINE BB2=1& ELEM REFE “ICOU* O

17 CAUS POIN “ICOU" O:= RPROD (BB1,BB2)

$

'XGP1=DS 1,1,1 (17 GAUS POIN “ICOU" O)
'YGP1=DS 1i,2,1 (17 GAUS POIN “ICOU" O)
{XGP2=DS 2, 1.1 (17 CAUS POIN “ICOU" O)
'YGE2=DS 2,2,1 (17 CAUS POIN “ICOU" 0)
'XGP3=DE 3, 1,1 (17 CAUS POIN “ICOU" O)
'YGP3=DS 3. 2,1 (17 GAUS POIN "ICOU" O)
'YGP4=DS 4. 1,1 (17 GAUS PGIN “ICOU" 0)
'YGP4=DS 4,2,1 (17 CAUS POIN "ICOU" 0)
CXYGL=XOR 1HYGP 1

LXYCR=ACP24YGP2

LKYG3=XBP3YGPT

FXYGA=XGP 44 YGP4

%

TABLE(NI=12,NJ=11): 16 PMAT E42 "ICQU" O

J=1 1.0 0.0 .0 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0 0.0
J=2: 0.0 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0
J=30 0.6 0.0 i.0 0.0 0.0 1.0 0.0 0.0 1.0 006 0.0 1.0
J=4- "“YGP1" Q.0 0.0 "YGP2" 0.0 0.6 "YGP3" 0. 0.0 "YGP4" 0. G 0.0
J=D: 0.0 “XGPL" 0.0 0.0 "XGgP2" 0.0 0.0 "XGP3® 0.0 0.0 "XGP4" 0.0
J=6. "XGP1Y 0.0 0.0 "XGP2" 0.0 0.0 "XGP3" 0.0 0.0 "“XGP4" 0.0 0.0
J=7: 0.0 "YGPLY Q.0 0.0 "YGP2" 0.0 6.0 "YGP3" 0.0 0.0 "YGP4" 0.0

J=8: 0.0 0 0 “YGP1" 0.0 0.0 *“YGP2" 0.0 0.0 "“YGP3" 0.0 0.0 "YGP4"
J=9: 0.0 0.0 "XGP1" 0.0 0.0 “XGP2" 0.0 0.0 "“XGP3" 0.0 0.0 “XGP4"
J=10:“XYG1" 0.0 0.0 “XYG2" 0.0 0.0 “XYG2" 0.0 0.0 “XYG4" 0.0 0.0
J=11- 0.0 "XY61" 0.0 0.0 “XYG2" 0.0 0.0 "XYG3" 0.0 0.0 "XYG4" 0.0
' AGP 1=FREE ()

IYGP 1=FREE ()

' XCPR=FREE()

' YGP2=FREE ()

' XGP3=FREE ()

' YGP3=FREF ()

XGPA=FREE ()

YSP4=FREE()

PXVG1=FREE ()

PXYGREFREE ()

XYGO=FREE ()

'XYG4=FREE()

‘3$

'NU=DS @, “ICOU", 1 (16 MATP E42 0O O)

PNUP 1=NUA L. O

NUS-1. 0%

& .

TABLE(NI=12, NJ=12): 16 SIEP E42 "ICOU" 0Q

J=1: 1.0 “NU" 0.0 0.00.00.0 000000 000000
J4=2: "NU" 1.0 0.0 0.00.00.0 0.006.00.0 000000
J=3: 0.0 0.0 "NUPL" 0.0 0.0 0.0 0.00.00.0 0.00.00.0
J=4: 0.0 0.0 0.0 1.0 "Nuy© 0.0 0.0 0.0 0.0 0.00.00.0
J=3. 0.0 0.0 0.0 "NU" 1.0 0.0 0.0 0.006.0 0.00.00.0
J=6: 0.0 0.0 0.0 0.0 0.0 "“NUP1L" 0.00.00.0 0.00.00.0
J=7: 0.0 0.0 0.0 0.00.000 1.0 "NU" 0.0 0.00.000
J=8: 0.0 0.0 0.0 0.0 00 0.0 *“NU" 1.0 0.0 0.0 0.00.0
J=9: 0.0 0.0 0.0 0.0 0000 0.00.0 "NUPL" 0.0 0.0 0.0
4=10: 0.0 0.0 0.0 .00 00.0 0.00.00.0 1.0 "NU"™ 0.0

ORIGINAL PAGE IS
OF POOR QUALITY;




J=11- 0.
J=12: 0
PRU=FREE ()

VMUR 1 =FREE ()

.

' TEMP =FREE ()

‘B1=ICOU~1%11

DEFINE A2=1 ESB E42 1 1

TABLE(NI=11, Nu=1):17 BBB E42 "ICOU" O
TRANSFERR (SOURCE=A2, ILIM=11, SBASE="B1")
'B1=FREE()

$ -
DEFINE BB1=1& PMAT E42 "ICOU" O

DEFINE BB2=17 BBB E42 "ICOU" O

‘SAGR=DS 8, "ICOU", 1 (1& CONN E42 0 O)
'O0TH=DS 26, "SAGR", 1 (1 SA BTAB 2 13)
LOOTH=QOTH#00TI %6, O

165 GPST E42 “ICOU" O= RPROD ("OOTH" BB1, BB2)
'OGTH=FREE ()

CRAGR=FREE ()

b

FICOURTCOU HL

"TEMP=DE42-1C0OU+ ]

% JGZ (TEMP, 200)

'B1=FREE()

' [CUU=FREE ()

' TEMP=FREE ()

@€
£XQT DCU

ERASE 17

*RETURN

% ENDPE42
%

G 0.
o 0.

S O
(e Ne]
o O
oo
C O

o0
co
oo

Q0
¢)

"NU" 1.0 0.0
0.0 0.0 "NUPL"

l5<_ A e e i ————— e ———— " " A — " — — — —
# (29 SECA E42 0 O) ENDSC42
%

#XOQT AUS

b
CICOU=1
'TEMP =0
#*LATEL 200
%
YELGR=DS 1, "ICOUY. 1 (1 ED4A2 REL O 0 )
'TEMP=ELGR~ICDV

'EL.GR

LTCDY

PELGR=FREE)

#INZ(TEMP, 195)

i

'Bl1=1C0U--1x11

DEFINE A2=1 5B E42 "ADLC" 1
~TABLE(NI=11, Nu=1):17 BBB E42 "ICOu" "CLC"
TRANSFER(SQOURCE=AZ, ILIM=11, SBASE="H1")
'B1=FREE()

%

DEFInE BB1l=1& PMAT E42 "ICOU" O

DEFINE BB2=:17 BBB E42 "1iCOu" "CLC"
'GAGR=DS 8, "ICOU", 1 (16 CONN E42 0 O)
'O0OTH=DS3 24, "SAGR", 1 (1 SA BTAB 2 13)
'O0TH=00TH*00TiH{ks. O
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17 GPST E42 "ICOU" "CLC" = RPROD ("00TH"

'O0TH=FREE ()
'SAGR=FREE ()
%

DEFINE Biil=16 SIEP E42 "ICOU" O

DEFINE B12=17 GPST E42 "I1COU" "CLC”

16 GPEP E42 "ICOU" "CLC"= RPROD (Bi1.,B12)

+

'SIt =DS 1, 1.
ol =DS 2. 1.,
'S14 =DS 4. 1,
'S1% =DS5 9,1,
PGIS =DS S, 1.
‘517 =DS 7, 1,
'S18 =D5 8,1,
YET9 =DS 9.1,

(16 GPST E42
(14 GPST E42
(16 GPST EA2
(16 GPST E42
(146 GPST EA42
(146 GPST E42
(16 GPGOT Ed2
(16 GPST E42
(16 GPST E42

O

'ST10=D3 10, 1,1 (16 GPST E42
'S111=DS 11,1,1 (16 GPST E42
'S5112=0DS 12Z,1,1 (16 GRST EZ2

'EP1 =DS 1.1,1 (16 GPEP EA42
'‘EP2 =DS 2,1.,1 (16 GPEP E42
'EP3 =D5 3,1,1 (1& GPEP E42
'EF4 =DS 4,1.1 (16 GPEP EA42
'EPB =DS B, 1,1 (16 CPEP EA42
‘EPS =DS 46.1.,1 (16 CPEP E42
'EP7 =DS 7., 1,1 (1& GPEP k42
'EP3 =DS 8, 1.1 (16 GHEP E42
'EPY =DS 9.1,1 (15 CGPEP E4R2

'EF10=DS 10,1, 1 (16 GPEP EA42
'EP11=DS 11,1,1 (16 GPEP E42
'EP12=D8 12,1.1 (16 GPEP E42

'513=—-1. O#813

'EP3=-1. OREP3

'S5f6=-1. O®EI6

'EP L1, OREPS

1G519=-1. O#519

tEPF=—1. O#EPYT

'5T128=—1. Q#3112

tERP1E=—~1. OREPL2

+

TEPL1=SIIREPY

TEP2=812+EP2

'EP3=2. O#SI3#EP3

'DETE=DS 1, 1,1 (146 DETE 42
'EP3=EP1+EP2+EP3%*DETE
YEP4=GI4%CH4

'EPS=8SIB#EPY

TEP&=2. O%SI6#IIPH

'DETE=DS 2, 1,1 (16 DETE E4R
EPO=EP4+EPL+EP6#DETE
'ERPT7=817%ER 7

'EPB=518%EPH

'EP?=2. O#519#EP 9

'DETE=DS 3. 1,1 (146 DETE E42
'EP9=EP7+EPB+EP9%#DETE
'EP10O=GT10%EP10O

'EF 116G {11wEPLY

TEP12=2 ORSLI1C2%EP L2
'DETE=DS 4,1,1 (16 DETE EA42

vIcour
ricaur
"Icour
"ICOU"
"1Ccou”
"1cou”
n ICDUN
’M ICDL]II
"Icou”
" ICDUII
" ICOUII
*I1cout
"rcou*
"Icaur
" ICOUII
*Icour
H ICDU n
"Icou"
"Icoun
"icou”
Ticour
*Iicou
"Icaou”
" ICDU)I

"oyt

"1C0u”

“1COU"

"1c0oU”

o)
0)
0)
0)
o)
0)
0)
0)
0)
o)
0)
0)
“cLC"
"CLC™
IICLC "
IICLC "
NCLC H
"cLe™
"CLC”
"CLe”
DICl_C "

"CLC "
"CLC"
weLe”

)

0)

0)

0)

BB1, BB2)

)
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'EP12=EF10+EP L1 +EP 12%DETE 116
'PSIS=1. 0%0. O

'PSEIS

{PSIGHEPI+EP &+EP9+ER 12

'NU=DS 1, "ICOUM, 1 (16 MATP E42 0 o)

IPSIS= PSS/ MU

{PSI=PSI+PSIS

LICOU

VRIUSFREE ()

{SAGR=FREE ()

L OOTH=FREE ¢ e
$rc) FH=FREE () ORIGINAL PAGE IS
'SI21-S12#8I11 OF POOR QUALITY
1S154-515#514

1SI87=518%517

'SI01=6110%5111

- %

'S11=811%511

Sla=51a2%#512

SI3=513%513

S5I134=814#514

SIS=8I8#515

515=516%5164

SI7=8174#817

SI8~=518#51I8

HI9=8I7%819

'3110=3110%#5110

'S111=6111%5111

'SI12=8112#5112

ES

'SI153=513%3. 0+511+812-8121

'LETE=DS 1,1.,1 (15 DETE E42 "ICOU" 0)
'SI3=S13%#0. S#DETE

1516=516#3. O+514+S15-5S154

'DETE=DS 2, 1,1 (16 DETE E42 "ICOU" O)
'816=G16##0. S#DETE

'SI9=CI9%3. 0+517+518-5187

'DETE=DS 3,1,1 (1& DETE E42 "ICOU" Q)
'SI%=819%=0. S#DETE

'5112=911283, 0+5110+5111-5101
'DETE=DS 4,1,1 (146 DETE E42 "ICOu" 0)
P8T12=8112#%0. S#DETE

VRS T=8I3+5146+519+8112

PAREA=DS 1, "ICOU", 1 (16 AREA E42 0 O)
'WMST=VMST/AREA

PVYRST

'TEMP=CLC-CCOM-CDIS-CS21-CS541—1
WHZCTEMP, 155)

'TEMP=TEMP+1--(542

#JGZITEMP, 159)
'TEMP=CLC-CCOM-CDIS-CS21-CS41
VIENT=DS “TEMP", 1 ,1 (1 S7T42 LI5T 1 1)
PJENT

PTEMP=TC0U-JENT

VUENT=FREE ()

®* INZCTEMP, 155)

5

TCAGR=DS 8, "ICOU", 1 (165 CONN EA2 0 0)
'OUTH=DS 26, "SAGR", 1 (1 SA BTAB 2 1)
‘HSl

3



R £ 117
VRS IS=YMST*00TH+PRSIS
IPSI=VMSTROOTHHPS T
'Pal

Ps1S
'SAGR=FREFE ()
G TH=FREE ()
'DELT=FREE ()

%

ALABEL 1553
CTEMP=FREE ()

E 2

PHIS

RS TSEFREE()
SIRL=FREE Q)
'SIS4=FREE ()
'SIG7=FREE()
'BI01=FREF ()
VTEML=FREE ()
V31 FREE Q)
PSI2 =REE Q)
PE13 =FREE ()
1514 =FREE()
'S8 =FREE()
'GIL =FRIEEC()
'S17 =FREFE()
K18 =FREE()
1S19 =FREE ()
TS 10=FREE ()
'SI1=FRFE ()
'SII2=FREE ()
'EP 1 =FREE()
YERZ =FREE()
'EP3 =FREE ()
"EP4 =FREF ()
'YEES =FREE )
"EPS =FREE()
YEP7 =FREE ()
'EPB8 =FREE()
VERG =FREE ()
TEPLO=FREE()
'EF1L=FREE ()
VEPL1Z=FREE ()
'DETE=FREE ()
AREA=FREE ()

+

»{LABEL 195
YICQUEICOUHL
'VIEMP=DE42~-ICOU+1
#JGZ (TEMP, 200)
IBL=FREE()
CICOU=FREE ()
VTEFIP=FREE ()

&

*AQT UL

#5140

®i{ETURN

# ENDSC42




i
=129 ADJOD E42 0 O)
i

KXQT U1

'GR1=0. 57735%0 5

PUENT

tAu=DS 2, 1,1 (146 ELEM REFE "JENT"™ 0)
'BO=DE 4.2,1 (16 ELEM REFE "JENT" O)
'a00=A0#40

'E00=BO%BO

'a01=2. /A0

0L=2. 08B0

talil—=A0#BO

VARO=2. O/ AL

AR =FREE ()

b

CHOW=0

"PRI=0. S-CP1

VRET=0. B-001

ALABEL 95

CALE0=12 0P XT-6. 0

tRads=y O-PET

Y3112 123%A27A00

RLE-0. 0

PB13-8 ORPXI+4 OAT/AQ
'Big=-pit

'3195<=0. 0

PR lA=g ORPXI+E. QRAZ/AQ
PB17=-2 O%PXI+1. OrPET #5. 0/400
'813=0. 0

B17=-3. O#PXI+1. OXPET®*2. O/AC
'BlLiO=12 O#PXI-S5. O#FET/AQ00
‘15111=0. 0

TH112=-3 O#PXI+2. O#PETHZ2. 0/AQ
PROW=ROW+1

*» 11017 AROW E42 "ROW" O)
BRI O

nuian

1A

"Hid"

"Bln"

BB ECS

TaLs

it

glen

YHL1O"

RS N W

Tgrian

'n123=12 OkPET-6. 0O
TAR2=1. 0P X1

'B11=A123%A2/8B00
'Hlad=&. O%PET -4, O%A2/78B0
"N1T-0. 0

TH14=2 ORPET-1. O#PYXI#46. O/BOO
'B15=73 O#PET-2. O#PXI#2. O/BO
1S, O

PRI =-RBL14

'BiB=3. CRPET-1. O%PXI%2. O/B0
YIS0 O

HL10=-B11

"

ENDADRAZ

118
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TRl =6 ORPET--2. ORAD/BO 119
"RL1220. 0

TRO=ROMW L

117 AROW E42 "ROW" O)

R KL

uian

3

g

e

“H1H"

R AL

11} B l 8 "

YRR

NN Fotl

Tt

nELia

AL DT=4. OFPET

TAR=4. O=PX1

CAIEPET-1. ORPETHG. O

'AA=PALI—-1. OPXI#&. ()

Dlt=-i. 0-A3-A8%AB0
TH1X=-PET#FET#3 O+4A123~1. 0#A01
CHIB-PXI#PX{+3. 0-A2+1. 0#DBO1

‘31 4=

B LS=-BLY

'P16=3 O#PXI-2 OwPYXIKBOL

3 7=-R14

'B18=3. OWPET-2. O%PET*AOIL
‘B19=-B1&

'H110=B14

'Blli--1B18

‘1112=-B13

HOW=ROW+ L

«T1C17 AROW 47 “ROW" 0O)

rgLye

gL

I B Re R

“BLgn

Vel o

"B LSH"

SRl

g

L

SlLLO"

TS SRR

"prion

PYEMP s ROW--3

< ONZ CTEMP, 67) ORIGINAL PAGE Ii
PR =0, SeEP ] . ;
PET=0. 5-0P 1 OF POOR QUALIT
wJUMP 77
HLAREL &7
CTEMP =ROW- &
w2 TEMP, 69)
TEXT-0. BeGp
WETEO. 5400
% P 77
#LABEL &%
'VEMP=ROW-9
# JNZCTEMP, 77)




tPY 10, 501
VTG, S0Pl
sLgsBiL 77
CrEMPaROW-- 12

w dMZ CTEMP, ©5)

%

CR{EFREE O

P AL23=FREE()
Lal<FREE ()
PATEFREED)

P g4 =R REE()
LAO=FREE ()
"RO=EREE ()
TADQ=EREE ()
FRNO=FREE()
VAQL=FREECQ)
13C1=FREE()
VABO=FREE ()

PGP 1=FREE )

LR [=FREE Q)

PR T=FREE(Q)

131 1=FREEC()

TR0 =FREE ()

VL GEFREEC)

G Ld=FREEO)

1R 3:=FREE)

VB LaEFREE Q)

"B 7=FREE{)
fplS=FREE(Q)

L 9=FREE O)

31 LOsFREE Q)
TRILEsFREE Q)
rg112=FFREEL)
CEMOD=DS 1, MJENT". 1
e =DS 20 "JENT. 1
ENUE2=NUE #NUE
TRUER=1. O-NUE2
VEL1=EMOD/NUER
TEL2=E L L#NUE
MUER=1 O+MUE
Ve300, SREMOD/NUER
CEMUD=FREE ()
PAUE =FREE ()
HIUEZ=FREE )
«T{(1l7 DMAT E4Z

(l& MATP E42
(16 MATP E42

rapct Q)

CELLT vELET 0.0 0.0 0.0 00
rELRY g1l 0.0 0.0 0.0 020
(.0 0.0 "E33" 0.0 0.0 00
G0 0.0 00 "pyLt vglat 0.0
3.0 0.0 0.0 sgrae "eti” 0.0
0.0 0.0 0.0 Gg. 0 0.0 “E33"
0.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 020 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 00
0.0 0.0 0.0 0.0 0.0 00
0.0 0 00 0.0 0.0 00
0.0 0.0 0.0 0.0 0.0 0.0
‘B sEFRERCO)

(E1I2=FREE Q)

ORIGINAL PAGE IS
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o o)
0o o)

0.0 0.0 0.0 0.0 090
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
Q.0 0.0 00 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
"E11Y "E12" 0.0 0.0 0.0
"Eiae "E1Lt" 0.0 0.0 0.0
0.0 0.0 "E33" 0.0 0.0
0.0 0.0 0.0 "ELL" "EL1R2"
0.0 0.0 0.0 “E12" “E1l"
0.0 0.0 00 0.0 0.0

00000000
[eReJeoReReoReNoReRul

0.0
0.0
“E33"



YE3E=FREE ()

b

#*XOT AUS

CEFINE A1=17 AROW C42 1 O

OEFINE Az=17 AROW E42 2 O

DEFINE AZ2=17 AROW E42 3 O

DEFINE ad4=17 AROW E42 4 O

DEFINE AS=17 AROW E42 5 O

DEFINE A&=17 AROW 42 6 0O

DEFINE A7=17 ARCW C42 7 O

DEFINE AB=17 AROW E42 8 O

DEFIMNE A9=17 AROW E42 9 O

GEFIHE aA10=17 AROW E42 10 O

LEF (NE A11=17 AROW E42 1t O

DEFINE A12=17 AROW 42 12 O

TARLE(NI=12, NJ=12): 18 BB E42 "ADLC" 99
TRANSFER (SOURCE=A1, ILIM=12, DBASE=Q)
TRANSFER(SOURCE=A2, ILIM=12, DBASE=12)
TRANSFER (S0URCE=A3, ILIM=12, DBASE=243)
TRANSFER (SOURCE=A4, ILIM=12, DBASE=36)
TRANSFER (SOURCE=AS, ILLIM=12, DBASE=48)
TRANGFER(SOURCE=AS, ILIM=12, DBASE=6Q)
TRAMNEHFER (SOURCE=A7, ILIM=1Z2, DBASE=72)
THANSFER(SOURCE=AS, ILIM=12, DBASE=84)
TRANSFER(SOURCE=A%, ILIM=12, DBASE=9&)
TRANGFER (SOURCE=A10, ILIM=12, DBASE=108)
THRANSFER(SOURCE=A{1l, ILIM=12, DBASE=120)
TRANGFER(SOURCE=AL12, ILIM=12, DBAGE=132)
DIZF INE A2=1& BB E4AZ "ADLC" 99

Biz E42 "ADLC" O=RTRAN(AZ)

15
b
DIZFINE Al=17 DMAT E42 "ADLC" O

DEFINE AZ2=146 BB E42 "ADLC™ O

17 DB E42 "ADLC" O=RPROD(AIL, AZ2)

CIDOE=1

LABEL 400

'Si1 =DS 1,1,1 (16 GPST E42 "JENT" 0O)
fLI2 =bs 2, 1,1 (16 GPST E42 "JENT" 0)
'SI3 =DS 3. 1,1 (16 GPST E42 "JENT" Q)
'S4 DS 4, 1,1 (16 GPST E42 "JENT" O)
'310 =DS 5, 1,1 (14 GPST Ea42 “JENT" 0)
'ELE =S &, 1,1 (16 GPST E42 "JENT" 0)
517 =bB8 7, 1,1 (16 GPST E42 "JENT® 0O)
'Gl8 =S 8. 1,1 (16 GPST EA2 “"JENT” 0)
519 =D 9,1, 1 (16 GPST E42 "JENT" 0)
PS10=D3 10, 1,1 (16 GPST E42 "JENTY 0O)
'S111=D5 11, 1,1 (16 GFST E42 "JENT" 0O)
'S5112=D& 12, 1,1 (16 GPST E42 "JENT" 0)
'EPY =DS 1, "IDOF",1 (17 DB E42 "ADLC" O)
'EP2 =DS 2, "IDOF"™,1 (17 DB E42 "ADLC" 0)
'EP3 =DS 3, "IDOF", 1 (17 DB E42 "ADLC" 0)
YEF4 =D3S 4, "IDOF", 1 (17 DB E42 "ADLC" O)
'EPS =DS 5, "IDOF",1 (17 DB E42 "ADLC" 0)
PSS =DS &, "IDOFT, L (17 DB E42 "ADLLC" O)
‘P =DE 7, "IDOF",1 (17 DB E42 "ADLC" 0)
‘EPB =DS G, "IDOF", 1 (17 DB E42 "ADLC" 0)
'EPY =DS 9, “IDOF", 1 (17 DB E42 "aADLC" 0)
'eP1O=DS 10, "IDOF", 1 (17 DB E42 "ADLC" O)
‘EP1E=DS 11, "IDOF", 1 (17 DB E42 "ADLC" Q)
'eP12=03 12, "IDOF",1 (17 DB E42 "ADLC" 0)




ES

'GI3=-1. ORSGID
tEIS=—1. 04516
'S19=~1, D#519
1E112=-1. 0#311“
ase=1. 0/2. 0

Py =2 ORSIL-81I2
ML =0082 %YM
'YM@=E ORS1I2-ST1
VUMD =00S28YME
TORG=A QrSIZR0NS2
YM3=2, O#SI4-S19
tOMY=10S2%VMY
PUMS2 08819514
VMM S=0082 1S
s 6. OkbléﬁDUQ’
POMT7 22, O#S8IT7-51

' \.)N'}":l']ﬂf“" VRN
PVMB=2 ORSIE-S17
VRIS =00524# M3
YW= & QRS IYROOS2

WMLO= OsST10-5T1L

ML O=00E2#VMLO

'ViML1=g OrSTI11-8T110

UM 1 =00824#VML |

'UM12=6. O#5112#0082

'GOs2=FREE()
£
13121=81248511
15154=815#514
'EIA7=018#517
'S5T101=5110#5111
£y
‘911«9[1*911
12=512%S12
q[B SI3%513
S14=5144514
'GIS=5158816
fG1E=5168S1a
P51 7517517
151e=513r518
'E19=GI9R5T9
PEILO=GI110%5110
YEIIT LS8 T11
'SI10=8112x5113
4

'SI3-G13%3. 0+811+512-5121

'SI3=513%%#0. 9

'S146=8516%3. 0+514+515-5154

'Sloe=5T6#20. 5

'SIY=8I9%3. 0+517+S18-5187

PE3I7=819#%0. 5

'8112=8112#3. 0+85110+5111-S101

'S5I12=8112%#%0. 5
£

VR =YL /BT
PUM2=VUM2/513
PUM3=YM3/51I3
PVMG=UME /51 G
YUMS=UMS /8T 4
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PUMS WS /5T 6

PUMT7=VMY BT
VMa=\ViMBs 517

TOMF=VMR /31y
TUMLO=YMI10/8T1 12

YD I vl F I WA Al

VMl e=VMLI2/812

POML VML RERP
YYMZ=YMERER
PUME=YHMERERS
PUMA=VMGRER 4
PUMS=VMSHEP DS

' YMO=VMAEREP 6

VUMT7=VMT7 REPT
VUMB-VMBHEPR
'UMI=VIMPREP Y
'VMLO=VYMLIO®EP O

VML L =UML I RER L L

PR 2=Vl 2 REP L2
'DETE=DS 1,1.1 (16 DETE
PUMBGEUM3+VM2 +UM L #DETE
'DETE=DS 2.1, 1 (16 DETE
PRSP G+ VMS+VME = DETE
DETE=DE 3.1.,1 (16 DETE
VM2 =UMO+VMEB +VM7 #DETE
'DETE=DS 4, 1,1 (14 DETE

EA2

PUML2=VUMI2+VMLEL VML ORDETE

AREA=DS 1, "JENT", 1 (1é6 AREA E42 O
PSAGR=DS B, "JENTY, L (16 CONN E42 O
BTAB 2

AOTH=DS 26, "SAGR”", 1 (1
TURL2=VIMIZ2 W +VMe+YM3
tUML=YMLI2/AREA
PP 2= 0. BuVYMLER
PyMEO=ViMIZ/00TH
AR A=FREE ()
'SAGR=FREE ()
TOUTIH=FREE ()

B

'TEMR=10L0F—1

# UNZ(TEMZ, 100)
PADL=1 OaVML 2
wJUMP 300
wlAabll. 100
'TEMS=TD0OF -2
#IMZCTEMZ2, 110)
YA =1 ORVYMLZ
UMk 300
#LABEL 110
YTEM2=1D0GE -3
#INMZ (TEHZ, 120)
PADG=1. ORVML2

#© JUMP 300
sUaBEL 120
CTEMZ2=1D0F -4
#UNZ CTEMS, 130)
PADA=1. O#YMILZ
®JURP 300
~LABEL 130
TEM2=-1LoF-5
FINZ(TEM2, 140)

S

"JENTY

"JENT"

YIENT

YUENTY

0)

)

0)

o)

0)
O

13)

123




Tans=1 sVt e
JUMP 3040
sLABEL 140
PEME=TIDOF &
#ANZ CTEME, 10h0)
'ALE=1. Q&ML
#* JUpFP 300
LRRBEL 150
CTEM2=1DOF--7
FIONZOTEMR, 140)
YA =1 ORIML2
sJUMP 300
#LABEL 160
'TEM2=1D0F -8
M2 (TEM2, L70)
'ANG=1 OxWMLZ
FOUMP 500
sLABEL. 170
‘TEM=IDOF -2
FIMZ CTEMZ, 180)
tang=1 OrvMLz2
F*JUMP (300
ULABEL 180
PTEMEZ=1IDMO -1 0
*UMZ (TEMS, 190)
'ADLO=1. OrVMIL2
wJUMP 300
sLADBLL 190
PIEME=1DOE--11
FANZ O EME, 200)
taDti=t. ORVMLZ
wJUMP 300
#LABEL 2060
PTEM2=IDOF--12
#JMZ (TEMZ2, 210)
tAabla=1. OrvML2
L ABEL 210

k
#LABEL 300
LIDOr=1INR0F 1
'TEM2=IDOF~13
wJINZ (TEM2, 400)
'TEM2=FREE ()
VIDOF=FREE ()
'BIZ1=FREE(O)
'SISA=FREE()
TRI87+-FREE ()
'R101=FREE()
1501 =FREE()
'8I2 =FREE(O)
'S13 =~FREE{()
'ST14 =FREE()
Y619 =FREEO)
'SlE =FREE ()
Y817 =FREEC)
518 =FREE()
PSI% =FREE ()
'SI10=FREE()
'SII1=FREE ()
'SII8=FREE ()
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TEP 1
TEPD =FREE ()
VEPT =FREE ()
B4 =FREE ()
TERS =FREE ()
TEPS =FREE ()
VER7 =FREE )
)
)
)
)
)]

=ERIEE ()

'EPB =FREE ¢
TEPY =FREE(
'ER10=FREE(

PEP L L=FREE
'EP1E=FREE(
ML EFREE O)

POME2=FREE ()

PUMSG=IRER ()

YU =FREE ()

TWHS=FREE ()

TUME=FREE ()

VYUMT7=FREE ()

PYMBRFREE ()

UMY SEREE L)

PUMEO=FRERE ()
‘UM E=FREE ()
UMl FREE ()
POETE=FREE ()
B

5 ik ASSIGHN LOAD TO PROPER DECGREES OF FREEDOR

PV

CGEF LD BBP=16 ELND E42
NJ=24): 17 ROTA ELEM "ADLC" 99

TABLE(NI=24,
tal = JENT 1438
VI E =0
TRANSFERR(SQURCE=DBR2,
PAL=JENT -1 #3643

[ Sy )

THRAMSFERR (GOURCE==BB2,
PAL=JENT-1 #3446
'Bl=4y

TRANSFERR (SUOURCE=DB2,
AL EUENT -1 #36+9

FE3
ERR(SOURCE=BB2,
PAT=JENT-1#36
'B1s285+3
TRANSFERR(SOURCE=BB2,
PALSEJENT-1#36+15
'Bi=3120+03

TRANIFERR (SOURCE=BRBZ2,
TAL=JENT-1#36+18
'Bl=144+4%
TRANSFERR(SQURCE=BB2,
CAL=JENT-1#36+¢21
"B1=148+5

THANSFERR (SOURCE=LB2,
YAl JEMT ~-14346+24
BLl=192+4

TRANSFERR (GOURCE=DBB2,
PALEJUENT - 1 w3627
R1=RierY
THANSFERR(SOURCE=DBZ,

o 0

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

TLIM=3,

ILIM=3,

ILTIM=3,

IL I3,

11, IM=3,

SBASE="A1", DBASE="B1")

SBASE="A1", DBASE="81")

SBASE="&1", DBASE="E1")

SLCABE="A1", DBATE="B1")

SBASE="A1", DRASE="B1")

SBASE="A1", DBASE="B1")

SBASE="A1", DBASE="B1")

SBASE="A1", DBAGE="B1")

SBASE="A1", DBASE="B1")

SBAGE="Al", DBASE="B1")

ORIGINAL PAGE I3
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YA JENT--1%34+30
"1 d0+9
THANGFERR (SQURCE=BB2,
Pl =JENT -1 436033
VP 1=24644Y
TRANGFERR ( SOURCE=DBB2,
AL JENT—-14346
S gL=0uer1e
THANSFERR (SQURCE=BB2,
YAl1AJENT-1#36+3
'Bi=312r12
THANSFERR (SOURCE=BRBB2,
YAL=JENT-1534+8
'BL=336¢12
TRANSFERR(SO0URCE=DBB2,
tALEENT - 1#34+9
B1=3&0+19
THANOSFERR (SOURCE=DBBZ2,
AL =UENT -1 #4346+ 12
B1=334+15
TRANSFERR (S0URCE=BB2,
PALSJERT -1 #36+15
'B1=408+15
THANGSFERR (SOURCE=BB2,
Y= JENT--1 836+13
' 1=402+18
TRANSFERR(SOURCE=DBB2,
tAT=UENT -1 8#36+21
131=4556+18
MHANOFERR (SOURCE=BB2,
CALFJUENT -1 #36+24
By R0+18
THANSFERR (SOURCE=BB2,
VAL=JENT-1#34+27
'N1=9504421
FRANSFIERR(GOURCE=BB2,
TAELI=JENT-14#35+¢30
PRI=520+21
TRANSFERR (SOURCE=BB2,
'ALEJENT--1#356+33
‘HBi=082+001
TRAMOIFERR(SOURCE=DDB2,
"AT=FREE ()
'BI=FREEC)
TABLE(NI=1, NJ=224):17

Je-l Q.0
J=2 : 0 0
b=3 ALY
J=4 : Aapo”
NES- S "AN2Y
Jmd : 0.0
J=7 : 0.0
J=8 . Q.0
WA “anagt
VES RV YANS"
J=1)o Yaps"
S 12 0.0
J=§3 Q.0
Jolg Q.0

J-45 anzt

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

TLIM==3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ILIM=3,

ELLO E42

SBASE="A1", DBASE="B1")

SBABSE="A1", DBASE="B1")

SBASE="Al", DBASE="B1")
SBASE="A1", DEASE="B1")
SBASE=“A1".DBASE="B1“)
SBASE="A1", DBASE="B1")
SBASE="A1", DBAGE="B1")
SBASE="A1", DBASE="B1")
SBASE="A1", DBASE="B1")
SBASE="Al", DBASE="B1")
SBASE="A1", DBASE="131")
SBASE="A1", DBASE="B1")
SBASE="Al", DBASE="B1")
SBASE="A1", DBASE="B1")

"ADLC" 99
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J=1é
J=-17
J=1g
J=19
J=20
J=21
J=22
J=23
J=24
DEFINE A
17 ELLO
DEFINE A
17 ROTA
DEFINE I
DEFINE A
145 ADLO
tADL=DS
tAaba=Ds
'ADG=0S
tADA=DS
FaDLH=DS
LaDoL=DS
'AaD7=DS
T aD8=NS
YADP=DS
"AD1O=DS
tA4D11=DS
'ADI2=DS
$

'Ji1=Ds 1
'J2=D5 1
1.3=D5 1
RV EN VIS |
SYEVELC:
I
J=rJdL
J=JyIen
Jestt 3
DESN Y B
L
NI B
\}.'.". “\-J:‘ "
Jegan
J=tgdg
I
‘_j::"\J] "
J=rdet
J=rJda
J=ryan
YADL=DG
taD2=D3
'AD3=DS
'AD4A=DS
YAapS=Ds
'ADE=0DS
VADY/=DS
tADB=DS
FADLT=DS
'AD10O=DS
AR L=DS

REAVAITAY
AN
G. O
2.0
0.0
"AanLoT
vaAbl11"
a2t
0. QO

L = 17 ELLO E42 "ADLCY 99

E42 "aDLC" 1 =RTRAN ( Al )

1 = 17 ROTA ELEM "ADLC" 99

ELEM "ADLC" 1 =RTRAN( Al )

B&= 17 CLLO E4A2 "ADLCY 1

1 = 17 ROTA ELEM "ADLC" 1

VE42 “aDLC® O = RPROD ( Al, BSz

1[1'1
2.‘ 1) 1
3, 1.1
7, 1,1
8' 1' l
9, 1,1
13, 1,1
14, 4,1
15,1, 1
19, 1,1
?Ol 1'1
21' 1[ l

(15 ALLO VE42 "ADLC" 0O)
(14 ADLO VEA4Z2 "ADLC" 0)
{(1& ADLO vES2 "ADLC" 0)
(15 ADLO VE42 "ADLC" 0)
(15 ADLDO VE42 "ADLC™ O)
(146 ADLO VE42 "ADLC" O)
(146 ADLO VE42 “ADLC" O)
(14 ADILO VE42 "ADLCY O)
(16 ADLO VE42 "ADILC" O)
(16 ADLO VE42 "ADLC" 0O)
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Addendum to Technical Report No. 86-2

RESULTS OF THE DESIGN SENSITIVITY ANALYSIS

The results of the design sensitivity analysis program in EAL are all
stored in EAL-library file LO12.

If a stress constraint design sensitivity of the appropriate element type
is specifigd in the input control parameter, the following data sets are

created to store the appropriate stress constraint values:

DVAL E21 1 0 The values of the stress comstraint
functionals are given for constraints

listed in the input data set ST 21 LIST

DVPO E21 1 0 A set of pointers that indicate the location
of points where maximum stress occurs in
elements are given for constraints listed in

input data set ST21 LIST.

DVAL E41 1 0 The values of the stress constraint
functionals are given for constraint listed

in input data set ST41 LIST

DVAL E42 1 0 The values of the stress constraint
functionals are given for constraints listed

in input data set ST42 LIST



The names of the data sets for design sensitivity vectors are given in the

EAL-library file LO12 that have the following basic form:

DSVE "ETYP" “CONT" "CIND"

where

DSVE

"ETYP" - E21, E41, or E42:

"CONT":

Design sensitivity vector

"ETYP" indicates the element type for which
the design sensitivity vector is stored.

For element types E4l1 and E42, the data set
contains one sensitivity vector, indicating
design sensitivity with respect to thickness
design parameter, t. For element type E21,
the data set contains two sensitivity
vectors, indicating design sensitivity with
respect to width, b, and height, h, of the

beam.

In the input file for each element, a
control parameter has to be specified as the
following arrays:

ED21 REL O O, ED41 REL O O and/or
ED42 REL 0 0. The parameter "CONT"
indicates the control parameter for which

a design sensitivity vector is computed.




"CIND":

10,

between
between
between
betweenm
between

between

000

21,000
22,000
23,000
30,000
40,000

50,000

and

and

and

and

and

and

For displacement and stress

constraint indicator

(] CIND"

22,000
23,000
24,000
40,000
50,000

60,000

"CIND” is the constraint indicator

Compliance Constraint

Displacement constraint in the x—-direction
Displacement constraint in the y-direction
Displacement constraint in the z—-direction
Stress constraint in beam elements

Stress constraint in membrane elements

Stress constraint in plate elements

constaints, the last three digits of the

give the node number of the displacement

constraint and the element number of the stress constraint, respectively.



