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C}IAPTER 1

INTRODUCTION

1.1. Purpose and Scope of Study

This rep or t presents a sys tema tic des ign approach tha t accounts for pro-

jected structural damage that may be inflicted during the life of a structure .

This is called “fail—safe structural design.”

Defini tion 1.1. Fail—Safe Structure: A structure is called fail—safe or

damage tolerant if it continues to perform its basic functions even after sus-

taining a spec ified level of damage.

Definition 1.2. Damage Condition: A damage condition for a structure

is defined as complete or partial removal of selected members or parts of

the structure . Some joints of the structure may be removed as a result of

the damage. A structure that has sustained the specified damage is called a

damaged structure.

Definition 1.3. Optimal Fail—Safe Structure: A fail—safe or damage

tolerant structure is called optimal if its design minimizes a cost function

and satisf ies constraints that must hold for the undamaged structure and for

projected damage conditions.

A basic assumption in the method is that the structure remains geometri-

cally stable after the specified damage to its members or joints. In other

words the structure does not fail catastrophically in a mechanism—type motion

after damage occurs. The structure is thus assumed to have enough redundancy

in i ts construct ion.

One of the contributions of this report is in the development of a de-
sign sensitivity analysis method for fail—safe design with substructuring .

Once design sensitivity information is known the designer can either use it
in an optimal design procedure or he may use it to aid his intuition in adjus-
ting design parameters to meet his objectives. Incorporation of substructur—

ing in the fail—safe optimal design procedure is of critical importance since

it makes the design sensitivity analysis and the structural analysis eff i—

cient. This allows the designer to consider a large number of damage condi-

tions that may occur in large practical structures , without excessive compu—

ting effort. The main reason for this high efficiency is that when damage

occurs to certain parts of the structure, the structural stiffness and mass

matrices are modified only for those portions of the structure. This repre-

sents a small change in structural analysis with substructuring, whereas

1;
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wi thout subs truc turing,  the stiffness and mass matrices for the complete struc-
ture will be changed , making the structural analysis computationally expensive .

The optimal design algorithm for fail—safe structural design using the
subs tructur ing concep t is first presented . The method is then applied to

aircraft structures , such as a truss representation of the helicopter tail

boom tha t was prev iousl y optimized by a similar method wi thout suhstructuring.
Op t imum designs wi thou t subs tructuring tha t are ob tained by using the compu-
ter code of Ref. 1 are given in Appendix A. Results obtained with the sub—

st ruc turing formulation are then compared with the previous results.

The optimal design algorithm takes into accoun t the following considera-

tions :
(a) Multiple loading conditions

(b) Various type of finite elements: truss , constant strain triangle , and
symmetric shear panel

(c) Several elements of the structure may be assigned same des ign valu e and

if required , can be kept fixed throughou t or for a few itera tions of the

optimization process

(d) Damage that may occur to some elements and/or nodes of the structure.

l.2._ Review of Literature

The concept of fail—safe optimal design of structures is relatively new.

In Ref. 2 (Chapter 11), a comprehensive review of literature relative to fail-

safe design of structures was conducted . No significant literature was found

rela ted to op timal design of fail—safc structures .

The concept of substructuring in optimal design of structures was recent-

ly presented by Govil , Arora and Haug [3]. It was shown that the idea of par-

titioning a large structure into a number of smaller substructures is profi-

table , since the total computational effort is reduced with incorporation of

subs truc turing into the optimization algorithm .
The purpose of this report is to integrate concepts of fail—safe design

and substructuring in order to develop and demonstrate an efficient approach

to optimal design of fail—safe structures.

1.3. Notation

A standard matrix and vector notation is used throughout the report. All

symbols are presumed to be matrices or vectors , unless stated otherwise. A

superscript T is used to denote transpose of a matrix or vector.6
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CHAPTER 2

FAIL-SAFE OPTIMAL DESIGN WITH SUBSTRUCTURING

2.1. Introduction

In this chapter , the fail—safe optimal design problem with substructur—

ing (FSODPS) is formulated . Constraints are imposed on member stresses , no-

dal disp lacemen ts, and natural frequency under all loading and damage condi-

tions . Constraints that are independent of load and damage conditions are

also imposed . Design sensitivity analysis is develqped and an algorithm is
presented in a convenient step—by—step format.

The concepts of fail—safe design and substructuring in optimal struc-

tural design are presented in Refs. 2 and 3. Details of structural analysis

with substructuring are presented in Ref. 4. However, structural analysis

equations are required throughout the development of the algor ithm , so they

are summarized here.

2.2. Structural Analysis by Substructuring

2.2.1. Static Analysis

The equilibrium equation (state equation) in terms of disp lacemen ts,
f or a given damaged condi tion a , is given as [4]:

K~~~ (b) ~~~ = S~~
’
~(b) (2.2—1)

where

K~~~ (b) = NxN structural stiffness matrix

S~~~~(b) = vector of N effective fiodal loads on the structure

= state variable vector of N nodal displacements

a = a superscript used to represent a damaged condition;

for convenience a=O represents the undamaged struc-

ture.

N = number of degrees of freedom of the structure

b = a vector of D design variables, such as cross—section—

al areas, moments of inertia, thickness and widths.

Using the substructuring concept , state equation 2.2—1 is written as:

7
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r
~~~ ‘<BI B = ~B (2.2—1)

I 
~~~~ K

(a) (cz) 
~

(a)
L LB II I

where -

B,I = subscripts refering to boundary and interior quan-

tities for all substructures

= a vector of boundary displacements for the entire

structure

n boundary degrees of freedom for the entire struc-

ture
= a vector of interior displacements for the entire

structure

m interior degrees of freedom for the entire struc-

ture
(a) (a)KBB , KBI . (a)

= submatrices of K (b)
K(a) K

(a)
lB ‘ II

B = a vector of externally applied loads associated

with the boundary degrees of freedom

= a vector of externally app lied loads associa ted

with the interior degrees of freedom

Subma trices such ad ~~~~~ ~~~~~ ~~~~ have compatible dimensions and will be
• understood to be functions of the design variable vector b.

The interior displacements ~~~ are first eliminated from Equation 2.2—2

and the following reduced equation is obtained

4a)(a) = ~~~ (2.2-3)

where

= + ~~~~~~~~ ( 2 . 2 — 4 )

~~~ = ~(a) + Q (a) 
~~~ (2.2—5)

Q
(cz ) 

= - 
[K~~~] 

-l 
(2.2-6)

- 1 ,~~~~ • 
• •- 
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I

Her e, ~~~~ Is a boundary stiffness matrix for the entire structure and F
1~~~ R°

is the vector of effective boundary forces. Efficient numerical pr oced ures

are used to decompose ~~~~ and then to solve for Q~~~ (mxn) in Equation 2.2—6.

The boundary sti f fness  K~
’
~~ and the effective boundary force vector

are synthesized by considering contributions from all substructures. For this

purp ose , the equil ibrium equa tion for  a subs tr ucture , which is considered as
an isolated free—body, is also expressed in the partitioned form[ K (r ,a) 

K
(r
~
a) (r ,cz) 

~~~~~ 
(2.2—7)

K
(r ,a) K

(r ,a) (r,a) s (1 ,~~j
lB II I I J

where the superscript r refers to the rth substructure and subscripts B ~nd I
(r ,a)refer to boundary and interior quantities. The vector S
B 

repre scn ts loa as

that are applied at the boundary nodes and reaction forces due to adjoining

substructures. Let N(r) and m(r) represent the number of boundary and interior

coordinates of the r
th subs truc ture , respec tively. It may be noted that

L
m = 

~ 
m (r )

r 1
where L is the total number of substructures. Dimensions of various matrices

are: K~~’~~ f s  ( n ( r ) x n ( r ) ) ,  K~~’~~ is (m(r)xr~r)), K~~’~
) is (n(r)xn(r))

and S ,cL)
R

n (r )  and ~~~~~~ and s~’~’°~ R
m(r)

. From the second line of

Equation 2.2—7 ,

= [K~~~a]1 ~~~~~ — K (r ,a) z~’”~] (2.2—8)

Substituting Equation 2.2—8 into the first line of Equation 2.2—7 , one

ob tains:

4r,cz) z
(t
~~~
) 

= F
(r ,a) (2.2—9)

where

K(r,a) ~4r
, i) + ~~r ,a) Q (r~ ct) (2 .2—10)

+ Q (r~ c*) 5 (r ~a) ( 2 .2- l i)

Q
(r~a) = - [K~~~~]1 K~~’~~ (2.2-12)

9
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The (n(r) x n(r)) boundary stiffness matrix ~~r,a) and the (n(r) x 1) effec-

tive boundary force vector F~~’~~ for each substructure are computed from

Equations 2.2—10 and 2.2—11 , respectively. Finally, K
B 

and F
B are assembled

according to the equations 
-

L T
= 

~ 

~ (r)  ~~r,a)~~(r) (2.2—13)

L T T
+ 

~~~~~~ 

Q
(r~cz) 5

(r ,a) (2.2—14)

where ~
(r) is a Boolean transformation matrix of dimension (n(r) x n).

Using the reduced equilibrium equation of Equation 2.2—3 , the boundary

displacements ~~~ are computed by a suitable numerical procedure. Interior

displacements are then computed for each substructure, using Equation 2.2—8.

Lastly, member—end forces for the rth substructure are computed from

(r,a) 
= K

(n,a) 
~~~~~ (2.2—15)

where ~(r~a) is a vector of member forces,K~~~
0) is a stiffness matrix and

is a vector of nodal displacements for the rth substructure.

Multiple loading conditions for the structure are treated routinely by

taking S~~~(b) and in Equation 2.2—1 as matrices whose jth columns repre-

sent quantities associated with the ~
th loading condition.

2.2.2 Frequency Analysis

The natural frequency of a structure is computed by solving the general

eigenvalue proglem

= M~~~(b)y~~~ (2.2—16)

where

= (NxN) structural mass matrix

= an eigenvector

= an elgenvalue

A number of techniques, such as Subspace Iteration [5], Householder ’s

method [6], a method based on Sturm sequence properties described by Gupta [7),

Wilkinson [8], and others [9,101 are available in the literature for solution

of the general eigen—problem defined in Equation 2.2—16. However, these

techniques require computation and decomposition of stiffness and mass matri—

10
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ces for the entire structure, which is not desirable since it defeats the

purpose of substructuring.

There are many component mode substitution techniques available in the

literature that may be used . For a complete survey of such techniques,

the reader is referred to Reference 11. These techniques take advantage of

substructuring . However, they are not suitable for integration into an op—

timuin design algorithm, becuase they are not efficient.

A techni que , based •on minimization of the Rayleigh Quotient

( ) T ( )  (a)
= ~~ 

K y 
— (2 .2—17)

(cz)
T
M(a) (a)

has been discussed and used successfully by researchers such as Fox and ICa—

poor [12], Wilkinson [8], and Bradbury and Fletcher [13]. This method does

not require storage of the matrices K and M for the entire structure , be-

cause all calculations can proceed elementwise to obt ain a solu tion of Equa—
tion 2.2—17 . However, there is one difficulty with this procedure of com—

puting eigenvalues. Convergence to an eigenvalue and the corresponding eigen—

vector can be quite slow if a good initial estimate of the eigenvector is not

known. Some methods of selecting initial elgenvectors have been suggested

[12,131, but no general procedure exists to alleviate this problem. There—

fore this method is also not suitable for general applications.

The Subspace Iteration technique [5] generally converges to an eigenso—

lution in only a few iterations. The method converges quite rapidly even—

though a poor estimate of eigenvectors is used . This technique, however,

also requires calculation and storage of matrices K and M for the entire

structure [5]. Therefore, the method in its present form is not suitable

for integration into the optimal design algorithm with substructuring. How—

ever the method can be modified for incorporation into the substructuring

algorithm. This new approach has the following desirable features:

(1) It converges rap idly even when a good initial estimate of eigenvectors

is not known

(ii) It does not require calculation and storage of matrices K and M for

the entire structure

(iii) It does not require decomposition of K.

11
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The me thod of Subspace Iteration can be used to solve any desired number

of eigenvalues of the Equation 2.2—16. The Subspace Iteration algorithm is

first summarized without partitioning the structure into a number of sub-

structures. Then modifications to the algorithm are presented that account

for partitioning of the structure into a number of smaller substructures.

Consider the general eigenvalue problem

K ~ = M c~ 12 (2.2—18)

where K and M are the stiffness and the mass matrices for the structure , ~ is

an (N x p) matrix of eigenvectors , p is the desired number of eigenvalues ,

and ~ is a(p x p)diagonal matrix of eigenvalues. The Subspace Iteration

algorithm for computing p eigenvalues of Equation 2.2—18 is as follows :

Step 1. Start with (P4 x q) matrix as an estimate of q eigenvectors;

q = m m  {2p, p+8, N }.

Step 2. Compute ~
(0)

= ~~
(0) 

and solve for X~~~fromn

~~ (l) 
= Y~

°) (2.2—19)

St~p 3. Compute ~~~ = MX’
~~~. Calculate the following(q x q)matrices

(]•)
T (0) 

= 
(~•)

T
(]•) (2.2—20)

Step 4. Solve for all eigenvalues and eigenvectors of the reduced eigen—

value problem

(2.2—21)

where ~ is a (q x q) matrix of reduced eigenvectors and ~ is a (q x q) diago-

nal matrix of eigenvalues. Note that the generalized Jacobi iteration or

the determinant search method [5] may be used to solve the eigenvalue prob-

lem of Equation 2.2—21.

Step 5. Compute X~’~ ~(1) ~ , y~
1
~ = (2.2—22)

Step 6. Check for convergence of eigenvalues. If all eige’~value changes

are within a specified tolerance, then stop the iterative process. Otherwise

return to Step 1 with = and = After convergence, the

first p columns of are required eigenvectors and the first p eigenvalues

in ~ are the corresponding eigenvalues of the original system.

In order to use the Subspace Iteration method with substructuring , one

needs to modify only Step 2 of the preceding algorithm. If one cart use the

substructuring procedure to solve for ~~1) from Equation 2.2—19, then he has

a method for efficiently solving the structural eigenvalue problem by par-

12
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titioning the structure into a number of smaller substructures. Comparing

Equations 2.2—1 and 2.2—19, one observes tha t the two equa tions are similar ,
so the substruc turing approach used to solve Equation 2.2—1 can also be used

to solve Equation 2.2—19. Accordingly, ma trices X~~~and ~(°) in Eq ua tion
2.2—19 are partitioned into boundary and interior parts as

14~1 1y~°~1= I x~1)J 
‘ ~

(O) 
= 

[~0)J 
(2.2—23)

Following the same approach as for static structural analysis , one solves for
from the equa tion

KB
X
~
1
~ 

= ~
(O) 

+ QT~
(O) 

(2.2—24)

where matrices KB and Q are defined in Equations 2.2—4 and 2.2—6, respectively.
The interior displacements are computed , as before, substructure—wise.

For the r th subs truc ture

~r(l) 
= 
[K

~~ ]_l 

[
~r(o) + Q

(r)~r(l)] 
(2.2—25)

where ma trices ~~~~ and Q (r) 
are defined earlier in this section. Note that

the superscript a is omitted from Equations 2.2—23 to 2.2—25. This is done

for notational convenience. The modified Subspace Iteration algorithm is

used to calculate natural frequencies of the undamaged and all damaged

structures.

2.3. State Space Definition of Fail—Safe Optimal
Design Problem with Substructuring (FSODP)~~

A general FSODPS in the state space setting may be defined as follows:

Find a design variable vector b that, under both complete and damaged states,

minimizes a Cost function

3 = J ~~~~~~~ ~~~~ r~~~) (2.3—1)

satisfies the partitioned equilibrium equitions (state equations) in terms of

displacements

~4a) ~(a) 
— F~

’
~ (2.3—2)

4a) — s~
2) 

— KIB
(a) 4~

) 
(2.3—3)~

the eigenvalue problem

K(a) (a) 
— ~(a) M (a) 

~ 
(ci) (2 .3—4 )
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and satisfies the constraints

,
s(ct) (b , ~~~ ~~~~~~ ~ (2.3—5)

~t
d
(b) < 0 (2.3—6)

~e(a) (~ (a)) < 0 (2.3-7)

for a = 0,l,2,...,d. Here F~”~ and ~~~ are defined in Equations 2.2—5 and

2.2—4, respectively, and d is the total number of damage conditions

The cost function of Equation 2.3—1 is quite general and may represent

weight of the structure, displacements of critical points, certain critical

member forces , or perhaps natural frequency of the undamaged or damaged struc-
ture. The cost function depends only on design variables if it represents

weight of the structure. The vector inequality 2.3—5 represents constraints

that depend upon state and design variables. These are the member stress and

the nodal displacement constraints. It is noted here that some constraints

represented in Equation 2.3—5 will not depend explicitly on all the parameters

b, ~~~~ and ~~~~ For example, the displacement constraint at boundary
(a) (a)

nodes depends only on and at interior nodes it depends only on

For members connected to boundary and interior nodes, stress constraints will

depend on all the parameters b, ~~~ and ~~~~~~~~ Advantages of these special

forms of various constraint functions will be realized in all calculations

[3 ,14].
The inequality 2.3—6 represents constraints that depend only on design

variables. These include either explicit bounds on design variables or rela-

tionship between them. The inequality 2.3—8 represents a constraint on the

lowest eigenvalue (r > ~~; ç~ = allowable lowest eigenvalue) which may be re—
lated to the fundamental frequency of the structure (frequency f = 

~ 72ir

Hertz). In the present work, constraints on only the lowest eigenvalue are

considered, but constraints on higher eigenvalues can also be included [2].

The lowest eigenvalue of Equation 2.3—4 may also be related to the buckling

load for the structure [4] and Equation 2.3—7 will represent a constraint on

the buckling load for the structure.

The FSODPS is now formulated in terms of state and design variables.

This formulation of the optimal design problem is superior to purely design

14
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space formulation since it permits one to take advantage of the form of struc-

tural equat ions to carry out the design sensitivity analysis very efflcientl)

[15,16].

In order to show the advantage of the substructuring formula tion over a

similar formulation without substructuring, consider the Helicopter Tail Boom

structure of Appendix A (shown in Figure 2.1). With the present formulation ,

the structure is divided into three substructures (rl,2,3) by partitioning

it at nodes 9— 12 and 17—20 as shown in Figure 2.1. Suppose that the damage

occurs in members belonging to Substructure 2. Table 2.1 shows a comparison

of major calculations with and without substructuring formulations. With the

substructuring formulation one always works with smaller matrices. Also, sub-

structures that have no damaged members do not require calculation of

and Q(t,a) . Thus the substructuring formulation of the fail—safe optimal

st ructural design problem should be more efficient than a formulation without

substructuring .

2.4. Design Sensitivity Analysis of the FSODPS

The philosophy of the optimization method is to start with the best en-

gineering estimate of the design variable vector h and to improve it until

an optimum is reached. Thus, one must determine the effect of a design change

on the cost and constraint functions before a design improvement ~b can be cal-

culated . This is known as deisgn sensitivity analysis. In this section, first

the design sensitivity analysis of a general function is considered . Then the

analysis is specialized to the FSODPS of Section 2.3.

2.4.1 General Approach

Let 4’(b, ZB 2(a) ~~(ci )
) be a general function that may represent the

cost function or any constraint function for the ctth damage condition (a = 0

represents the undamaged structure). When the design is changed by a small

amount 5b , the displacements ~~~ and and the eigenvalue C (c*) will also

change by small amounts ~~~~~ 6~~
(a)

, and due to the well posed nature

of the structural analysis problem. Let ~ r~ represent a first order change in

the function ip. Taking b, ~
(a), ~

(a) , and as independent variables, ~s~p

is given as

*54, = *5b + ~~~‘ 

~~~~~ + 
ag, 

*5 5
(ci) 

+ ~ ‘~‘ ~~(a) 
(2.4—1)B 

3~~~(ci) I
B I

15
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r=l r=2 r=3

A
3,4 7,8 11, 12 15,16 19,20 23,24 27 28

XJ><> zT~s~
’

5,6 9,10 13,14 17, 18 21, 22 25, 26

~‘—33.5” 4. 33” ml 
~~~~~~ 4.- 28” ..L-24~ J~.22~LJ

L 99,5’!_ 4’ 74’L—
X

3 TOP V IEW

FRONT V IEW

X
3

140# 140 # 1.4903 1.4903

14 _  

X
2

140# 140# 1.4903 1.4903

LOADS AT LOADS AT
SECT ION 

~ SECTION ~
Figure 2.1. Arrangement of Members

for Open Truss Tail—Boom
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TABLE 2.1. COMPARISON OF CALCULATIONS
WITH AND WITHOUT SUBSTRUCTURING

Without substructur ing
With substructuring

For undamaged structure

Generate and decompose Generate and decompose

K (72 ,21) K~°~ (36 ,l2) ,  K~~ ’°~ K~~ ’°~~, K~~
,0):

each of dimension (12,12).

Generate from Equation 2.2-12

Q
(l~O) 

Q
(2~O)

, Q~
3’0

~ : each of

- dimension (12,24) -

For each damaged condition

Generate and decompose Generate and decompose

K (72,21) ~~~ (36,12), K~~
,a) (12,12)

Calculate Q
(2~cI) (12 ,24)

17
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where the derivatives

(a) ‘ 
a 

(a) ‘ (a)

are computed at the pr:viously known values of b, ~~~~~ ~~~~ and ~~~~~~~~ The

problem is now to express

a 
(a) ~4, ~ (a) ~ 4, (a)

‘ 
z
1 ~

in terms of ob , so that S4, in Equation 2.4—1 is expressed as

ag,(b, ~
(a) (b) , 

(a) (b) , 
(a) (b) )

B

First consider the term

_____ 
(a)

az~~~ 

Z
1

I

In order to obtain this  expression in terms of 6b , define the following iden-

tity by premultiplying Equation 2.3—3 by the transpose of an adjoint variable
(a)

vector A 1 
(in x n ) :

[A
~~1)]

T 

~~~~ 
(cm ) 

= [()]T [C) — ~~~ 
(a)] (2.4—2)

Taking the first variation of this identy in b, ~~~~~ and z~~~~, one rearranges

to obtain

[K~~ ~ )] 
~~~~~ = 

T 

[
Cr’) *5b — ~~~ â (ci)] (2.4—3)

where symmetry of ~~~ has been used and the matrix is given as

_____ - 
~~~~~ [ z ~~’] — j~ ~~~~~~~~~~ 

(cm)] (2.4—4)

If one now selects to satisfy the adjoint equation

(cm) A (cm ) 3g,T
K11 I (a) ( . —

az 1 -

then Equations 2.4—3 and 2.4-5 yield

18
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~~~~ (a)
(cm) 

SZ ~ = [A~
c
~
] 

T 
[C~~’~~ b — ~~~ *5z~~

)

] 
(2.4—6)

a

Equation 2.4—6 may be subs tituted into Equation 2.4—1 to obtain

= [-
~

+ ~~~ c

~~~] 
ób + r a~~ — A

(a) 
K~~
] 

~~~~~(a) ILa zB
+ (2.4 7 )

To obtain an expression for the second term of Equation 2.4—7 in terms of

ób , de f ine an ident i ty  by introducing another adjoint variable vector A~~
’
~ in

Equation 2.3—2 as follows:

(a)T 
~~~~ Z

B 
= (2 . 4—8)[ ~ )] T ~~~~

Taking the first variation of this identity in b and ~~~~~ one obtain s

[ ~(cm) T a
[4

cm) 
A(a)]T (cm) B (cm) (a)

]B (SZ
B 

= 
B ] [ ~b — 

~KB zB

It can be shown [3] that the identity 2.4—9 may be written as

(a)
*5ZB 

= 

T 
C(a)6b (2.4—10)[ 4cm ) x~~)] 

T

where T
= C~

’
~ + Q (ci) 

~~~~~ (2.4—11)

____ ~ 
[

(cm~ (a)] 3 

[
~~cii~ 

(
~] (2.4—12)— 

3b 
— 

31, KBB Z
B 

— 
31, KBI z

I

and Q(~ is defined in Equation 2.2—6. Now, select ~~~ to be solution of the

adjoint equation

(2.4— 13)4cm) 
~~~~~ — 

3g,T (cm ) A (cm)
(~) K B i  IZ
B

S

Then Equations 2.4—10 and 2.4—13 yield

I ~ g, 
- A )

K
)] 

6z~~~ - 
~~~~ c~~ *5b (2.4-14)L a~~

(a) I lB

19
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where = ~~~~ has been used . Equation 2.4—14 is now substituted into Equa-

tion 2.4-7 to obtain

64, = ~ + ~~
cz) 

C~
”
~ + A~~~ C (a)] *5b + ( )

Now one must treat the expression

34, 6~~
(a)

The design sensitivity analysis of the eigenvalue has been considered by

many researchers [8]. Therefore, this development is only summarized . From

the first order expansion of Equation 2.3—4 and using the fact that K~~~ afld

are symmetric , one obtains the following expression for 6~~(cm)~

~ 
[K~~~y~~~ — c

(a)
M
(a)

y
(a)] 6b

6 
(a) 

— 
3b (2.4—16)

- 

y
(a) T

M
(a)

y
(a)

Substituting this expression for in Equation 2.4—15, one obtains

, T
= 6b (2.4-17)

where

G
(a) 

= + C~~~ 
4cm ) + C(a) 4cm ) ~(a) 

(2.4-18)

and 1
~~ [K~~~y~~~ - ~

(a)
M
(a)

Y
(a)J 

T (a) 

~~~~~~ • 
(2.4-19)

y 
(a) 

T
M 
(a) 

,, 
(a)

Equation 2.4—17 is the desired relationship between the design change and

the change in a member force, a nodal displacement , the cost function , and/or

an elgenvalue. The vector ~~~ is the required design sensitivity vector.

2.4.2. Design Sensitivity Matrices for the FSODPS

In the fail—safe optimal design problem, design sensitivity vectors of

active constraints are calculated for one damage condition at a time. Once

the design sensitivity analysis of all active constraints under all damage

conditions has been completed , then first variations of constraint Equations

2.3—5 to 2.3—7 are expressed as

20
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T
= AS ôb T (2.4—20)

= *51, ; A~ 
~b 

(2.4-21)

(2.4—22)

where a ‘- ‘ over a constraint function represents inclusion of only active or

violated constraints. Matrices A
S and Ad have D rows. The number of columns

in each depends upon the total number of violations in s and d types of con-

straints for all damage conditions . Each column represents a design sen sitivity
vector. Similarly,  the matrix A

e stores sensitivity vectors obtained from

Equation 2.4—19 for violated frequency constraints for all damage conditions .

The matrix A
S can be easily obtained by following the approach of the

previous sec t ion :

= 
3~

s(a) T 

+ ~~~~~ ~
s(a) 

+ 
~~~T 

~
s(a) 

(2.4-23)

a = 0,1,..

Matrices ~
s(cm) 

and A~~
’
~ are solutions of the following adjoint equations:

T
s (cm)

II I — 

3 (a)

= 
a
~
:
~:~

T 

+ Q (ci) 3 ~ 

. 

(2.4-25)

Similarly a first order change in the cost function is expressed as
T

c5j = 61, (2.4—26)

where A3 is the design sensitivity vector for the cost function of Equa tion
2.3—1. This sensitivity vector is obtained from Equation 2.4—18 as

A3 
~~T 

+ c )Tx~~0 + ~~~~ ~~~~~ + ~~~~ (2.4-27)

Here, the vector A~
’
~~ is obtained from Equation 2.4—19 by replacing

by 3~~) . Adjoint vectors A~ <~~ and are solutions ofB

21
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(a) J(cx) 
— 

33
T 

4 28K
11 A

1 
— 2. —

4a) ~
J(a) 

= ____  + Q(cm) (2.4 29)
Z

B

If the cost function represents weight of the structure, then .1 is a func—

tion of b only and A 3 is simply g iven as -

~~~~

- . If the cost function depends on

other variables such as Z
B~ 

z
1
, and C for the ath damage condition (for example

one may want to maximize the lowest natural frequency or minimize displacement

at some point of the structure), then the sensitivity vector is given by Equa—

tion 2.4—27.

2.5. Opt imal DesiRn Algorithm for the FSODPS

Res tric tions are now placed on the linearized constraint functions. It

is required that the design change 5b be computed in such a manner tha t it
corrects , or at least improves, all violated constraints. These requirements

on Equations 2.4—20 to 2.4—22 can be stated as the following inequalities:

T
A8 6b A~~

S 
(2.5—1)

T
/f~ ób <~~~d (2.5—2)

T
ób  ~~e (2.5—3)

s ewhere t~ , , are desired corrections in constraint violations. If a

constraint < 0 is c— active (that is, > — c ) ,  then =

Constraints of Equations 2.5—1 to 2.5—3 have similar forms, so they can

be written in a compact form as

AT ób <~~~~~ (2.5—4)

where

A = ~~J\
S A’1 AeJ (2.5—5)

F T  T T1T
= L~

8 ~~d ~~ej  (2.5—6)

The reduced problem of computing an optimum design change 6b can now

be stated as follows: Find 6b to minimize the cost function of Equations

2 .4—26  subject to the constrain t of Equation 2 . 5— 4 and a step size constraint

*5b
T 
~~b ~2 (2.5—7)

22
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where W is a positive definite weighting matrix and C is a small number . The

mat r ix W (usually diagonal) is used to assign weights to the various components

of Ab and Is often essential when components of b represent different physical

quantities of different orders of magnitude.

The reduced FSODPS defined in the preceeding is exactly the problem de-
fined in References 14 and 17. An application of Kuhn—Tucker conditions of

nonlinear programming gives the following solution [14,17]:

= —flôb’ + 6b
2 (2.5-8)

= W~~
1 [A~ + At?] (2.5-9)

6b 2 = -W~~~ A~
2 (2.5-10)

= [(_A T ~~~ A3) -A’] (2.5-11)

H = AT W
1 

A (2.5-12)

= 
1 

+ ~1In~ 
2 (2.5-13)

where n > 0 is a step size to be chosen by the designer and p 0 is a Lagrange
mult iplier vector. The method of step size selection is the same as used in

References 1—3 , l’~. 17.

The method can now be described by the following step—by—step algorithm:

Step 1. At ti~~ ~
th design poin t b~ i~ and under cith damaged condition (if c~ —

d , go to Step 11), generate matrices K~~,
a) and 

4

~~~~ t) for each substructure.

Note superscript r denotes rth substructure. Decompose each K~~,
a) and cal-

culate the matrix Q(r,a) from Equation 2.2—12 . Store decomposed part of the

matrix K , °~ and the matrix Q
(~ ,a) for later calculations. Calculate the

boundary stiffness matrix 1<~r) and the effective boundary load vector 4r)
from Equations 2.2—13 and 2.2—14, respectively. Decompose the matrix y~r) and

store it for later use.

Step 2. Calculate boundary displacements from Equation 2.3—2 and inter-

ior disp lacements ~~~~~ for each substructure from Equation 2.2—8.

Step 3. Calculate the lowest eigenvalue and the correspond ing eigenvector

from Equa t ion 2 .2—16.

Step 4. Compute adjoint vectors

3(a)  3(a)
A 1 , A B
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from Equations 2.4—28 to 2.4—29 , respectively. Assemble the matrix A3 of Equa-

tion 2.4—27.

Step 5. Check the frequency constraint of Equation 2.3—7. If it is violated ,

then compute Ae(a) of Equation 2.4—19 and put ~~e =

Step 6. Check constraints of Equat ions 2.3—5 and form the vector~~~
(Ct). Calcu-

late the sensitivity Information

~~s(a) ~~s(cm) ~~s(cm)

3
(a)

—s(a)Also , calculate Ag,

Step 7. Calculate ~~~~~~ f or each substructure from Equation 2.4—24. Note

K~~’~~ and

~~ s( cz )

3~~
(r ,a)

are completely uncoupled [3]. Also, calculate the matrix ~~~~ from Equation

2.4—25.

Step 8. Calcu late th e mat r ices C~’~ and C~~’~ from Equations 2. 4— 12 and 2 . 4—14 ,
respectively. Also, calculate the matrix C~~~ from Equation 2.4—11.
Step 9. Assemble the matrix A S of Equation 2.4—23.

Step 10. If a > d, go to Step 11, otherwise go to Step 1.

Step 11. Check constraints of Equation 2.3—7 and form a vector ~d Compute

the matrix A
d of Equation 2.4—21. Also, compute

Step 12. Finally, assemble the matrix A and Ag, of Equations 2.5—5 and 2.5—6,

respectively.

Step 13. Compute p
1 
and p2 from Equation 2.5—li. Choose a step size ri and

compute the Lagrange multiplier vector p from Equation 2.5—13.

Step 14. Check the sign of each component of p. If any component of p is neg-

ative, remove corresponding rows from AT and &~ and return to Step 13.

Step 15. Compute cSb 1, *51,
2, and 6b from Equations 2.5—9, 2.5—10 and 2.5—8, re-

spectively . Let -

~~~~~ = ~ (j )  + 6b (j + 1) (j )

~~~p 16. If all constraints are satisfied and

I = [6b 1 W âb
h
]U2

24 5
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Is sufficiently small [17], terminate the process. Otherwise, return to Step

1 with b(j+~~ as the best available design , and set a = 0.

25

~—~~~~•• 
-

~~~~~~~~ 
,

- -- , ,- .• - ~~~~~
- •

~~~~~~~
•-
~~ 

• L ~• • .Yo_ •~ ~~~ 
t - - ~~~~~~~



a’ ~~• - -. - - - - - •- ------- —.—----------------- --.-— ——----—------- ---.--—— - - - - -- -- - -

CHAPTER 3

DISCUSSION OF THE METHOD AND COMPUTATIONAL CONSIDERATIONS

3.1. Introduction

The method for fail—safe optimal structural design with substruc turing of

Chapter 2 is quite general since no assumption is made regarding the type of

finite elements to be employed. However the algorithm presented in Section

2.5 requires considerable computation for even moderate size structures. It

is noted that computational techniques such as design variable linking, the

c—active constraint concept and normalization of constraints with respect to

their limit values are easily incorporated in the present algorithm [1,3,14].

Further , all computational considerations in structural analysis, design sensi-

tivity analysis and Lagrange multiplier calculations used in optimal design

of structures with substructuring [3,18,19] are also incorporated in the algo—

ritbm for the FSODPS. Finally, for step size determination, convergence cri-

terion, and computational checks, the reader is referred to References 2 and 3.

In this chapter, only those computational aspects of the method that are dif-

ferent from those presented in References 1 to 3 are discussed .

3.2. Selection of Critical Constraints -

The FSODPS is characterized by requiring a set of design variables to

satisfy a constraint set whose dimension is’much larger (due to damage and

multiple loading conditions) than the dimen~sion of the design variable vector .

If all active constraints come into the computation , it is not only computa—

tionally expensive but the accuracy of the result may be jeopardized . Thus

a rational method of selecting independent critical constraints is essential.

In the present work, the idea of “worst violated constraint” [3 ,141 is used

in order to eliminate redundent constraints. The jth constraint is

where 
~i

im defined as

(i) for the 1th stress constraint

( cm) 
— 

max s(a), (cm ) (a)
— 

a,j,k ‘
~ijk ~

b , Z
R , z 1 ) ~

(II) for displacement constraint of the jth degree of freedom and dam—

age condition 
-
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(a) 
— 

max (g,s(ct) ~ 
(a) (a)

— 
k ~~ik 

V Z
B 

Z
I

Here

ci = 0,1,2,. ..;~i

j = 1,2,.. .,NMG

k = 1,2,.. .,NLC

NNG = number of members in the group

NLC = number of loading conditions.

Thus, for stress constraints only the worst violation over all members
of a group, over all loading conditions, and over all damage conditions, is
imposed . Similarly, for any damage condition the worst violated displacement
constraint at a node over all loading conditions is imposed . The natural fre-

quency constraint is imposed for all damage conditions.

In this procedure, the number of violated constraints to be corrected at

any design iteration is reduced considerably. The procedure avoids calcula-
tion of design derivatives of unnecessary constraints. The Lagrange multi-

plier calculations of these constraints are also avoided . Thus, efficiency

of the algorithm is enhanced .

3.3. Some Additional Computational
Condiderations in Structural Analysis

In static analysis of structures, the response variables to be determined

under each damage conditon (a) are boundary displacements ~~~~ interior dis-

placements for each substructure z~r,
a), and element stresses. Computation

of these response quantities requires generation of the boundary stiffness isa—

trix 4~
, interior stiffness matrices K (r ,~~

) , and matrices Q(t sa). It is

noted that in case no damage occurs in some substructures under a damage condi—

tion, then for those substructures computation of the matrices Ku”’) and

Q
(r~cm) 

is not required. This increases efficiency of the algorithm, since as -

generation and decomposition of K~~’~~ and computation of Q~~”~ 
are not re—

quired . The remaining computations proceed as discussed in References 3, 18

and 19.
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CHAPTER 4

APPLICATION OF THE ALGORITHM FOR
FAIL—SAFE STRUCTURAL DESIGN

4.1 Design Formulation

In this chapter , the general method for fail—safe optimal structural de-

sign developed in Chapters 2 and 3 is specialized to structures that can be

modeled by TRUSS, Constant Strain Triangular (CST), and/or Symmetric Shear

Panel (SSP)/Symmetric Pure Shear Panel (SPSP) finite elements. Stiffness

and mass matrices for these elements are given in Appendix B. For the class

of structures considered herein, the geometric configuration and the material

for the structure are assumed to be specified . Loading conditions and pro-

bable damage conditions for the structure are also specified .

An optimal design problem for this class of structures is defined as

follows: find the cross—sectional area of TRUSS elements and the thickness

of the CST and SSP/SPSP elements so that total weight of the structure is

minimized and the state equations and constraints on stress, buckling, dis-

placement , natural frequency, and member size are satisfied for all loading

and damage conditions.

Since weight of the structure is to be minimized , the cost function of

Equation 2.3=1 is a linear function of the design variables, given as

L TP(r) NG(k) NM(i)
J(b) = 

~ ‘ i ~~ 
1~. 

(4.1—1)
r l  k]. i l  j l

where:

p. = ma terial density of members in the jth group ,
b1 

= cross—sectional area or thickness of members in the ith group ,

= length or surface area of the jth member In the jth group ,

TR(r) — number of element types in the rth substructure,

NG(r) = number of groups in the rth substructure ,

NM(i) = number of members in the jth group. r
28
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Since the cost function depends only on design variables, the vector A 3 of
~JTEquation 2.4—27 is simply

In the following presentation, the superscript a designating a damage

condition is omitted in all equations. These equations apply to a typical

damage condition. In this formulation , CST/SSP/SPSP elements are required

to sa tisf y a design criterion based on the Von Mises equivalent stress. For

a complete development of the Von Mises equivalent stress criterion , the read-

er is referred to Ref. 20. According to this criterion , an equivalent stress

(0
C ) for a structural element in a general state of stress is given as

c rl 2 2 2
= 

I 2~~°ll 
022 ) + 

~°22~~°33~ 
+ (033 011)

2 2 2 —,l/2
+ 6(0 12 +0 23 +cY 31) } j  (4.1—2)

where (i,j = 1,2,3) are stress components at the point of interest (x1,x2,x3
)

in the domain Q of the element. For CST or SSP/SPSP elements, Equation 4.1—2

reduces to
c 2 2 2 1/2o = (011+022

_ o
il 022+ 3012) (4.1—3)

Next, the stress or buckling constraint of Section 3.2 for a typical mem-

ber is written as
a .~~

= “2~~” — 1.0 < 0 (4.1—4)

where o~ is the direct stress for TRUSS elements, 
or the maximum Von Mises stress

calculated from Equation 4.1—3. In order to simultaneously implement stress

and buckling constraints for truss members, the allowable stress 0
a is chosen

as follows:

(i) for members in tension, 0a = 0a+ where 0a+ is an allowable tensile

stress for the member

(ii) for members in compression, 0
a min(cja , 0

b) where 0
a 

> 0 and
• 

0
b 

> 0 are allowable compressive and critical buckling stresses

for the member, respectively.
+ b

The stresses a and a are specified by the designer, whereas a depend s

on the Euler buckling load and is given as
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b r
2E I~

0 4 
= (4.1—5)

L

i i

where E , 2~~, ~~~ and I~ are modulus of elasticity, length, cross—sectional
area, and moment of inertia of the ~th member, respectively. In the present

work, it is assumed that the moment of inertia of a truss member can be ex-

pressed as

I. = ~ b~ (4.1—6)
1 i i

where cm 1 is a positive constant that depends only on the cross—sectional geo-

metry of the member . This constant is specified by the designer . Thus,

Equation 4.1—5 is rewritten as

= O~~b~ (4.1—7)

whe re
2 —

IT Ec i .
— 1

If the co nstraint  of Equation 4.2—4 is violated , then

= — [I 2_ J — ~~ (4.1—9)

The displacement constraint of Section 3.2 for a typical degree of

freedom is expressed as

- 1.0 < 0 (4.1-10)
Z~

where z
j 
and z~ are the calculated and allowable displacements, respectively .

If this constraint is violated for a displacement componen t, then

= — [ I 
~~~~~~~ I — 1.0] (4.1—11)
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It is noted here that constraint checks on stress, buckling , and dis-

placement proceed substructurewise. The sensitivity analysis proceeds as

explained in Chapter 2 and the matrix A 8 is assembled at this stage.

The constraint of Equation 2.5—3 is imposed only on the lowest eigenvalue

of the structure (ç = (2ITf)2). Using the method presented in Section 2.2.2

the lowest eigenvalue ç and the associated eigenvector y are obtained . Thus,

the eigenvalue constraint is written as

4,e(C) 1.0 — < 0 (4.1—12)

where C
~ 

is related to a resonant frequency of the structure. If this con-

straint is violated , then

= - (1.0 - C/C 0) and = - (4.1-13)

Finally, the design variable constraint 4~~(b) of Equation 2.5—2 is con-

sidered . For a typical design variable it is expressed as

b~ < b1 
< b~ (4.1.14)

where b~ and b~ are the lower and upper bounds on the i
th design variable, res-

pectively. The inequality of Equation 4.1—14 may be split into two parts as -

follows:

(i) Lower bound design variable constraint

b
4~~(b) 1.0 — —~~~~< 0 (4.1—15)

bi
and 

-
,

(ii) Upper bound design variable constraint
—4

b

• •~(b) -4 — 1.0 < 0 (4.1—16)
b i

If a constraint of Equation 4.1—15 is violated , then
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- b
= — 1.0 — —4 (4.1—17)

b1
and

r
= [0~ ...~ 0, — -—i , ~~~~~~~ (4.1—18)

b1 
—

The upper bound design variable constraint is treated in a similar way .

4.2 Computer Program

A computer program based on the formulation of Section 4.1 and the algor-

ithm of Chapter 2, has been developed in FORTRAN IV. The program is called

SOS4 (Structural Optimization by Substructures 4). A general flow diagram

for the program is given in Figure 4.1.

Computational aspects of multiple loading conditions, design variable

link ing, the worst constraint violation concept, the c—active constraint con-

cept , and normalization of constraints have been incorporated in the program

[3,4,18,191. For frequency analysis of the structure (calculation of lowest

natural frequency), estimates of two eigenvectors are needed . These eigen—

vector estimates are either supplied by the designer or are generated inter-

nally by the computer program at the start of the iterative design process.

In all subsequent frequency analyses, eigenvectors from the previous frequency

analysis are taken as the starting eigenvectors.

In order to obtain a reasonable starting design for the algorithm, a

stress—ratio design is made in the computer code. In this concept , member

ar eas f or TRUSS elements and member thicknesses for CST and/or SSP/SPSP elements

are computed from the condition that stress in each member be at its limiting

value . It is noted here that this does not necessarily yield an optimum de—

sign even under only stress constraints for indeterminate structures , but it

gives a good starting point for the optimal design algorithm. A parameter

IFS is defined in the computer program for controlling the number of stress—

ratio design cycles.

Also , provision is made in the computer program for assigning a predeter—

mined value to any design variable at the start , f the iterative process.
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READ INPUT DATAI]

COMPUT E MEMBER LENGTHS,
DIRECTI ON COSINES , AND

j ELEMENT STIFFNESS MATRICCS

[~~s a > d ? ~~
_YES

FOR EACH SUBSTRUCTURE COMPUTE

DECOMPOSE AND STORE IT.

ALSO, COMPUTE Q (r I cm) AND STORE IT,

COMPUTE THE BOUNDARY STIFFNESS
MATRIX 4

a) AND EFFECTIVE FORCE
VECTOR F~~ (BY SUMMING THE CONTRI-

BUTtONS FROM EACH SUBSTRUCTURE).

DECOMPOSE 4a) AND STORE IT.

Figure 4.1. Flow Diagram for the Computer Program S0S4
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COMPUTE EIGENVALUE . CHECK

VIOLATION OF C 
(cm) AND COMPUTE

SENSITIVITY INFORMATION

SOLVE FOR BOUNDARY DISPLACEMENTS

CHECK VIOLATIONS OF ~~~~ ANDB

COMPUTE

FOR EACH SUBSTRUCTURE, COMPUTE

INTERIOR DISPLACEMENTS 4t,
cm) AND

MEMBER FORCES ~(r~cm)
• CHECK VIOL-

ATIONS OF z(1~~~
* ~(r,a)* (OR

STRESS), AND BUCKLING* CONSTRAINTS.
~l(cm ) ~~(cm )

COMPUTE ‘V 
, 

‘V , AND ‘V

(a) (r ,cm)

COMPUTE ~-(r,cz) IF REQUIRED. 
Z
1

Figure 4.1. (cont.) Flow Diagram for the Computer Program SOS4.
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CHECK DESIGN VARIABLE CONSTRAINTS*.

COMPUTE ThE MATRIX A
d
.

h r
COMPUTE THE VECTOR -

~~~~~ , CALCULATE

THE OPTIMUM DESIGN CHANGE mSb, AND

PUT ~~~~~ = ~~~ + mSb.

IS CONVERGENCE 

)

YES 
~~~~~~CRITERION SATISFIED

jNo

I
SET cm = 0, AND

(_ GO TO A

Figure 4.1. (cont.) Flow Diagram for  the Computer Program SOS4 .
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Thus , the number of design variables can be less than the number of groups

for the structure. This is a valuable feature in the program , since it

allows a designer to fix some members of the structure . Stress constraints ,

however , are imposed on all members of the structure, irrespective of whether

the design variable associated with the member is fixed or free .

The step size q is calculated in the program based on a desired reduction

in the cost function when all constraints are satisfied [3,14]. Thus, if

~ is a des ired cos t func tion reduc tion ratio , then the step size is given as

~~ T \
= rJ/(~A

3 A 3
) 

(4.2—1)

The weighting coefficients W. are calculated , as in Ref. 3, as

= 

~ 
~i 

(4.2—2)

where is a weigh ting multiplier. It is noted here that select ion of the

parameters ? and is still an art. A certain amount of expreience is nec-

essary to choose effective values for these parameters. Well chosen values

of these parameters are necessary for rapid convergence of the algorithm . In

many example problems ? has been chosen as 0.05 to 0.10. The multiplier 
~~
.

has been chosen as unity for the CST and SSP/SPSP elements and for TRUSS ele-

ments it has been chosen between 1 and 20.

4.3 Example Problems

The formulation of Section 4.1 is now used to design a tail—boom structure

for the U.S. Army Cobra helicopter. Geometry of the tail—boom structure and

the loads transmitted to it are shown in Figure A.1. Fail—safe design for

several cases of the tail—boom modeled as an open truss structure are given

in Appendix A. Those designs were obtained using the computer code of Ref . 1

which is based on an optimal design formulation without substructuring . In

this section the following two design problems are solved using the substructur—

Ing formulation and the computer program S0S4:
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Design Problem 1: Open truss helicopter tail boom

Design Problem 2: Closed helicopter tail boom

In subsequent subsections these problems are discussed in detail . Re-

sults obtained for the first example are compared to results given in Appendix

A. Finall y ,  results for the tail—boom obtained with and without substructur—

ing are compared .

4.3.1 Open Truss Helicopter Tail—Boom

A comp lete descr iption of the structure , such as member arrangement , g lobal

coord inate axes , loading da ta , definition of 6 damage conditions and other de-

sign da ta are given in Append ix A. In the present formulation , the tail—boom

structure (Fig. 2.1) is divided into 3 substructures by partitioning it at

nodes 9—12 and 17—20. Node numbers 25—28 are also treated as boundary nodes.

Figure 4.2 shows nodal numbering and the local (or substructural) numbering

systems . Substructure 1 has 4 boundary nodes (1—4), 8 interior nodes (5—12)

and 36 truss elements. Substruc tures 2 and 3 each have 8 boundary nodes (1-8),

4 interior nodes (9—12), and 36 truss elements. Note that boundary nodes 1—4

of the first substructure and 1—8 of the second and third substructures corr ( s-

pond to boundary nodes 9—12 , 5—12 , and 1—8 in the overall numberin g system ,
respectively. Member connectivity is given in Table 4.1. Design variable

linking is used , as shown in Table 4.2.

In thi s exam ple , a starting design of 1.0 in2. for all members of the

structure is used . Optimum designs for two cases are obtained using the com-

pu ter program SOS4. These are Cases I and V of Appendix A. For Case I, no

damage is considered and for Case V , six damage conditions are imposed . The

f ina l  designs , cost function , number of ac tive cons tra ints, I I o b ’II at o p t i m u m ,

max imum I i 6 b ’II , and average CPU time per iteration are given in Table 4.2.

Critical constraints at the optimum are given in Table 4.3.

Comparision of Results Obtained with and without Substructurj~ g:~ A compar-

ison of optimum results obtained with and without substructuring formulations

is given in Table 4.4. Optimum weights using the two formulations are the same .

However , the CPU time per design iteration using the substructuring approach is

increased by a factor of 1.4 for Case I and 1.6 for Case V. An analysis of
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(a) An Overall Numbering System for Boundary Nodes

12
~~~~~

substructure 1 substructure 2 substructure 3

(b) Numbering System for Boundary and Interior Nodes for Each Substructure

Note: For clarity diagonal members are not shown.

Figure 4.2. Nodal Numbering Systems
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TABLE 4.1. MEMBER CONNECTIVITY FOR OPEN TRUSS HELICOPTER TAIL-BOOM

Member Member Member
Number Node i Node 3 Number Node i ~Node J Number Node i Node j
1 7 3 37 11 3 73 11 3
2 5 1 38 9 1 74 i 9 1 

-

3 
— 

6 2 39 10 2 75 10 2
4 8 4 40 12 4 76 12 4
5 7 1 41 11 1 77 11 1
6 5 3 42 9 3 78 9 3 

—

7 
- 

5 2 43 9 2 79 9 2
8 6 1 44 10 1 80 10 1
9 6 4 45 10 4 81 10 4

10 8 2 46 12 2 82 12 2
11 7 4 47 11 4 83 11 4
12 8 3 48 12 3 84 12 3
13 3 1 49 3 1 85 3 1
14 1 2 50 1 2 86 1 2
15 2 4 51 2 4 87 2 4

16 4 3 
- 

52 4 3 88, 4 3
17 3 2 53 3 2 89 3 2
18 4 i 54 4 1 90 4 1

19 11 7 55 7 11 91 7 11
20 9 5 56 5 9 92 5 9

21 10 6 57 6 10 93 6 10
22 12 8 58 8 12 94 8 12

23 11 5 59 7 9 95 7 9
24 9 7 60 5 11 96 5 11

25 9 6 61 5 10 97 5 10
26 10 5 62 6 9 98 6 9

27 10 8 63 6 12 99 6 12
28 12 6 64 8 10 100 8 

- 
10

29 11 8 65 7 12 101 7 12

30 12 7 66 8 11 102 8 11
31 7 s 67 11 9 103 11 9
32 5 6 68 

— 

9 10 104 9 10
33 6 8 69 10 - 12 105 10 12

34 8 7 70 12 11 106 12 11
35 7 6 71 11 10 10/ 11 10

36 8 5 72 12 9 108 12 9
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TABLE 4.2. FINAL DESIGN FOR OPEN TRUSS HELICOPTER TAIL-BOOM WITH
SUBSTRUCTURING

Design Variable Member CASE I CASE V
Number J Number Area, in2. Area, in2.

1 2 ,3 1.1825 2.2751

2 1,4 1.1804 2.1222

3 5,6,9,10 0.1705 0.3817

4 7 ,8 ,11,12 0.1874 0.4137

5 13,15 0.0415 0.0448

6 14,16 0.1572 0.1511

7 17 ,18 0.0415 0.1242

8 20.21 1.2931 3.0785

9 19,22 1.2936 2.8335

10 23 ,24 , 27 ,28 0.1359 0.2549
11 25 , 26 , 29 ,30 0.1707 0.2196
12 31,33 0.0415 0.1027

13 32,34 0.1266 0.1693

14 35 ,36 0.0415 0.3946

15 38,39 0.8076 0.9388

16 37 ,40 0.8076 0.9824
17 41,42 ,45 ,46 0.2440 0.3910

18 43,44 ,47 ,48 0.2763 0.1445

19 49 ,51 0.0415 0.0876

20 50 ,52 0.1864 0.1135
21 53,54 0.0415 0.1881

22 56 ,57 0.9938 1.2978
23 55 ,58 0.9922 1.2641
24 59,60,63,64 0.2141 0.3242

25 61,62 ,65 ,66 0.2581 0.2897

26 67 ,69 0.0415 0.0910
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TABLE 4.2 Cont ’d

Design Variable Member CASE I CASE V
Number Number Area, in2. Area , in2.

27 68,70 0.1835 0.0922

28 71,72 0.0415 0.0836

29 74 ,75 0 .2322 0 .2673
30 73 ,76, 0.2326 0.1231

31 77,78,81,82 0.3413 0.1938

32 79,80,83,84 0.3508 0.3262

33 85,87 0.0458 0.2115

34 86,88 0.1023 0.0814

35 89,90 0.2062 0.1806

36 92,93 0.5787 0.5571

37 91,94 0.5787 0.6898

38 95 ,96 ,99 ,100 0.2764 0.2872
- 39 97 ,98 ,101,102 0.3036 0.3108

40 103,105 0.0415 0.0442

41 104 ,106 0.203 1 0.1508
42 107 ,108 0.0415 0.1155

-1
Weight in lbs . 106.0 161.55

Av~rage CPU/iter .
in sec. 5.65 43.50
(IBM 370—158)

No. of Active Constr. 
12 

• 

9at opt.

II 6b 1H at opt. 4.37 6.9

53.92 53.8
max __________________________________

• 41
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TABLE 4.3. CRITICAL CONSTRAINTS AT OPTIMUM (OPEN TRUSS TAIL—BOOM)

CASE I: Without damage

Displacement in the x2 direction at nodes 1 and 3 of the

3rd substructure

Lower limit on design variable numbers 5,7,12,14,19,21,

26,28,40 and 42

Max. violation is 0.001% at optimum

CASE_V: With 6 damaged conditions

Frequenc y constraint under damage conditions 2 and 6

Displacement in the x2 direction at node 1 of the 3rd

substructure under damage conditions 2 ,3 ,4 and 5

Displacement in the x2 direction at node 3 of the 
3rd

substructure under damage conditions 2,3, and 5

Max. violation is 0.09% at optimum

42
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TABLE 4.4. COMPARISON OF RESULTS OBTAINED WITH AND WITHOUT SUBSTRUCTIJRING
FOR OPEN TRUSS HELICOPTER TAIL—BOOM

CASE I CASE V

Optimum CPU Time per Optimum CPU Time per Computer Core
Weight design iteration Weight design iteration Requirements

Without 
105.6 4.0 161.1 26.7 280 KSubstructuring

With 
106.0 5.65 161.7 43.5 276 KSubstructuring
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computer programs SOS4 and that of Ref. 1 showed that there is some difference

in the frequency analysis portion of the two programs . In the computer pro-

gram of Ref. 1, the mass matrix for the structure is calculated and stored for

use in Steps 2 and 3 of the Subspace Iteration method of Section 2.2.2. How-

ever , in the SOS4 computer program the mass matrix for the structure is not

stored . Multiplication of the mass matrix with eigenvectors in Steps 2 and

3 of the Subspace Iteration method of Section 2.2.2 is carried out elemeatwise .

Thus , if the Subspace Iteration method takes approximatel y 5 cycles to converge

to the eigenvalue solution for a structure, then the mass matrix is computed

10 times in the program SOS4, as compared to only once in the program of Ref. 1.

When six damage conditions are imposed , the mass matrix is calculated 70 t imes

in the program SOS4, as compared to only 7 times in the program of Ref. 1, in

each design iteration. Therefore, the frequency analysis portion of the pro-

gram of Ref . 1 is more efficient as compared to that in the program SOS4.

Howe-ie r , for the two app roaches , t here is a trade—off between computational

time and computer storage.

In order to confirm the preceding contention , the two computer programs

were executed without the frequency analysis fo r a case of the open truss heli-

copter tail—boom with six damage conditions imposed . The program SOS4 took

13.0 sec . per design iteration, whereas the program of Ref. 1 took 14.2 sec.

per design i teration. Thus , the program based on the substructuring formu l-
at ion is more e f fic ient as compared to a program without substructuring form-
ula t ion .

4.3.2 Closed Helicopter Tail—Boom

In this example , th 3 same helicopter tail—boom structure as discussed in
Section 4.3.1, is considered . The tail—boom is modeled as a closed structu re

that is obtained by using a skin cover on the 108 member truas of Figure 2.1.

Design ca -n for the structure is the same as given in Appendix A , except for

the skin material . The skin is an aluminum alloy sheet (7075—T6 clad alum—
m um) that is modeled by 48 CST elements . The element connectivity for the
CST elements is defined in Table 4.5.  Material properties for the skin are :
Young ’s Modulus 10,400 ksi , y ield st r ess = 67 ksi, working stress = 40.2 ksi ,
and the  mate r ia l  weight density — 0.098 lbs/in 3.
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TABLE 4.5. CST ELEMENT CONNECTIVITy FOR CLOSED HELICOPTER TAIL-BOOM

Member
Number Node i Node 3 Node k

1 7 9 11
2 7 9 5
3 5 3 7
4 5 3 1
5 6 12 10 ~
6 6 12 8 e
7 2 8 6 -

~~~

8 2 8 4 u
9 6 9 10 ~
10 6 9 5
11 2 5 6 a
12 2 5 1 ~
13 12 7 11
14 12 7 8
15 8 3 7
16 8 3 4

17 5 11 7
lB 5 11 9
19 9 3 11
20 9 3 1
21 10 8 6
22 10 8 12 ~
23 12 2 4 ~a
24 12 2 10
25 10 5 6
26 10 5 9
27 2 9 10
28 2 9 1
29 8 11 7
30 8 11 12
31 12 3 11
32 12 3 4

~i~i35 9 3 11
36 9 3 1
37 • 10 8 6
38 10 8 12 m39 12 2 2~~~40 12 2 l0~~~
41 10 5 6~~~
42 10 5 9
43 2 9 10
44 2 9 1~~~ I .45 8 11 r46 8 11 12
47 12 3 11
48 12 3 4

r 
_ _ _ _ _ _ _ _ _ _ _ _ _  
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The structure is divided into three substructures for the computer program
SOS4. Data for the three substruc tures are the same as discussed in Section

4.3.1 , exc ept that skin elements must be included in all substructures.  The

s tar t ing design for  the structure is taken as 0.10 in2 . fo r the truss elements
and 0.04 in. for the CST elements. Lower and upper bound s for the CST elements
are 0.02 in. and 0.05 in., respectively. The lower bound for truss elements

is the same as in the previous example.

Optim um solutions for Cases I and V of Appendix A are again obtained using

the program SOS4 . Results are given in Table 4.6. Considerable design var-

iable linking is used in this example, as indicated in Table 4.6. Critical

constraints at the optimum for this example problem are given in Table 4.7.

Fundamental frequencies of the closed and open tail—boom structures are given

in Tab le 4.8 .

Comparison of Optimum Results for Open and Closed Tail—Boom Structures:

Table 4 .9  presents a comparison of optimum results for the open and closed tai l—

boom st ructures.  For both Cases I and V, the optimum weight for the closed

tail—boom is less than half that for the open tail—boom . Thus , one can con-
clude that the closed tail—boom is considerably more ef f ic ient  in carry ing

loads. -

Computational effort for the closed tail—boom is greater than that for the

open tail—boom , since the closed tail—boom has more member s and design variables
tha n the open tail—boom .

•0

S
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TABLE 4.6. FINAL DESIGN FOR CLOSED HELICOPTER TAIL-BOOM WITH
SUBSTRUCTURING

Design Variable Member CASE I CASE V
Number • Number (without damage) (with 6 damage

_______________— - 

At 10th Ite r .  At 30th ite r conditions)

1 2 , 3 0.0554 0.0415 0.0847
2 1,4 0.054 2 0.0415 0.1498
3 5 ,6 ,9 ,10 0.04 15 0.0415 0.0415
4 7 ,8,11,12 0.0438 0.0415 0.1138

5 13,15 0.0415 0.0415 0.0415
6 14 ,16 0.0415 0.0415 0.0415
7 17 ,18 0.0645 0.0415 0.0418
8 20 ,21 0.0631 0.0415 0.1885
9 19,22 0.0415 0.0415 0.3267

10 23 , 24 , 27 , 28 0.0415 0.0415 0 .2522
11 25 ,26 ,29 ,30 0.0415 0.0415 0.0526
12 31,33 0.0415 0.0415 0.0415
13 32 ,34 0.0415 0.0415 0.0415
14 35,36 0.0415 0.0415 0.2405

15 38,39 0.0415 0.0415 0.0415

16 . 37,40 0.0415 0.0415 0.0415

17 41,42,45 ,46 0.0415 0.0415 0.0415

18 43 ,44 ,47 ,48 0.0486 0.0415 0.0415

19 49 ,51 0.0415 0.0415 0.0415

20 50,52 0.0415 0.041 0.0415

21 53 ,54 0.0415 0.0415 0.0415

22 56,57 0.0415 0.0415 0.0415

23 55,58 - 0.0415 0.0415 0.0482

24 59,60,63,64 0.0415 0.0415 0.0415

25 61, 62 ,65 ,66 0.0515 0.0415 0.0415

26 67 ,69 0.0415 0.0415 0.0415
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- TABLE 4.6 Cont ’d

Desi gn Var iable Membe r CASE I CASE V
Number Number (without damage) with 6 damage

~t 10th Iter. At 30th I t e r .  conditions)

27 68 ,70 0.0415 0.0415 0.04 15

28 71,72 0.0415 0.0415 0.0624

29 74 ,75 0.0415 0.0415 0.0415

30 73,76 0.0415 0.0415 0.0415

31 77 ,78 ,81,82 0.0419 0.0415 0.04 15
32 79,80,83,84 0.0553 0.0415 0.0429

33 85 ,87 0.0415 0.04 15 0.04 15
34 86 ,88 0.0415 0.0415 0.0415

35 89 , 90 0.0816 0.0814 0.1941
36 92 ,93 0.0415 0.0415 0.0437

37 91,94 0.0415 0.0415 0 .0640
38 95 , 96 ,99 ,100 0.0415 0.04 15 0.1822
39 97,98,101,102 0.0534 0.0415 0.1229

40 103,105 0.0415 0.0415 0.0415

41 104 ,106 0.0415 0.0415 0.0415
42 107 ,108 0.0415 0.0415 0.0820

43 (CST) 1—4 0.0385 0.04555 0.0374

44 (CST) 5—8 0.0313 0.02325 0.05
45 (CST) 9—16 0.02 0.02 0.0425

46 (CST) 17—20 0.0414 0.04709 0.05

47 (CST) 21—24 0.0285 0.02 0.05

48 (CST) 25—32 0.02 0.02 0.0420
• 49 (CST) 33—36 0.0434 0.04550 0.05

50 (CST) 37—40 0.02 0.02 0.0399 
• 

I

51 (CsT) 41—48 0.02 0.02 0.0373

Weight in lbs. - 45.82 44.53 
— 

77 .81
Average CPU/iter.  in 7 66 7 66 52sec . on IBM 370— 151 

____________ 

. .00

# of active constra. 34 48 35at optimum 
_________________ ______________ ______________ _____________

Hob’H0~t. 
158.8 77.63 253 .8

I Iob ’-I ‘max 321.9 321.9 434.3
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TABLE 4 . 7 .  CRITICAL CONSTRAINTS AT OPTIMUM (CLOSED TAIL-BOOM )

CASE I: Without damage

(i) Results obtained after 10 design iterations (1 stress—

ratio design cycle in i t i a l ly)

Lower bound on design variable numbers:

3 , 5 , 6 , 7 , 10—17 , 19—21 , 23 , 24 , 26—30 , 33 , 34 , 36—38 ,

40—42, and 50, 51

(ii) Results obtained after 30 design iterations (1 stress—

ratio design cycle initially)

Displacement of nodes 1 and 3 in the x2 direction of

the 3rd substruc ture

Lower bound on design variable numbers: 1—34, 36—42,

50, 51

- Max. violation is 0.31%

CASE V : With 6 damage conditions (results are obtained a f t er 38

design iterations with no stress—ratio design initially)

Displacement of nodes 1 and 3 in the x2 di rection of

the 3rd substructure under damage conditions 2, 4,

and 6

Truss member #98, group 39 in substructure 3 under

• damage condition 5

Lower bound on design variable numbers: 3 , 5 , 6 ,

12, 13, 15—22, 24—27, 40, 41, 29—31 , 33—34

Upper bound on design variable numbers: 44 , 46 , 47 and 49

Max . violation is 1.04% (in displacement constraints)
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TABLE 4 .8 .  NATURAL FREQUENCY AT OPTIMUM (RESONANT FREQUENC Y = 29 H Z . )

Natural Frequencies ( m Hz .)

CASE I : Without  damage 33.5 1

(Open tail—boom) CASE V: With 6 damage 43.91 , 30.69 , 28.999 ,
cond itions 44,39 , 46 ,93 , 44.07 ,

28.999

CASE I: Without damage 53.28

(Closed tai l—boom) CASE V: Wi th 6 damage 56.01, 36.68, 36.44,
condi t ions 

~~:~~
‘ 62.39 , 60.84,

I

S

50
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TABLE 4.9. COMPARISON OF OPTIMUM RESULTS OBTAINED WITH SUBSTRUCTURINC
FOR OPEN AND CLOSED TAIL— BOOM STRUCTURES

CASE I CASE V

)ptimum ~PU Time per )ptimum PU Time per
Jeight , lbs. )esign Ite r .  ~eight , lbs. )esign Iter.

Open 106.0 5.65 161.7 43.5Tail—Boom

Closed 
44.5 7.66 77.8 52.0Ta il-Boom
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CHAPTER 5

DISCUSS ION , CONCLUSIONS AND RECOMMENDATIONS

A general method for optimal design of fail—safe structures with sub—

structuring is presented . The method integrates the state space design sen-

sitivity analysis for fail—safe structural design into the gradient projection

method of design optimization . A step—by—step algorithm for optimal design

of fail—safe structures is stated. Computational aspects of the method with

subst ruc tu r ing  are discussed .

A mod ified Subspace Iteration method for computing natural frequencies

of a structure by substructuring is also developed and integrated into the op-

timal design algorithm. The method is quite readily programmed and integrated

into the optimization algorithm with substructuring . An analysis of the me-

thod indicates that there is a trade—off between computational time and compu-

ter core requirements, depending on whether the mass matrix for the structure

is computed only once for Subspace Iteration or computed in every Subspace It—

erat Ion .

Comparing results for the open and closed tail—boom structures , one con-

cludes that the closed structure is considerably lighter in weight to support

a g iven set of loads. Thus, if two tail—booms are constructed — one open

and the other closed — that weight roughly the same , the closed tail—boom can be

desi gned so tha t it is able to withstand mor e damage than the open tail—boom.

However , the re is a trade—off between the oven and the closed tail—b oom struc-

tures . The trade—off is in vulnerability of the two structures to blast.

Whereas the closed tail—boom is more efficient in load carrying and sustaining

damage, it is more vulnerable to damage by projectile fragments and charge det-

onations inside the tail—boom structure.  Also, the closed tail—boom has more
exposed sur face  area that is vulnerable to damage. In comparison , the open

tai l-boom is less sücceptable to damage because it has smaller exposed surface

area. Also projectile or blast fragments may simply pass through the struc-

ture with any damage. These trade-off a should be more thouroughly analyzed be-

f ore a decision is made to go ahead with either an open or a closed tail—boom .

There are several area s of research that need to be investi gated to fu lly
utilize potential of the optimal desi gn method developed for fa i l—safe  struc-
tures. These areas are briefly outlined here:
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(1) Potential use of fiber—reinforced composite materials in fail-

safe design of aircraft , helicopter , and other structures should be evalua-

ted . Trade—offs between structural weight , damage sustainance . ease of con-

struction, and construction costs should be analyzed .

(2) Definition of damage to a structure needs to be refined . In the

p resent work , damage to parts of the s t ructure  is specified for the designer
before he sizes the structural elements. However , prediction of a damage con-

dition should take member sizes into consideration .

(3) The finite elements modeling of the structure needs to be refined .

The f i n i t e  element library for the computer program should be expanded to

include elements such as the beam, the plate, and the quadrilateral membrane

element . The disign sensitivity analysis method with these elements should

be developed .

(4) The effect of body forces should be incorporated into the computer

program . Also the effect of temperature variations on structural performance

should be included in the computer program . Note that the general optimal de-

sign formulation and the algorithm already account for these effects.

(5) An algorithm for optimal design of fail—safe structures that use

commercially available sections should be developed . This will reduce fabri-

cation Costs.

(6) A formulation and an optimization algorithm for fail—safe design

of structure, subjected to transient dynamic loads should be developed .

(7) Work should continue in development of innovations for  improving

efficiency of the basic optimal design algorithm for fail—safe structures.

Improvements in treatment of fail—safe constraints, step size selection tech-

niques, and selection of weighting parameters are some of the areas that need

further refinement.
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APPENDIX A

to

Report Number 45

FAIL—SAFE DESIGN OF AN OPEN TRUSS
HELICOPT ER TAIL-BOOM WI THOUT SUBSTRU CTURING
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The purpose of this appendix is to present optimal designs for several
cases of an open truss helicopter tail—boom without substructuring. The

structure is the tail—boom for a U. S. Army Cobra helicopter.

The basic configuration and end sections of the tail—boom are shown in

Figure A.1. The maximum in—flight loads to be supported by the tail—boom

structure are also shown in Figure A.l. The structure that is currently in

use consists of longitudinal members , cross members, and a skin cover to ob-
tain an enclosed tail—boom . This type of structure is vulnerable to blasts

that occur inside or near the skin. In order to reduce vulnerability of the

structure to such damage , an open t ru ss type structure is considered . Accor-

dingly, the structure shown in Figure A .l is modeled as a 108 member truss

with 28 joints and 72 degrees of freedom. The geometry of the idealized

structure and the design loads are given in Figure A.2 .  The element number-

ing system for a typical panel is shown in Figure A .3.  The member defini t ions

for the truss are given in Table A.1.

The problem is to minimize the total weight of the structure and at the

same time to ensure that member stress , nodal disp lacemen t, member buckling ,

and natural  frequency constraints are satisfied under projected loading and
damage conditions. The design parameters to be calculated are the cross—sec-

tional areas of the members. A lower bound constraint is also imposed on

cross—sectional area.

The members of the truss are taken to be tubular sections . Assuming the

sections to be thin, the moment of inertia and cross—sectional area are given

as I = TTR
3t and A 2i~Rt , where R is the mean radius and t is the thickness

of the tube. In calculating the Euler buckling load, the moment of inertia

is assumed to be given as I = ciA
2. Therefore, a = I/A 2 is given as R/4irt. If

R/t is conservatively selected as 12 to 14, then ci 1.0. This value of a is

used in calculations.
Design data for the s t ructure are given in Table A.2 .  The working stress

for each member is assumed to be approximately 60 percent (± 25 ksi) of the
yield stress (42 ksl) for  the material used . This working stress corresponds

to a safe ty  fac tor  of roughl y 1.68. Displacement limit of ± 0.5 in. at the

nodal points are based on approximately 1/3° mis—alighment at the center of the

tail—boom. The lower limit on member cross—sectional area is taken as 0.0415
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Figure A.l. Geometry of Helicopter Tail-Boom

58

..~~~~~~ 
- --— v-



-~~~-~~~~r w

X
2 lB

3,4 7,8 11,12 
I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  19,20 23,24

~~~�i,6 9,i0 i3,M 17,l8 2u 12 2 $

33” 28” 24”

L ~~~~~~~~~~~~~~~~ 
.L-

TOP VIEW

5,~7 ~~~ ~~ 15 17 19 21 23 25 27

6,8 10,12 14,16 18,20 22,24 26,28

FRONT V IEW

x3 x3
140 # 1.4903 1.4903

___ ___ 25/ 27/
—~~~

13 

~~~~ 

15 
1.6918 \ 7 1.6918

~— x 2

1.3658 ,/
// ;.

S
\

\ 1.3658
14 /26 /28

140# ~ 140 # 1.4903 1.4903

LOADS AT LOADS AT
SECTION ~~ SECTION lB
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Following grouping of members with members of a group required to
have same cross—sectional areas is used to maintain some symmetry
in the structure

Group No. Member Numbers

1 2 ,3
1,4

3 5 , 6 ,9 ,10
4 7 ,8,11,12

- 5 13,15
6 14,16
7 17 ,18

Figure A .3. Member Numbering for the First Panel
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TABLE A.l

MEMBER LOCATIONS FOR OP EN TEnS :; HELICOPTER T A I L  BOON

Member End Member End Member End
Nodes Nodes Nodes

1 3 7 37 11 15 73 19 23
2 3. 5 38 9 13 74 17 21
3 2 6 39 10 14 75 18 22
4 4 8 40 12 16 76 20 24
5 3 5 41 11 13 77 19 21
6 1 7 42 9 15 78 17 23
7 1. 6 43 9 14 79 17 22
8 2 5 44 10 13 80 18 21
9 2 8 45 10 16 81 18 24
10 4 6 46 12 14 82 20 22
11 3 8 47 11 16 83 19 24
12 4 7 48 12 15 84 20 23
13 7 5 49 15 13 85 23 21
14 5 6 50 13 14 86 21 22
15 6 8 51 14 16 87 22 24
16 8 7 52 16 15 88 24 23
17 7 6 53 15 14 89 23 22
18 8 5 54 16 13 90 24 21
19 7 11 55 15 19 91 23 27
20 5 9 56 , 13 17 92 21 25
21 6 10 57 14 18 93 22 26
22 8 12 58 16 20 94 24 28
23 7 9 59 15 17 95 23 25
24 5 11 60 13 19 96 21 27
25 5 10 61 13 18 97 21 26
26 6 9 62 14 17 98 22 25
27 6 - 12 63 14 20 99 22 28
28 8 1.0 64 16 18 100 24 26
29 7 

- 

12 65 15 20 10]. 23 28
30 8 11 66 16 19 102 24 27
31 11 9 67 19 17 103 27 25
32 9 10 68 17 18 104 25 26
33 10 12 69 18 20 105 26 28
34 12 11 70 20 19 106 28 27
35 11 10 71 19 18 107 27 26
36 12 9 72 20 17 108 28 25

-• 
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TABLE A.2

DESIGN DATA FOR OPEN TRUSS HELICOPTER TAlL BOOM

A: Data Common to complete as well as damaged s t ructures

Material : 2024—T3 Aluminum Alloy

Modulus of Elasticity • 10.5 x lO~ kai

Stress limits — * 25.0  ksi

Material density 0.1 lb/in .3

Moment of inertia : I — ~A
2
; ~ 1.0

Displacement limits — * 0.50 In. 
-

Lover limit on cross— — 0.0415 in.2

Sectional area

Upper limit on cross— • None

Sectional area

B: Loading Data

Number of loading condit ions — one

Loading for complete structure

Load Component (kips) in direct~ionNode Number _____________-

xl x2 x3

13 0.0 0.0 —0.140
14 0.0 0.0 —0.140
15 0.0 0.0 —0 .140
16 0.0 

- 

0.0 —0 .140
25 1.4903 1.6918 0.0
26 1.4903 —1.3658 0.0
27 —1.4903 1.6918 0.0
28 —1.4903 —1.3658 0.0

Lower bound on natural  frequency for complete s t ruc ture  — 29 Hz ; -

‘ r
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in.2 which corresponds to a tube with 0.50 in. outside diameter and 0.028 in.
wal l thickness. There Is no upper limit on cross—sectional area . There is

only one loading condition for the structure , which is given in Table A.2.

There are six projected damage conditions for the structure , given in Table

A.3. For each damage condition a joint of the structure and all members con—

nected to the joint are removed. Thus each damaged Structure has different

stiffness and mass matrices and state variables. Note , however , that each

damaged structure is geometrically stable.

In order to maintain symmetry and to facilitate fabrication of the struc-

ture , 108 members of the structure are divided into a total of 42 groups and

each group is assigned a design variable. Therefore each panel of the struc-

ture (shown in Figure A.3) has seven design variables. Also , it is interest-

ing to study the effect on structural weight obtained by imposing varying de—

grees of performance requirements for the damaged structures . Thus optimum

solutions for the following five cases are obtained .

Case I: Complete structure with no damage.

Case ill : Complete structure with damage conditions 1 to 6 imposed and

the st ruc tu ral load and natu ral frequency requirements for dam-

aged structures reduced to two—thirds of the normal conditions.

Case III: Same as Case II except load and na tural frequency requiremen ts

for damaged structures are 80% of the normal conditions.

Case IV: Same as Case II except load and natural frequency requirements

for damaged structures are 90% of the norma l conditions .

Case V: Complete and damaged structures required to per fo rm fo r fu l l

set of norma l conditions .

Optim um designs for  the open truss helicopter tail—boom for Cases I to V

,are given in Table A.4. These designs were obtained by starting the iterative

process with 1.0 m 2 as cross—sectional area for all members of the tail—boom.
Compa r in g the r esul t s f or Cases I and II , one concludes that  when performance
requirements for projected damaged structures (defined In Table A .3)  are re—

duced to two—thirds of the normal condi t ions there is essentially no penalty
on the wei ght of t he s t ruc tu re .  However , the re is some redis t r ibut ion
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TABLE A.3. DAMAGE CONDITION DEFINITIONS AND FREQUENCY LIMITS

Damage Memb er (s) Node(s) % Reduction
Condition Darna~~cd Damaged in Area

1 21,25 ,28,32,33, 10 100
35,39,44 ,45

2 1,6,12 ,13 ,16, 7 100
17,19,23,29

3 58 ,63 ,65 ,69 ,70, 20 100
72 ,76,82,84

4 73 ,78,84 ,85,88, 23 100
89,91,95,101

5 56 , 59 ,62 , 67 , 68 , 17 100
72 , 74 ,78 , 79

6 3,7,10,14,15, 6 100
17 ,21, 26 , 27
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of the material , as may be seen from optimal solutions for Cases I and II

given in Table A .4. If the final design for Case I given in Table A.4 is

taken as the starting des ign for  Case II , there are large constraint violations.
This indicates that the structure constucted from the solution of Case I would

fall catastrophically if any of the damage conditions defined in Table A.3

occured , even af ter the load and the natural frequency requirements were re-

duced to two—thirds of the normal conditions. On the other hand , if a tall—

boom is constructed from the final areas for Case II, the structure is able

to safely support two—thirds of the load carrying requirement , even after any

of the specified damage occurs.

Final designs for  Cases I ll , IV , and V are also given in Table A.4.

They i nd Ica t e  that the re is a substant ial  penalty on the weight of the struc-

ture  as the load carry ing and na tura l  frequency requirements for  the damaged

structures are Increased .

Due to ease in fabrication , it is desirable to use as few standard sec-

tions as possible. For the design of Cases I to V, 42 des ign variables (that
is 42 types of sections) are used . This number is perhaps too large. There-

fore tall—boom design for two additional cases VI and VII is also obtained.

These cases are as follows :

Case VI: The number of design variables is reduced to 12, with 2 de-

sign variables for each bay. For the first bay of Figure A .3,

members 1—4, 13—16 have same cross—sec tional areas and members

5—12 , 17 and 18 have same cross—sectional areas. The tail—

boom is desi gned with  six damage conditions of Table A .3 im-

posed , and complete and damaged structures are required to

perform for full set of normal conditions.

Case VII: The number of design variables is reduc d to 4 wi th  2 design

variables for first three bays and 2 design variables for the

last three bays . For the first three bays , all longerons ,
vert ical  and cros-’ members have the same cross—sectional areas

and all diagonals have same cross—sectional areas. A similar

grouping is done for  the last three bays . The tail—boom is de-

signed with six damage conditions of Table A.3  imposed , and com-

p lete and damaged structures are required to perform for full

set of normal conditions.
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TABLE A.4.

OPTIMUM DESIGNS FOR CASES I TO V OF THE TAIL—BOOM STRUCTURE

Design Member Final Cross—Sectiona l Areas (i~~~j_ _
Variable Numbers Case I Case II Case III Case IV Case V

I 2,3 1.3750 1.415 1.6930 2.2810 3.0250

2 1,4 1.3710 1.424 1.6440 2.1220 2.7880
‘3 5,6,9,10 0.1375 0.1391 0.2094 0.2427 0.2684

4 7,8,11,12 0.1395 0.1544 0.1464 0.1589 0.2266

5 13 ,15 0.0415 0.0415 0.0415 0.0726 0.0998

6 14,16 0.0821 0.0809 0.1374 0.1700 0.1589

7 17,18 0.0415 0.0415 0.1777 0.3187 0.3168

8 20,21 1.2420 1.2610 1.3870 1.7060 2.2440

9 19,22 1.2390 1.2600 1.2400 1.5770 2.0930

10 23 ,24 ,27 ,28 0.1741 0.1593 0.1751 0.2161 0.3964

11 25,26,29,30 0.1649 0.1864 0.3504 0.3981 0.4220

12 31,33 0.0415 0.0415 0.0479 0.0415 0.0477

13 32,34 0.1002 0.1034 - 0.1948 0.1972 0.1522

14 35,36 0.0415 0.0498 0.0909 0.1035 0.1231

15 38,39 1.0290 1.022 1.0550 1.1060 1.3060

16 37,40 1.0280 1.0010 1.0040 1.070 1.2700

17 41,42,45,46 0.2110 0.1990 0.2301 0.2585 0.3404

18 43,44,47,48 0.2295 0.2513 0.2464 0.2738 0.2894

19 49,51 0.0415 0.0415 0.0498 0.0818 0.0928

20 50,52 0.1371 0.1315 0.1228 0.0962 0.0899

21 53,54 0.0415 0.0415 0.0451 0.0773 0.0897

22 56,57 0.8221 0.8218 0.8237 0.8759 0.9313

23 55,58 - 0.8226 0.8020 0.8179 0.9044 0.9761

24 59,60,63,64 0.2365 0.2316 0.3045 0.3733 0.4043

25 61,62 ,65 ,66 0.2587 0.2425 0.1891 - 0.1508 0.1583

26 67,69 0.0415 0.0415 0.0415 0.0753 0.0902

27 68 ,70 0.1575 0.1372 0.1715 0.1230 0.1078

28 71,72 0.0415 0.0503 0.1283 0 .1745 0.1714

66

• - 
- .  —



— -

The optimal designs for the last two cases are also obtained using the

same computer code ti] and by starting from uniform cross—sectional areas

of 1.0 in.2 for all members. The final areas for Case VI are given in Table

A.5 and for the Case VII, they are given in Table A.6. As expected , there is

a subs tantial  penalty In weight of the structure , as compared to the weight

obtained in Case V. This indicates that the designer has to decide whether

the weight of the structure or its fabrication cost is critical, because as
the number of design va r iables is reduced the optimum weight of the structure

Increases.

The constraints that are critical at the optimum for all cases are given

in Table A.7. For all cases, all active constraints are satisfied to within

0.10% of their allowable values. The natural frequencies of the complete

and damaged structures at the optimum solution are given in Table A.8. The

cost function histories for all cases are given in Figure A.4. In most cases,

an optimum design or a design very close to the optimum was obtained in 20—30

iterations .

The rate of convergence to the optimum is highly dependent on proper se—

lectio n of the step size parameter q. In order to see how critical the step

size parameter is , several step sizes for Case II of the helicopter tail—boom

were tried and it was possible to obtain convergence to the optimum in 20
ite rations , as compared to 32 iterations shown in Figure A.4 .  The step size

in all calculations was selected based on the idea of specifying a desired

reduction in the cost function (2]  . Change in the cost function is given by
the linearized formula

6b (A.l)

Now substituting for — 
~~~~~~~~~ 

(where r is a specified reduction rat io and

is the current value of the cost function) and for â b  = —~5b
1- from Equation

2.5—8 (where Sb 2 is assumed to zero; that is all constraints are assumed to be

satisfied) into Equation 2 .4—26 , one obtains

T
— rmj 0/A~ 6b 1 (A.2)

This formala is used in calculating the step size at the start  of the itera-

tions . The step size parameter is monitored and sometimes adjusted as the

iterations progress.
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TABLE A.4. (cont.)

Design Member ____ ~ina1 Cross—Sectiona l Areas in.
2
j._

Variable Numbers Case I Case I I  Case I I I  Case IV Case V

29 74,75 0.5806 0.5846 0.4995 0.5390 0.5515
‘30 73,76 0.5830 0.5689 0.5626 0.6633 0.6666

31 77,78,81,82 0.2675 0.2626 0.2331 0.2651 0.2934

32 79,80,83,84 0.2883 0.2695 0.3453 0.3273 0.3111

33 85,87 0.0415 0.0415 0.0449 0.0416 0.0580

34 86,88 0.1934 0.1676 0.2132 0.1705 0.1573

35 89,90 0.0415 0.0415 0.0544 0.1069 0.1223

36 92,93 0.2299 0. 2244 0.2274 0.2682 0.2740

37 91 ,94 0.2090 0.2250 0.2021 0.1372 0.1184

58 95 ,96 ,99 ,100 0.3295 0.3188 0.2905 0.2134 0.1855

39 97 ,98 ,101,102 0.3428 0.3248 0.3318 0.3382 0.3327

40 103,105 0.0564 0.0415 0.0757 0.0921 0.1089

41 104,106 0.1036 0.0875 0.0999 0.0947 0.0926

42 107,108 0.1987 0.1929 0.1905 0.1899 0.1822

Weight in pounds 105.6 105.8 116.8 134.8 161.1

Average CPUfIter . in sec. 
4 0 24 0 26 4 26 7 26 7on IBM 370—158 (G) ________ ________ _______ ______ _______

Number of Ac tive 
12 14 11 14 10Constraints at Opt.

H o b ’ H at opt .  
— 

2.8 0.70 3.78 3.72 3.49

H~b’H max. 53.8 53.8 53.8 53.8 53.8
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TABLE A .5.

OPTIMAL DESIGN FOR CASE VI OF HELICOPTER TAIL—BOOM

Design 
2Variable Member Numbers _____________ Final_Areas_ (in )

1 1—4 , 13--16 2.9370

2 5—12 , 17 , 18 0.5698

3 19—22, 31—34 2.0430

4 23—30, 35—36 0.8459

5 37—40, 49—52 1.0760

6 41—48, 53, 54 0.4047
7 55—58, 67—70 - 0.7033

8 59—66, 71, 72 0.3615

9 73—76 , 85—88 0.4470

10 77—84, 89,90 0.3294

11 91—94, 103—106 0. 1554

12 95—102, 107—108 0.2511

Optimum Weight In pounds 241.57

Average CPU/cycl e in sec . on IBM 370—158 (C) 26.8

Nu mbe r of Active Const rain ts a t Opt. 5

H&b~
’I1 at Opt. 6.1

I Ia b ’H max. 89.7
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TABLE A.6. -

OPTIMAL DESIGN FOR CASE VII OF HELICOPTER TAIL—BOOM

Design 2Variable 
— 

Member Numbers Final Areas (in. )

1 1—4, 13—16, 19—22, 31—34, 3.2960

37—40, 49—52

2 5—12, 17, 18, 23—30, 35, 36 0.8895

41-48, 53, 54

3 55-58, 67—70, 73—76, 0.4283

85—88, 91—94, 103—106

4 59—66, 71, 72 , 77—84, 89 , 90 0.2796

95—102, 107, 108

Optimum Weight in pounds 346.25

Average CPU/cycle in sec. on IBM 370—158 (G) 18.0

Number of Active Constraints at opt. 
— 

3

I I6 b~’ I at opt. 0.035

I I~b” I max 155.1
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TABLE A .7.

CRITICAL CONSTRAINTS AT OPTIMUM

Case I

Displacement in the x2 
direction at nodes 25 and 27, and lower limit

on design variable numbers 5, 7, 12, 14, 19, 21, 26, 28, 33, and 35.

Case II

Same as in Case I, except design variables 14 and 28 are not at their

lower bounds and 40 is at its lower bound , and bucklin g constrain t for
members 18, 36, 71 are tight under damage conditions 6, 1, and 5,
respectively.

Case III

Displacement in the x2 direction at node 25 under damage conditions

1, 2, 4, 5 and 6, disp lacement in the x
2 direction at node 27 under damage

conditions 1, 2, 5 and 6, and lower bound on design variables 5 and 26.

Case IV

Displacement in the x2 direct ion at node 25 under damage conditions 1,

2 , 3 , 4 and 5, displacement in the direction at node 27 under damage

conditions, 1, 2, 3, and 5, frequency constraints under damage condi-

tions 2 and 6, buckling constraint for member 66 under damage condition

3, and lower bound on design variables 12 and 33.

Case V

Displacement in the x2 direction at node 25 under damage conditions 2, 3,

4 and 5, displacement in the x2 direction at node 27 under damage con-

ditions 2, 3 and 5; frequency constraints under damage conditions 2 and 6;
buckling constraint for member 66 under damage condition 3.

Case VI

Displacement in the x2 direction at nodes 25 and 27 under damage condi-

tions 4 and 5, and frequency under damage condition 2.

Case VI I

Disp lacemen t in the x 2 direction at nodes 25 and 27 under damage condi—

tion 5 and frequency constraint under damage condition 2.
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TABLE A.8.

STRUCTURAL FREQUENCY AT OPTIMUM

Damaged _______ ________ 
Frequency at Optimum (Hz)

Condition Case I Case II Case III Case IV Case V Case VI Case VII

34.34 34.90 36.75 39.80 44.12 42.52 43.19

1 — 24.83 26.00 27 .44  30.85 31.79 35.08

2 — 22.06 23.82 26.10 29.00 29.00 29.00

3 — 35.61 37.58 40.81 44.70 43.56 41.55

4 — 37.62 39.64 42.81 47.21 45.81 45 .77

5 — 35.52 37.38 40.53 44.40 43.46 41.36

6 — 22.42 23.85 26.10 29.00 29.41 2 9.42

* Complete Structure

•1
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It should be noted that in the first few design iterations for all cases
of the tail—boom design, there were a large number of violations (50 to 100)
and the maximum amount of violations was of the order of 1500%. The fail-
safe optimal structural design algorithm corrected these constraints viola-
tions without difficulty.

74



w — - - • •  - •  —

APPENDIX B
to

Report Number 45

FINITE ELEMENTS EMPLOYED

) 

- • 

- 
— •

75~~~~~~

_
_
_

~~~~

• , , , - 
-- • 

•

~~~ 

L. ~



-~ -~ r w —
~~~~~~~ 

- •  — —- -  —

I

The computer program for fail—safe structural optimazation w~th substruc—

turing (FSOS) employs truss, constant strain triangular (CST), the symmetric

shear panel (SSP) and symmetric pure shear panel (SPSP) finite elements. For

convenience the stiffness and mass matrices for these elements are given in

this appendix.
B. l .  Notation and General Expressions

a = length of SSP or SPSP element

b = height of SSP or SPSP element

E = modulus of elasticity

p = material mass density

= direction cosines of the local x1 axis in the global coordinate
system

= displacements In local coordinate system

x1, x2, x3 
= global coordinate system

= local coordinate system

= strain components in local coordinate system

= stress components in local coordinate system

t = thickness of SSP or SPSP element

0 = aspect ratio of SSP or SPSP element (0 =
= vector of nodal displacement in local coordinate system

B = strain—displacement relation matrix

C,C = stress—displacement relation matrices in datum and local coor—
- dinate systems, respectively

D = stress—strain relation matrix -

k,k = element stiffness matrices in datum and local coordinate systems,
- respectively

R = rotation matrix from local to global coordinate system

B = local to global coordinate transformation matrix for stiffness

and mass matrices
N = shape func tion that depends on x1, x2, x3
V = volume of the f ini te  element

A general expression for the element s t iffness matrix jn the local coor—
dinate system is given as [4] :

k — J  BTDBdV (B.1—l)
V 

76



• —-
~~~ w —

- •  - •  - •  - - -  — -  —- - — - -

I-
The element stiffness matrix relative to a global coordinate system can be

obtained using B and k matrices as follows [4].

k = ~~~~ - 
(B.1—2)

A general expression for the element mass matrix In the local coordinate

system is given as [4]:

= 
f 

N
T
NdV (B.l—3)

The mass matrix I~I relative to a global coordinate system can be obtained

according to the following prescription [4]:

m = B (B.l—4)

B.2. Truss Element

Truss is a one dimensional element that has constant strain throughout

its length. Figure B.l shows a general truss element in its local and global

coordinate systems. Using the constant strain condition, shape functio for

the truss element is given as [41:

r(l—~
) 0 0 0 0)

N = 0 (l—F~) 0 0 0 ( (B.2—1)

L 0 0 (l— ~) 0 0

where ~ x
1/L. Using Equation 8.1—1, the stiffness matrix for the truss ele-

ment is given as:

1 0 0 —1 0 0

0 0 0 0 0
- AE 0 00 0 (B.2—2)

symmetric 1 0 0
0 0

0

Using Equation B .l—3, mass matrix for the truss element is given as:

= 
[213 (11.2—3)

where 1
3 
is a 3x3 Identity matrix. It is shown in Ref. 4 t hat the mass mat r ix

m for the truss element is invariant under any rotat ion of the coordinate sys- •

tern , so m — th for the truss element.

It can be easily shown that the stiffness matrix for the truss element

relative to a global roord inate system can be expressed as:

k — [~~ ]BTB (B.2—4)

——.•-—- .----- ——--

~
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Figure B.l.  A General Truss Element
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1

where the row vector 8 is given as:

8 = 
~~~~~~~ 

m
1 

n
1 ~~~ 

-m
1 

-n
1~~ 

(B.2—5)

B.3. Isotropic Constant Strain Trianguiar (~ST) Element

This elemen t resists onl y in—p lane stresses , 0ll~ 022~ 
and These

stresses and the corresponding strains are assumed to be constant throughout

the finite element. A constant strain- triangular element with its local and

global coordina te systems is shown in Figure B.2. The displacement field for

the CST element that satisfies the conditions of constant strain is given as:

ü c
1~

c
1
+ c

2~
c
2

+ c
3— - - (B.3—1)v = c

4x1 +c 5x2 + c 6
Using the following disp lacemen t boundary condi tions in Equation B.3-1 , the

constants c1,
c2. . . .c6 can be easily solved :

l l  - l 1  -u(x1,x2) = r 1, v(x 1, x 2 ) = r
2

- _ 2 _ 2 - - _ 2~~ 2 -u(x1,x2) = r3, v(x 1, x 2 ) = r4 (B.3—2)

-• 
__ 3 _ 3  - - _ 3 _ 3 -u(x 1, x 3) = r5, v(x1,x2) r6

Here the superscript on and refers to the nodal point of the finite ele-

ment (refer to Figure B.2). Substituting c1,c2 c6, calculated from boun-

dary conditions 8.3—2 , one obtains ii and ~ in terris of r1,r2 as follows.

- - 
: T ,

( s  — b)x
1 

— h(x2 
— b) 0 r

1
0 I(s - b)R

1
- h(k

2
- b )  r

2
— h) + h( 3 2 

— 8) 0 r
3

I 

= 0 —s(*1 
— h) + h(R

2 
— h) r

4 
(B.3—4)

bx1 
0 r

5
0 b5~1 r6

From Equation B.3— 3, the shape function N can be identified for the isotropic

CST element.

The strains for the isotropic CST element are given as:
,,

~ 

•
u1_ i t ‘1

£22 
— V ,2  Bi~ (8.3—4)

£12 U~ 2 + V ,1
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Substituting Equation B.3—3 into Equation B.3—4, one can identify the matrix
B as:

(s—b) 0 —s 0 b

B = 0 —h 0 h 0 0 (B.3—5)

h (s—b) h —s 0 b

Stresses in the element are related to strains through the generalized Hoolce’s
law:

a = Dc (B.3—6)r
where a = a 0

22 012 and D is given as
~~ll j -

ri 0

D = 
E 

2 v 1 0 (B.3—7)
~~~~v L o 0 (i - v)/2

Therefore substituting for e from Equation B.3—4 into Equation B.3—6, one can

obtain stresses in terms of nodal displacements r1,r2,.
The stiffness matrix for the isotropic CST element in the local coordi-

nate system can be obtained by substituting for B and D from Equations B.3—5

and B.5—7, respectively , into Equation B.l—l. Integrating over the volume of

the element in Equation 11.1—1, the element st iffness matris is given as:

k = k11 + k5 (B.3—8)

where k
n 
is the stiffness matrix relative to normal stresses that is given as:

r (b—s)2

2 Syimnetric
- v(b—s)h  h

j~n Et 
I 

(b—s)s vhs (B. 3—9)
= 

Zbh(l — 2) — vh(b— s) —h 2 —vhs h2 
2—(b—s)b —vhb —sb vhb b

L 0 0 0 0 0 0

and k5 is the stiffness matrix relative to shear stress tha t is given as:

~ h2

2 Symmetric I
(b—s)h (b—s)

—(b—s)h h2

4bh~~~+ v) hs (b—s)s —hs 

0 

~(B .3— lO)

L —hb —(b—s)b hb sb 0

8].
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The mass matrix for the isotropic CST element in the local coordinate
system is obtained by substituting for N from Equation B.3—3 into Equation

B.l~ 3. Carrying out the indicated integration, one obtains:

Im* 0 01
= 0 m* 0 (B.3—ll)

0 0

where m* is given as:

2 1 1]

= 12 2 1 (B.3—12)

1 1 -

In order to assemble stiffness and mass matrices for the entire structure,

one needs to transform the element stiffness and mass matrices relative to a

global coordinate system. It can be shown [4] that under any rotation of the

coordinate system, the element mass matrix is invariant, that is m~~i. In or-

der to transform the element stiffness matrix relative to a global coord ina te
system, one needs to define a matrix B for the CST element and then use Equa-

tion B.l—2 to obtain k. The matrix B is given as:

rR 0 ol

B = 0 R 0 (B.3—l3)

L0 0 RJ

where ma trix R is given as:

I ~l m
1 n11 -

R = (B.3—13)m2

where 
~l’ 

m1, n1 and 
~~ 

m2 , n2 are direction cosines of the x1 axis (that is ,
the line 4—1 ) and the x2 axis (that is , the line 1—2) relative to a global
coordinate system x

1
,x2 and x3. These direction cosines are given as:

2 1 2 1 2 1 fr
x1 - x 1 X2 - x 2 x3 - x 39, — m — n =2 b ‘ 2 b ‘ 2 b

3 1 3 1 (11.3—14)(x? - x~) - ~~~ 
(x 2 

- X2) Sm2 (x3 
- x3) - sn2

11 , m1 h 
—

, n1 = 
h
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B.4. Symmetric Shear Panel Element (SSP)

In deriving the stiffness matrix for SSP elements (Figure B.3), the ba-

sic assumptions made are: 1) isotropic material, 2) uniform thickness,

3) rectangular configuration; if not rectangular , an equivalent rectangular

plate of the same area is considered , 4) symmetric with respect to the middle

surface, 5) plane stress state, 6) the stress distribution is assumed as

follows:

011(x1,x2) n
lx2 +

= 0.0 ‘
~(B.4—l)

012 (x 1,x2) = 0
3

where n1,n2,ct3 are constants, and 7) the displacement boundary conditions are :

ü(O ,b /2)  = 
-

ü(a,b/2) = r
3

~‘(0,b/2 )  =
2 - (B.4—2)

~(a,b/2) = r 4

and

ü(*1, 0) = 0.0

The local to global coordinate transformation for nodal displacements is ex-

pressed as:

= Br (B.4—3)

where

0 0 0 0 ’

— 

0 0 1 0 0 0 
(B.4—4)

0 0 ~~ m
1 

0

0 0 0 0 0 l~

r = ~ r 1 r 2 r ~ 
T 

(B.4—5)

and
Tr = { r1 r

2 r3 r4 r5 r6 ~ (B.4— 6)
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Figure B.3. Symmetric Shear Panel, or
Symmetric Pure Shear Panel
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From the assumed stress state, the strain—displacement and the boundary

conditions, the displacement state can be obtained as:

x1, x2 ) [A11 0 A13 0 1
- - 2 (11.4—7)

[A 21 
A22 A23 

A
24J 

t
3

r -

where

2 ~l 2*1*2A = (1 — -i--) X
2 

A13 
= 

ab

fc *2 + v * 2
A =_ ~i + 1 2 

— 
vb A = 1 — —i (B.4—8)21 b ab 4a , 22 a

A23 —A21 , A24 =~~~ 
-

From Equation B.4—7 the shape function for the SSP element can be readily

identified. The strain displacement relations are obtained using Equation

B.3—4 as:

c = B~ (11.4—9)

where - -

c = {c11 ~22 e }  (B.4. 10)

and

2*., 2L,
0 0

ab - ab

2v* 2v5t 
-

B = 
ab 

— —~
2- 0 (8.4—11)

1 
• 1 1 1

b

The stress—strain relation for plane stress is given by the generalized Hooke ’s

law of Equation 8.3—6. The matrix D is given In Equation 3.3-7. Substituting

in Equation B.3—6 the values of strains in terms of displacements , one obtains

the stress—displacement relation as:

= (B.4—12)

where
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2* 2*2 2 
0ab ab

C = E  0 0 0 0 (B.4—13)

1 —l 1 1
2( l+v)b ~(1+v)a 2(1+v)b 2(1+v)a

In the global coordinate system, the stress—displacement relation is:

0 = Cr (B.4—14)

where
C = (B.4—15) 

-

The element stiffness matrix in the local coordinate system is:

k = 
f BTDBdV = tf  BTDBdS (B.4—16)
V S

Thus , one obtains:

2(l+v) 
+ ~ 3 — 

2(1+v) 
+ ~ 3

3 -3
Et e

- 

l2(l+v) 
- 

2(l+v ) 
+ 30 3 

2( 1+v ) 
+ 

- (B.4-l7)

3 3 2.

0

Finally, the Von Mises equivalent stress 0c for this element is given as:

C 
= (o~1 + 3c1~2)

½ (B.4—18)

For calculating the maximum value of from Equation B.4—l8 the following ex-

pressions for 0
11 and 012 are used (from Equation B.4—12):

01]. 
= A (~3 — ~~~~

) (B.4—l9)

and

°l2 — 2 (l+’~3) 
~~~~~ 

~~4 
— r2

) + ~ (~~~~ + r1~) } (8.4—20)

The element mass matrix in the local coordinate system is obtained by
substi tuting for N from Equation B .4—7 into Equation B. l—3.  The elements of
the symmetric (4x4) mass matrix are :

86

- 
.:



• —
-‘-

- w- — - - - .

V

2 r 3 2
- p b t  0 vO

+ 0 +~~6 3 6 10 100

rn12 = [o
2 
+ vJ = rn14

1;
13

=2•~~t [~
-
~~

-
~~

-
~~
] (B .4-2l)

- pb ®t - - - -= 
6 ‘ 

m23 = —m12 , m24 = m22 /2

rn 33 = t51l 5134 = —rn14 ~~~ 
=

B.5. Symmetric Pure Shear Panel (SPSP)

The element stiffness matrix for this pure shear element (Figure B.3) is

also obtained by following the previous procedure and by assuming the stress

state to be as follows: 011 = 0, 022 = 0, 012 = 0
l~ 

where 0
1 is a constant .

The element stiffness matrix is then given as:

k = 
4(l+v) 

[

~l 

~~ 
:~ 

(B.5-l)

The stress state is

a = Cr (B.5—2)

[o 0 0 0
- E 0 0 0 (8.5—3)

1 1 1 1
b a b a

I

I.-
- 

- 
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to

Report Number 45

USER ’S MANUAL FOR COMPUTER PROGRAMS

SOS4 AND DIMCO

I
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C.l Introduction

In this appendix, use of the compu ter program SOS4, (Structural Optimiza-

tion by Substructures) for optimal design of structural and mechanical systems

that can be idealized using Truss , CST and SSP elements, is described . The

program is based on the algorithm and the logical sequence of computations of

Chapters II, III and IV. It is developed in FORTRAN IV using the IBM 360—65

(370—158) computer at the University of Iowa. The program can be used for op-

timal design of structures with or without fail—safe constraints.

The program SOS4 has eighteen subroutines , namely VARI , ELESTF , STIFFM ,

RECALL , DECUPP , SOLDUP , MEVEC , DEFREQ, ZBZIEF , CONST , ABSMAX, GENC , DELBE ,

DESVV , SDD, SOLVEL, SUBSP and JACOBI. The subroutine VARI generates various

variables for a substructure as shown in the statement CONNON/V2/ (see Appen-
dix D). The subroutine ELESTF generates element stiffness matrix, element
mass matrix and element stress matrix (required for the computation of bar

forces in truss elements and stress components for CST and SSP/SPSP elements)

for unit value of design variables. These quantities are stored in a vector

form for subsequent use in design iterations. The subroutine STIFFM generates

matrices iç~~ for the entire structure and K (r ,0) for each substructure. It

used subroutine RECALL for generating element mass and stiffness matrices in

the global coordinate system. It then uses subroutine DECUPP f or decomposing

upper band of matrices K~~’~~ (in case elements connecting interior nodes of

the rth substructure are damaged) and K~
0). The matrix Q~~~

0) is also compu-

ted in the subroutine STIFFM. The decomposed matrices K~
0) 

and K~~
,0) over-

write the original matrices. -

The subroutine MEVEC is used to compute product of the structural mass

matrix and the matrix of eigenvectors. Note that these calculations proceed

elementwise. The subroutine DEFREQ computes sensitivity vector for a viola—

ted frequency constraint under all damage conditions. The subroutine ZBZIEF

computes boundary displacements, interior displacements and element forces!

stresses under all loading conditions. The subroutine CONST checks for the

maximum stress under all loading conditions and previous damage conditions 5
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for elements linked to a design variable. It also computes sensitivity vectors

for violated stress constraints. The subroutine ABSMAX computes maximum nodal
displacements under all loading conditions for a damaged structure. The maxi-

mum displacements are checked against their limit values and sensitivity vec-

tors for violated constraints are computed. The subroutine GENC computes the

matrix C(0) of Equation 2.4—11.

The next three subroutines DELBE, DESVV, and SDD are used in computation
of changes in design variables. Lagrange multipliers are computed and their

signs are checked. Constraints corresponding to negative multipliers are ta-

ken out of the violated constraint set. The subroutine DESVV computes changes

in design variables when only the design variable constraints are violated .

The subroutine SOLVEL is based on the Gaussian elimination procedure and is

used to compute the Lagrange multiplier vector ~~~. The last two subroutines

SUBSP and JACOBI are used to compute the lowest eigenvalue and the correspon-

ding eigenvector for each damage condition. These subroutines are based on the

Subspace Iteration method coupled with the substruc turing techni que , as ex-

plained in Section 2.2.

A number of vectors and matrices are used in the main program as well as

in the subroutines. In order to save computer storage, COMMON statemen ts are

used (see Appendix D). For each structure, dimensions of various matrices de-

pend on the number of members, number of substructures, number of degrees of

freedom, etc. Computation for dimensions of these matrices is explained

later in this appendix. Once this information has been supplied , the compu-

ter program DIMCO (Dimension Computer; listed in Appendix D) can be used to

generate and punch dimension cards for the main program and all its subrou—

tines.

C.2. Data Organization

This section describes a procedure for setting up the problem and the

input,1output data organization for the computer program SOS4.
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C.2.l. Problem Set—up

Setting up the problem is fairly simple. The complete structure , irre-

spective of the number of damage conditions, is divided into a number of sub-

structures such that each substructure interacts with a minimum number of

other substructures. A set of global axes for the structure is selected

which is also used f or each substructure. The numbering of nodes is done in
two steps:

(i) Boundary nodes of each substructure are numbered first and then
- the interior nodes. The node numbers for each substructure begin

with 1.

(ii) All the boundary nodes are also numbered in an overall system.

This numbering system simplifies many of the logical statements in the

program. Hereafter, numbering of boundary nodes will imply numbering in the

overall system.

C.2.2. Input Data

The input information required for the program is divided into four sub-

sections:

(i) Input data common to all substrucrures

(ii) Input data for individual substructures

(iii) Input data for damaged structures

(iv) Other input data.

Variables of the program are defined and explained according to the READ

statements appearing in the program (Appendix D). 
- 
All the input information

is supplied on regular computer cards.

C.2.2.l. Data Common to All Substructures:

1. NUNIT, NN , NSU , NDAM, NLC , NV, NCC, BNC, NBW, NPH, NSD, ISPSP — FOR-

MAT (1615).
NUNIT = Code number for type of unit used ; NUNIT = 0 for U.S. — Bri-

tish Units, and NUNIT = 1 for SI units.

91

— ---—- .- —- —-- — —• - --— —
~~~~~~~~~~ 

.____ —,-— 
— .•- -—-- — - -

‘p - , - — -



- -
~~~~~~~~ w — - - - -

If

NN = Code number for type of structure; NN = 2 for a 2D struc-

ture, and NN = 3 for a 3D structure.

NSU = Number of substructures.

NDAM = Number of damage conditions.

NLC = Number of loading conditions.

NV = Number of design variables.

NCC = Number of degrees of freedom.

BNC = Number of boundary degrees of freedom.

NBW = Upper bandwidth of boundary stiffness (KB
) matrix including

the diagonal.

NPH = Expected size of the violated constraint set, that is, maxi-

mum number of constraints that may be violated in any design

cycle.

NSD = Total number of expected stress, displacement and frequency

constraint violations. Only NSD number of constraint viola-

tions can be corrected at any design cycle.

ISPSP = Code number for SPSP/SSP elements. If ISPSP 0, the program

SOS4 considers SSP elements, otherwise (ISPSP.NE.0) SPSP ele-

ments.

2. IFS, IDV , IFR , IBUK, IDIS , IBDIS, IPS, IPD, IPC, JUSTW, IAIJTO — FOR--

MAT (1615)

IFS* = Number of iterations for which stress—ratio design is ini-

tially required.

IDV* = Code number for the frequency constraint.

IFR = If this variable is assigned. :a value of 1 and frequency con-

straint is to be imposed, then the program will correct only

the frequency constraint in the first cycle.

IBUK* = Code number for buckling constraints.

IDIS* = Code number for interior displacement constraints.

IBDIS* = Code number for boundary displacement constraints.

IPS* = Code number for printing force or stress matrix at each iter-

ation. When IPS 1 force matrix will be printed , and when

IPS — 2, the stress matrix will be printed .
IPD* Code number for printing displacement matrix after each iter-

ation.
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IPC = Code number for printing stress and displacement constraint

violations under each damaged condition.

JU,STW Either 0 or 1:

If IDV = 0 and JUSTW 0, then the program skips frequency

analysis and design sensitivity analysis of the freq uency
constraint,

If IDV = 0 and JUSTW = 1, then the program calculates and
prints the elgensolution . However the frequency constraint

is not imposed .

If IDV = 1, then the program solves the eigenvalue problem

and imposes the frequency constraint regardless (indepen-

dent) of the input value for JUSTW.

(0; implies that the user wants to supply the matrix of

eigenvectors to be used in Subspace Iteration.

IAUTO = 1; implies that the matrix of eigenvectors will be auto—

matically generated in the computer program at the start

~of the Subspace Iteration.

If value assigned to this code is 0, then the corresponding

command wi1l be ignored . For example, if IBUK = 0, then

buckling constraints will be ignored .

3. ILIM, ITRS , LNSV, LCON , (ITY(I) = 1,3), IWMM — FORMAT (1615)

ILIM = Limit on the number of iterations or design cycles. The

program stops if convergence is not obtained within this

specified limit on number of Iterations.

ITRS = Number of times the step size is to be changed . A provision

is made in the program SOS4 to change the step size to any

desired fraction of the original value if the variation of

the cost function remains within the specified limit for a

speclf led number of design cycles. This is done to obtain

a finer convergence of the algorithm .

LNSV = Number of times the variation in the cost function should

remain within the specified limit before the step size can

be changed to any fraction of the original value.
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ITY(l) = 4 if plane (6 if space) truss elements are present; other-
wise 0.

ITY(2) = 9 if CST elements are present; otherwise 0.

ITY(3) = 6 if SSP elements are present; otherwise 0.

IWMM = (0, generates weighting matrix (see Chapter 4)

sets weighting matrix equal to identity matrix.

4. DF, RIT , RIN , RL, EP , STP1, STP2 — FORMAT (8F10.4).

DF = Requested reduction in the cost function for calculating

the step size. This reduction factor is used in the regular

computational algorithm and may be changed after some design

cycles based on the criteria described above. For a five

percent reduction in cost function, DF is assigned a value

of 0.05. This variable may also be assigned 0 value, and

In that case the program will correct only the violated con-

straints. The objective function will not be reduced .

RIT = Requested reduction in cost function for calculating the

step size whenever all constraints are satisfied and ILIM >

0. This variable is used for a finer convergence near the

optimum. If the regular step size is to be used then RIT =

DF.

RIN = Requested reduction in the cost function for calculating a

step size if all constraints are satisfied initially (RIN >

0).. A larger step size may be taken if all the constraints

are satisfied initially in order to speed up the convergence.

For example, RIN = 0.25, if a 25 percent reduction in cost

function is desired initially.

RL = Specified variation in the cost function for reducing step

size, that is, if the variation In cost function should re-

main within one percent for two design cycles before the

step size may be changed, then RI 0.01 and LNSV = 2.

EP = A small number for checking c—active constraints. A value

of 0.02 to 0.0001 (2% to 0.01%) has been used in many calcu—

lat ions.

STP1 — A positive multiplier for changing DF and RIT (see LNSV in
card no. 3).
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STP2 = A positive multiplier for changing RL (See LNSV in card no.

3).

5. (FACC(I), I = 1,3), RF, CONL, FORMAT (8FlO.3).

~cc(I)*= Multiplier associated with weighting matrix (refer to Ch. 4).

FACC(l): for truss elements

FACC(2): for CST elements

FACC(3): for SSP/SPSP elements

RF = Resonant frequency for the truss in cycles per second (Hertz).

When IDV > 0, RF cannot be zero.

CONL = Maximum constraint violations to be corrected . ThIs para—

mateL is always negative. If any constraint violation is

smaller than this amount, only this amount will be correc-

ted . For example, CONL = —1.0 implies t~p = —1.0 for any

< —1.0. Generally, a large value is used for this parame-

ter; a value of —100 is recommended .

6. ERR1, ERR2, ERR3, ERR4 , ERRS - FORNAT(5E16.7)
ERR1 = Error criteria used for checking convergence of eigenvalues

in the Subspace Iteration method. A value of O.100E—05

for ERR1 has been used quite often in computation.

ERR2 = Tolerance in design variables in percent at the optimum. At

each design cycle, the percent change in each component of

the design variable vector is checked and if each component

is within ERR2, then the design variable vector is assumed

to have converged. The value assigned to ERR2 is O.100E—02

if a convergence of 0.1 percent is sought.

ERR3 = Constraint violation telerance in percent at the optimum

point. The value assigned to ERR3 is 0.100E—2 if, at the

optimum point, each violation of a constraint is to be within

0.1 percent .

ERR4 = Tolerance in the cost function in percent at the optimum.

The value assigned to ERR4 is 0.100E—02 if , at the optimum

point, the cost function variation is to be within 0.1 per—

cent. If all the convergence criteria, that is, ERR2 , ERR 3,
and ERR4 are satisfied then the convergence to the optimum

is assumed and the design process is stopped.

* to be selected by the designer
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ERRS = Error criterion used in checking zero elements in Gaussian

elimination procedure. A value of 0.lOOE—05 has been used

in the present computations.

7. (DLIB(I ) , I = 1, BNC) — FORMAT (8F10.3)

The boundary displacements limits for the structure in inches (metres)

are supplied in this statement. The total number of cards for this

step depends upon the value of BNC because each card contains only

eight numbers. These displacement limits are punched in a definite

order determined by the order of numbering the boundary joints of the

structure. For example, if joint number 1 has all three degrees of

freedom then it will have displacement numbers 1, 2, and 3; if joint 2

has two degrees of freedom then displacement numbers 4 and 5 will be

for these two degrees of freedom, and so on.

8—10. This set of input data cared contains information about the loaded

boundary nodes only. The boundary load matrix of dimension (BNC x

NLC), is initialized first and then for each loading condition , fol-

lowing information is READ according to the specified format.

8. First card contains NLJ, the number of loaded boundary nodes;

FORMAT (1615).

9. The next set of cards contains node numbers of loaded joints in

the overall boundary node numbering syste The number of cards

depends on NLJ as each card contains only sixteen numbers; FOR-

MAT (1615).

10. The last set of information, punched on separate cards, contains

the node number and loads in kips (Newton) applied along permis-

sible degrees of freedon; FORMAT (IS , 3F10.2).

11—12. This set of cards provides information about design variable linking

of members across the substructure boundaries.

11. LINK — FORMAT (15)
LINK — Number of design variables linking across substructure

boundaries.

12~ LINLG(I ,l ) ,  LINLG(I ,2);  I = 1, LINK; FORMAT (1615).
LINLG(I ,1) — Type of element

LINLG(I ,2) — Design variable group to which the element is linked.

*ULIN K = 0, skip #12.
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C.2.2.2. Data for Individual Substructures: In this section of the program

input data for each substructure is READ separately in a proper sequence. The

total number of such sets of data is equal to NSU. The following input infor-

mation is given for the rth substructure:

13. NJ(r), NBJ(r), NCB (r) ,  N IC( r) ,  NBW1(r), NBW2(r), NBW3(r) — FORMAT

(1615).

NJ(r) = Total number of nodes.

NBJ(r) = Number of boundary nodes.

NCB(r)* = Number of boundary degrees of freedom.

NIC(r)* = Number of interior degrees of freedom

NBW1(r)* = Upper bandwidth of the matrix K(r) including the diagonal.

NBW2(r)* = Upper bandwidth of the matrix including the diagonal.

NBW3(r)* = Upper bandwidth of the matrix ~~~ including the diagonal.

* These parameters for the stiffness matrix are explained in Figure C.1.

14. NZ( I,K); I = 1,NB — FORMAT (1615); NB = NBJ(r).

This set of data cards contains information about interconnection

between boundary nodes in the overall and the substructural numbering

systems. The number of boundary nodes for the rth substructure is

NBJ(r), and they are numbered in an ascending order starting from 1.
In the overall boundary numbering system, these NBJ(r) nodes will

correspond to some boundary nodes in the overall system. For example,

if rth substructure has S boundary nodes, then they will be numbered

1, 2, 3, 4 and 5 in the substructural or local boundary node number-

ing system . in the overall system, let these nodes correspond to

nodes 10, 11, 12, 13 and 14. Then for this data set, the number 10,

11, 12, 13 and 14 willbe punched according to above format.

15. J, X(J ,r ) ,  Y(J ,r), Z(J ,r) , (ND(I), I = 1, NN) — FORMAT (IS , 3FlO.3,315).

J = Nodal number

X(J ,r) (~
, Y, Z (or x1, x~, x3) coordinates of the 

~th node in

Y(J ,r) the global Cartesian coordinate system

Z(J,r) LUnits: inches (metres).

The remaining integers are the code numbers for this node. Each node

has its degrees of freedom , that is, displacements in coordinate dVi—

rections x1, i 1 to NN. If displacement along a particular coor-

dinate axis is allowed then that code number is assigned a value c,f 1,
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otherwise it is zero. For example, the code number 1, 1, and 0 for

a particular node specify that the displacement in the x
3
—direction

of this node is zero. The total number of cards for this step is

NJ(r) and they must be placed in an ascending order. Note: Skip data

card numbers 16 to 19 if NIC(K) = 0.

16. DLIM(I,r): I = l,NIC(r) — FORMAT (8FlO.3)

This set of input data , which contains information about interior dis-

placement limits, is supplied in the same way as boundary displacements

of Subsection C.2.2.l(7). The total number of cards depends upon the

value of NIC(r).

17—19. The next data to be supplied is the interior load matrix. This infor—

mation is to be punched in exactly the same way as boundary load matrix

of Subsection C.2.2.l (8—10). The dimension of rth interior load ma-

trix is (NIC(r) x NLC x r). Note: Skip data cards 18 to 19 if MU = 0.

Data for Individual Finite Elements: In this section of the program input

for individual finite elements is READ separately in a proper sequence (for
rth substructure the sequence is: truss elements, CST elements, and SSP/SPSP

elements). If any type of element is not present, then the data set 20—23 is

not to be supplied. The following input is given for the rt’~ substructure and

~th type of element (cummulative). For each type of eleme its (truss, CST,

£SP/SPSP) data set 20—23 should be supplied .

20. NM(p) , NG(p), NW(p), MEB(p), MEF(p) — FORMAT (1615) .

NM(p) = Number of elements.

NG(p) = Number of groups. The elements of a substructure may be

linked together due to practical and/or economic considera-

tions. Grouping is limited only to finite elements that

are of the same type.

NW(p) = Number of design variables (NW(r) s NG(r)). If cross—

sectional area of each member of rt~ substructure is to be

considered as a design variable, then NM(r ) = NG(r) = NW (r ) .
.0

If NW( r ) < NG(r), then only the first NW(r) groups are con—
sidered as design variables. ‘

S

MEB(p) Number of the first element.

MEF (p) = Number of the last element.
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21. J, L, (MN (N+M, p), M 1, L) — FORMAT (1615)

(Initially N = 0 and later N = N + L.).

This set of cards contains information about grouping of elements.

Information about each group starts on a new card . The number of

cards for this step is NC(p) and are placed in an ascending order

of group number.

J = Group number.
th

L = Number of elements in the J group .

(MN(N+M, p), M = 1, L) = element numbers of the ~th group .

22. BL(J ,p ) ,  BU(J,p), ALP(J ,p), SL(J ,p), SU(t ,p), RO(3), XNUU (J ,p),
E(J,p) - FORMAT (8FlO.3).
This set of input data cards contains information about upper and

lower bound and material properties for the elements of a group .

The number of cards for this step is equal to NG(p) and they must

also be placed in an ascending order of group numbers. Each card

contains the following information about the elements of a group
th(say J ) .

BL( J,p)* = Lower limit on the design variable. It should be no-

ted that this must be a non—zero positive number .

BU(J,p)* = Upper limit on the design variable.

ALP(J,p) = Constant ~~ for each truss element of the group . This

is needed for computing the moment of inertia of an ele-

ment, Ii ~~ 
b~ . For CST and SSP 

elements , any value

may be used.

SL(J ,p) = Compressive stress limit in kips per square inch (New-

ton/rn
2); punched as a positive number .

SU(J ,p) = Tensile stress limit in kips per square inch (Newton/

m2); punched as a positive number. .5’

RO(J) = Specific weight of the material in pounds per cubic

inch (Newton/rn2).

XNUU(J ,p) = Poisson’s ratio of the material.

E(J,p) = Modulus of elasticity of the material in kips per square ‘S

2inch (Newton/rn ).

*For truss elements: inch2 (metre2); for CST and SSP elements: inch

(metre).
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23. M8, JP , JQ, JR, MPC(M8,p) — FORMAT (1615)
This set of input data cards contains information about the element

connectivity . The number of cards for this step is equal to NM(p)

and they must also be placed in an ascending order of elements. Each

card contains the following information about the element:

M8 = Element number.

JP

JQ = Element end nodes. For truss and SSP/SPSP elements,

JR skip JR.

The last information on this card defines the type of element connec-

tion according to the following code:

—1, implies element connected to boundary nodes only.

M(M8 ,p) = 0, implies element connected to both boundary and

interior nodes.

+1, implies element connected to interior nodes only.

C.2.2.3. Input Data For Damaged Structures: In this section of the program ,

input data for each damage condition is READ separately in a proper sequence

(skip this section if NDAN 0). The total number of such sets of data is

equal to NDAM. The following input information is given for the 1th damage

condition .

24. RRF(I), RDLIM ( I ) ,  RSL(I), RSU (I) , RLOAD(I) — FORMAT (8F10.3).

This set of cards contains values of multipliers to be used in de—

fiL’ing the frequency limit, displacement limits, stress limits and

applied load for the 1th damage condition. Each card contains the
thfollowing information for the I damage condition:

RRF(I) = Multiplier for lower bound on natural frequency.

RDLIM(I) = Multiplier for admissible displacements.

RSL(I) = Multiplier for lower limit on stress (compressive stress).

RSU(I) = Multiplier for upper limit on stress (tensile stress).

RLOAD(I) = Multiplier for applied loads.

For example, RRF(2) = 0 75 implies that the resonant natural frequen—

cy under damage condition number 2 is three—fourths that of the un—

damaged structure.

The next four input data sets (25—28) for 1th damage condition are R EAD in

the following order:
DO c z r = l, NSU
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25. READ KIIDAM(r ,I) — FORMAT (1615)

Dq a p = 1, 3 (TRUSS, CST, SSP/SPSP)

IF (ITY(p).EQ.O) GO TO a (see #3)

26. READ N — FORMAT (1615).

IF (N.EQ.0) GO TO a.

27. R EAD NDM(J), J= 1, N

28. READ REDUC(J), J = 1, N

a CONTINUE

Here input data set number 25 contains damage code for the matrix

K~~~as follows:

(= 0, implies that the matrix is not changed due to

KIIDAN (r,I) ( damage.

I.,j& 0, implies the matrix is changed due to damage.
In data set number 26, N is the number of elements damaged in the

1th damage condition. Note: Skip data set number 27 and number 28

if N = 0. Data set number 27 contains identification numbers for

damaged elements. The number of cards depends upon the value of N,

since each card contains at the most 16 values (FORMAT (1615) ).

NDM(J) = the jth damaged member in the 1th damage condition.

For example, in damaged condition number 1 if there are 6 damaged

members: 1, 4, 6, 71, 75 and 76, then:

NDM(1) = 1

NDM (2) These 6 numbers can be punched on one data card

(FORMAT (1615)).

NDM(6) = 7

In data set number 28, a reduction ratio for each damaged member is

given to define the extent of damage. The number of cards depends

upon the value of N since each card contains at the most 8 values

(FORMAT (8F10.3)). A total loss of the member is denoted by speci—

fying 1.0 to its reduction ratio. In the above example, if percen—

tage of damage to members, 1, 4, 6, 71, 75 and 76 are 10%, 40%, 60%,
90%, 100% and 20%, respectively, then:

REDUC(l) 0.l00’t~ These numbers can be punched on one data card

REDUC(2) = 0.400 (FORMAT (8F10.3)).

REDUC(6) — 0.200
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C.2.2.4. Other Input Data:

29. Skip this set of data if IDV = 0 and JUSTW = 0, or if IAUTO = 1.

Otherwise, supply the matrix of eigenvectors according to the

Format 5El6.7;XEIG(J ,I) where J = 1,2.. .NCC
and I = 1,2.

Note that in the Subspace Iteration, two eigenvectors are needed to

accurately calculate the lowest eigenvalue. The input matrix of

eigenvectors XEIG(J,I) i~ieed to be in the following form:

Total number of boun—

BNC dary DOF for the corn—

BNC plete structure.

BNC+l Total number of inter—
NIC(l) ior DOF for substruc—

BNC+NIC(l) ture 1.
XEiG(J,I) = __________ ____________________ _________________________

BNC+NIC(l)+l Total number of inter—
NIC(2) : b r  DOF for substruc—

BNC+NIC(l)+NIC(2) ture 2.

BNC+NIC(l)+NIC(2)+l NCC is the total number

NIC( rth) of DOF for the complete
NCC structure.

The last two input data sets (#30 and #31) are READ in the fcllowing
order:

DO a r = 1, NSU
DO a p = 1, 3

IF (ITY(p).EQ.O) GO TO a (see #3)

30. READ B(I,p), 1l , NG(p) — FORMAT (8FlO.3)

31. READ IGRT (I,P), 1—1, NG(p) — FORMAT (1615)

a CONTINUE

Input data set number 30 contains starting valued of design variables

(cross—sectional area in inch2 (metre2) for truss elements, and thick-
ness in inches (metres) for CST and SSP/SPSP elements) and must be

placed in the ascending order of group numbers.
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Input data set number 3l deiines status of the design variable (DV)

grouping.

implies that DV is linked to DV of previous sub—

I structure

IGRT(I,p) = 0, implies that the DV is fixed

+1, implies that the DV is free, that is, neither

linked nor fixed.

C.2.3. Output

Two types of outputs are received from the computer program ; printed

output and punched output on computer cards. In the printed output , all of

the input data is first printed out for verification purposes. At each de-

sign cycle, value of the cost function, values of the design variables, type

and number of constraint violations, and the member force matrix are printed

out. Also, Lagrange Multipliers, changes in design variables and the cost

function history are printed out.

The punched output, consisting of three sets of data cards, corresponds

to the data required in set numbers, 29 , 30 and 31, respectively. If IDV = 0,

then the first data set, consisting of eigenvectors of last design cycle, is

not punched . The last two data sets, consisting of design variables of last

iteration and their status (linked ? fixed or free) are punched out for subse-

quent computer runs, if necessary.

C.3. Computation of Dimensions of Various Matrices

The dimensions of various matrices and vectors depend upon the size of

the structure considered. Various variables like BNC, NLC, NC I (K ) , etc. as

defined in Section C.2, determine sizes of various matrices. For easy compu-

tation of dimensions, the dimension statements used in the program (Appendix

D) are explained here in terms of these variables.

DIMENSI ON PB(BNC ,NLC) , ALP(NGU,KKU) , DBIN(ILIM 2), OO (NV) , FACC(3) ,
FB(ILIM) , BETA(2*SN), CL(3), NZ(NSJL,NSU) , LINLG(LINK,2)
NJL(NLJ, NVV(3), NEGV(NDAN+1)

COMMON/V2/ NIC(NSU) , Nw (KKU) , NG (KKU), NBw1(NSU), NBW2 (NSU, N~BW3 (NSU) ,
NM(KKU) , NBJ(NSU) , NJ(NSU) , NCB(NSU) , NEW(NSIJ) , IQS(NSU) ,
MEB(KKU) , MEF(KKU)

COMMON/Pl/ Bl( 9,9), B2(9 ,9), B3(9 ,9), ESF(9 ,9), NA(MAX (NM ,9) ) ,  NIl(9),
NJ1(9), NJ2(9)
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COMMON/P2/ XNUU(NGU,KKU), ELL(M8,K2 1), BU(N GU ,KKU), STRESS(NTE*34~NCE*27+
NSE*l2), TCSM(NTE+NCE+NSE*21), TRCSSP(NTE*6+NCE*45+NSE*2l),
XCOST(3),  ICSS(M8 ,K2 1), ISAC (M8 ,K2l), INDC(M 8 ,K2l) ,  IGRT(NGIJ,
KKU) , IGRE(M8,K21) , NNDC(NTE*6+NCE*9+NSE*6 ), LLN(3) ,  ITY(3) ,
ICSSM(M8 ,K2l)

COMMON/P3/ EVEC(NCC ,NDAI,H-l), RRF(NDAN+l), RDLIM(NDAM+1), RSL(NDAM÷1), RSU
(NDAM+l) , RLOAD (NDAM+ 1), REDUC (K22), NDOF (ND AM+l), NDM(K22),
NBDAM(KKU ,NDAM) , KIIDAM(NSU ,NDAM+l)

COMMON/P4/ INF(NSD ,8),  NGV(NGU,KKU) , INO(NSD) , NDISP(NCC)
COMMON/P5/ YK(NCC) , YM(NCC), sK(Ncc), SM(NCC), EY(NCC), SG(NCC)
COMMON/Rl/ BL(NGU ,KKU), DLIB (BNC )
COMMON/R2/ PI(NCIL ,NLC ,NSU),  RR(M8 ,K2l), E(NGU ,KKU) , MN(M8,KKu) , MON(NGU ,

KKU) , M1 (M8 ,KKU) , NOM(NGIJ ,KKU)

COMMON/R4/ IIL(NSD,NSU) , KLC(NSD) , IOK(NSU), NO(NLC)

COMMON/R5/ B(NGU ,K KU),  SL(NCIJ,KKU), SU(NGU ,KKU) , DPB(K 1, K2), DiSIM(NCIL,NSU),
SS(NV )

COMMON/Al/ Q(NCIL ,NCBL ,NSU), ZI(NCIL ,NLC ,NSU ) , C(BNC ,NBW) , SB(BNC ,NLC)

COMMON/A3/ BR(M8 ,K21), TRSF(NTE ,N LC),  CSTF(NCE ,NLC ,4) ,  SSPF(NSE ,NLC ,3),
Z(N V ,NSU ) , SZE(NPH) , MP(M8 ,K21), ND ( K3)

COMMON/A4 / X(maxo(NJ(r),NTE ) , NSU), DLP(NPH) , DLPH(NP}I, T(K4) ,  WM(NV , RO (NV )

COMMON/A5/ D(K5,K6) , DS(K5 ,K7), A2( BNC ,K9), DKI(NCI ,NIJ3) , KIIUBW(NS U)

COMMON/A6/ DPZ(KlO,K9), ZZ(K11,K 12) , BE(K 11,K 12), W(Kl l ) ,  H(K26), VV(K 13) ,
Y(M8 ,NSU ) , NZC(NCBL ,NSU)

COMMON/A7/ DPX(NGG, NSD)

COMMON/Cl! XEIG (NCC,2), YXEIG (NCC,2), WS(2), DM(l ,1), IET(NDAN+l)

COMMON/C3/ QQK(2 ,2) ,  QQM(2 ,2), QA(2,2)

COMMON/C4/ ETC(NV*IPDAN), TEI( IPDAM) , TE(IPDAN)

where

NBJL = max {NBJ(r)}
- r

NCIL = max {NIC(r)} r = I to NSU
r

NCBL = max {NCB(r)}
r

NSU
NU3 = ~ NBW3(r)

r 1

NGU — maximum number of groups for any type of finite element in a sub-

structure
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KKU = NSU*K2l

NLJ = number of loaded nodes.

M8 = maximum of truss, CST or SSP/SPSP elements in the structure.

= max(NTE,NCE ,NSE)

NTE = number of truss elements

NCE = number of CST elements

NSE = number of SSP/SPSP elements

NM = NTE+NCE+NSE

NSU
NGG = ~ NG(k)

k=l

IPDAM = NDAN+l
PN = 2*SN , SN= 2*NN

Ki = max(NV ,NCIL) , 1(2 = max(NSD ,NU3)

NSU
1(3 = max NPH, SN* ~ NJ(I)

1=1

1(4 = max NPII ,NM

K5 = max(NCIL,BNC , K6 = max(NU 3,NBW )

K7 = max(NSD,NCBL + NLC) , K9 = max(NSD ,NCBL)
1(10 = max(NSD,NCIL) 1(11 = max(NPH,NV)
K12 = max(NLC,3) K].3 - max(NPH,NM)
K2l = number of finite elements used

K22 — total number of damaged members under all damage conditions

1(26 max(NV M8)

After dimensions of various matrices have been determined , the computer

core requirements can easily be specified. For IBM 360/65, the compilation

step in double precision, requires a computer core of 184K, regardless of di-
mensions of various matrices.

C.4. User’s Manual for the Computer Program DIMCO

As noted earlier , the computer program SOS4 has eighteen subroutines .

Each subroutine has several COMMON statements. These statements are dependent 
0 ’

on a structural design problem. It is cumbersome and time consuming to punch

these cards for each structural design pro blem . Therefore , a computer program

DIMCO (Dimension Computer) has been developed to calculate dimensions of various
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matrices and to generate COMMON statements for all subroutines of SOS4. For

each structural design problem, the program DIMCO can be used to generate di-

mension cards for the program SOS4 and each of its subroutines.

The program DINCO requires only a few simple input data cards (in integer

FORMAT) as described below:

Card #1 (FORMAT 1615)

(2, for 2 dimensional structure
NN = (

~~ 3, for 3 dimensional structu re

NSU = number of substructures

NDAM = number of damage conditions

NLC = number of loading conditions

NV = number of design variables

NCC = total number of degrees of freedom (DOF)

BNC = total number of boundary DOF

NBW upper banwidth of the matrix KB (Effective boundary stiffness ma

trix)

NPR = maximum number of constraint violations allowed at any design Itera—

tion

NSD = maximum number of stress, displacement and natural frequency con-

straint violations to be corrected at any design iteration

ITE = number of different type of elements for the structure

NBLJ = number of boundary loaded joints for the undamaged structure

NDMT = total number of damaged members

when there is no design variable linking with previous sub—

LINK = J structures

~
l, when there is (are) design variable(s) linking to-previous sub—

I structures

r ILIM — maximum number of design iterations allowed

Card #2 (FORMAT 1615)

ITY(l) — 1 if truss elements exist; 0 otherwise

ITY(2) — 1 if CST elements exist; 0 otherwise
ITY(3) — 1 if SSP/SPSP elements exist; 0 otherwise

Data Set #3 (also refer to Figure C.]. of Appendix C)

(1) Information about the 1(th substructure where K’1,2...,NSU (FORMAT

L— 

1615)
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.

NJ(K) = number of joints for the Kth substructure

NBJ(K) = number of boundary joints for the Kth substructure

NCB(K) = number of boundary DOF for the 1(th substructure

NIC(K) = number of interior DOF of boundary joints for the Kth substructure

NBW1(K) = upper bandwidth of the entire stiffness matrix for the Kth substruc-

ture

NB W2(K) — upper bandwidth of the matrix KBB 
for the substructure

NBW3(K) = upper bandwidth of the matrix K11 for the 
Kth substructure

NILJ(K) = number of interior loaded joints for the 1(th substructure

(ii) Information about the jth type of elements in the Kth substructure

where J=l ,2,3 (FORMAT 1615). Omit this data set if ITY(J) = 0.

NM(KK) = number of ~th type of elements for the Kth substructure
th thNG(KK) = number of groups for the J type of elements and the K substruc-

ture

Nw(KK) = number of design variables for the ~th type of elements and the Kth

substructure

MEB(KK) = beginning member number of the ~th type of elements for the 1(
th sub-

structure

MEF(KK) = final member number of the jth type of elements for the Kth sub-

structure

For an open truss helicopter tail boom with 3 substructures and 1 element

type (truss), K=3 and ITE=l. Therefore a total of only 8 input cards (1+1+6)

are required. In general, a total of p cards are required for the computer

program DIMCO where p = 2 + (NSU) * (1 + ITE).
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APPENDIX D
to

Report Number 45

LISTING OF PROGRAMS sos4 AND DIMCO
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D.l. Listing of the Program S0S4

,rssris j 3c ( , V ,  ~0,20)I), ’D1 NTDuC ’ ,T1M ~ =2b J O B  603
~M E SSAGE L PLE t ’~SE 1~ ~R P~ ErE MY OUTPUT PUN CHEC CA~ DS
/ 1. X EC FJRTC L~ , Gr~~~=4’~ .K,TJ~~E=25
fI-~~- (T.SVS I4 D l)

U~PL ICI r R1.~L*8 I .~— - s , U — L)
I~~r [G~~ S!l[,1 3 9 C ,S i
DIMEi r~iSI[)N P!3( 36, I ),AL ~~( 14, £ I ,D BLN(  20, 2),OI; ( 5 1),FACC( 3),FB(

I l0), 5i k T A ( 1 ? ) ,~~L ( ~
) , i L (  8, 3 ) ,L I~J L1 ( 1, fl,NJL ( 4),NVV ( 3),NE GV (

2 7)
Z M M O 4  STEP , B’1~ , S’~, ~BW , S IZE ,NLC ,~4S U

M MJ ’~/v 1/11 ,~~:i , ‘K , K, ,MUL ,F4U2,~1U 3 ,M 1,N8,N JK,NC,N1I , ISO, IQI
C”M M PI /V 2 /NI C ( J) ,~~- -( 6),~~C ( 6) ,NL3 W t (  3) ,NBu ~2 ( 3),NBW3 ( 3),NM ( 6),

1~~E~J ( 3 ) , -IJ( 3 .~~EE ( 3), ’4EW ( 3), IOS ( 3) ,MEB ( 6),MEF ( 6)
QM M O I / P 1 /B 1 (  J~ ~f l , 3 l (  ~, 9),33 ( 9, )),ESF ( ~, 9),~~A ( 15 6),NI1( 9

1),~JJ 1 ( J), -)J2 ( fl
~[‘MMC i/P2 /~ ’1UU( 14, 6) ,cLL( 138 , 2 ),t ~U ( 14, 6),STRESS(1620) ,TCSM (

1 [~~6),tRCS SP( 2 0O8), ’(C-JST ( 3),I CSS 108, 2 ) ,I SA C I IOQ , 2),IMDC ( 108
2,  ?) ,l ;~~r ( 1 4, 6) , r~~UI  iDa , 2),N~’4D~~( 1OR 0 ),L [MI 3hITY ( 3) ,ICSSM (
3 108, 2 )

M M O./ P 3/CVEC ( 1, 1),~~~F ( 7),RI)11F~( 7) ,RSL ( 7),RSU( 7 ) ,R LOA D ( 7)
1 ,REDU ~~I 90),NL)DF ( !),‘IDM( 9O),~~8DA M t  ~‘, 6) ,KIID ’tM( ~, 7)
C~)MMO ~4/P 4/ IMF ( 50, t ) , ~~G~~( 14 , 6), I~~O( 50),NOISP ( 72)
COM MO’~i/P ’/Y (( j),YM ( 1),$K ( 1) ,S .MI 1) ,EY( 1) ,S~~( 1)
CUMM ON /R 1II 3L ( 16, 6) ,0L13 ( 3ei )
C~)MMO I/~~?/PI(12 , 1, 3),R~.( 1 08, 2) ,E( 14 , 6),MN ( 1O~~, 6) ,NOM I 14,
I b)

C flM M O~l/~~4/UL ( ~O , 3 ) ,KL ( 50),1OK ( 3) ,~’IO( 1)
Lfl M M O ’1/R~~/B( 14, o),SL ( 14, b ) ,SU ( 14. 6),DPB( 51, - 0 ) , D L L M I I2, 3)

1,SS( ~i I )  -

CDMMO ~i I ’t L / Q (  1?, 24, 3) , 1 H 12 ,  1, 3) ,C ( 36, 24) ,lB ( 36, 1)

~.0MM fl~~/A 3 /B R ( 10 8, ?),T~ SF ( 1O~3, 1),CSTF~ 48, 1, 4),SSPF ( 1, 1, 3),
in si , 3),DLE ( ho) ,’”P ( 198, 2),ND I 216)
cnMMrrl /44/x ( 108 , U,DLP ( oO ),DLP II( 60),T( 156) ,WMI 51) ,RO( 51)
CflM M[H/A’~/D( 3&j , 24),DS ( 36, 50),A2 ( 36, ,O ) ,DK I (12,36 ) ,KEIU BW ( 3)
E J M M O~I/.~6/DPZ( 50, ~0) , l Z (  71, 3),Bd ( 108, 3) ,W( 72),H ( 108) ,VV (

I 15 6),Y ( LOB, 3) , N l ’ ( 24, 3)
0MM0 ’l/A TIDPX ( 62, 50)

COM MO ’I/C1 /XE IG( 72, 2 ),YX CI G( 72, 2~~,wS ( 2),DM ( I, 1i ,IET ( 7)
$/ C 3 /  QQ K( 2, 2) ,QQM ( 2, 2),QA( 2, 2)

CO M MO ~ /C4/ETC ( 3~~7),TE I( 7),TL ( 7)
**************************$ **s***a******s*******s**s****************
* *
* PRO~ I~AM — ‘FSS ~;- .’ FAIL -SA FE STRUCTURAL CPT IM I ZAT IO N W I T H  *
* SU B STRUCTUR I NG *
* PRO GRAM M ER — •‘*SHUK l .. GOVI L *
* D I V I S IO N  OF M ’~T C R 1 ~~LS EN~~I’JEER IN G , *

* U NI’dE (S (T Y OF IOWA , IOWA CITY, I OWA ‘i2240 *

* A U G U S T ,  1q 77 *
* *
* i~~I L -~~.A F E  O P TI M AL JC S I~~1 OF FI NI TE Ld M E N S IONA L MECH A NICA L SYSTEMS*
* SU fl JE C TCU TO STA T IL LOA D IM ~ *
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C * C O N S T R A I N T S  ON — O~ ~ECT STRESS/VON ~IISES COU IVA L EN T STRESS, NODAL *
~ * J~~’PLACCM ENT, FREO4JENCY, AND BUUMD~ ON DESIGN *
C * V A t I A B L E S  *
C * *
C * SURSTSUCTURE FORMULATIO N IS USED *C * STIFFNCSS MATRIX M~ tHOD IS USED TO ANALYZE THE STRUCTURE *
C * VA RLOU~ MEMUER OF ~HE SflUCUCTURE MAY BE GRCUPED TOSATHER *
C * FINITE CLEMENT L IB~~~RY INCLUDES TRUSS, CST, AND SSP/SPSP ELEMENTS*
c * ALL CA LCULA T Ifl~IS A I X L  IN )JUBLE PRECISION *
C ******** ******** ** **** ** ******* ****** ******* ***** ***** ***** ***** * ***
c * UPDATED (JUNE I~~79)’;GUYEN THAI DUC *
C * JNL)ER SUP~~ V IS ION ~ PROF. J. S. AR URA *
C * 3PTIO’~ flf US !’1 ; SUV P~ CE ITERAT ION 10 SOLVE .EIG[N PROBLEM *
C * VIOLATIONS IN FkE..~ ~ DISPL. OF EACH DAMAGED CONDITION ARE *
C * INCLUDED IN TIlL V V LA T E D  ONSTRA INT SET *C *******************************************************************$
C FOR MATS—R EAD STATEMENTS

4 F (1RMAT (8F10.6)
5 FORMAT( 8FLO.3)
8 FDRMAT ( it—1 6. 7)
‘) FDRMAT( I 5,3F10.4,6fl )

tO F O R M A T I  1615 )
11 FC~ MAT (7F10.4,F1 0.~~

)
C FORMAT— WRITE STA TL~~L N T S

12 FOR MAT ( 4X, ’SOME CR’ ()R IN KC’)
1-) FORMAT I//// 30X, ’** )[PCN)E’I T STIFFNESS MAT~~1X ** N~~’,I5,’, KE ’,I
*2,’, (DC= ’,12 )

26 FDRMAT ( ‘I’ ,’ UAT-\ ~flMMON 10 ALL SUbSTRUCTURES
25 IORMAT (//IX, ’55l ST~~UCTU 1E NUMcIER = ‘,f 4/1X, ’NSU NO. OF SW~STRUCTU

IRES = ‘,1 4/LX, ’I3NC ~VER A L L ROUND. DLGREES OF FREEDO~’ 
z’,14/IX, ’NBW

2 OVERALL BOUND . ‘JP~~ER 3A~ D WIDTH = ‘,1 4/IX,’NLC NO. OF LOADING C

L 

IY’IDITICP4S ‘,I 4IIX , ’MPH TOTAL NO. OF EXPECTED CONSTR. VIOLATIONS
4= ’,14/1 X, ’NSf) Nt). flF Sfl[SS I. DISPL . CONSTR. VIOL A TIONS = ‘,14)

26 FORMA r (/1X , ‘IflUr=O WILL NOT CONSIDER BUC KLING C0’,STR = , 15/IX,
1 ‘IDI S=O WILL NOT CONSIDER DISPL CCNSTR = ‘, 15/tX, IDV O WILL NO
2T C O N S I D E R  FR C~~. CJ~I S T R  = ‘, 15/IX , ‘IPO.E Q.O WILL NOT PRINT DISPL
3MA TRIX AT EACH CYCL r= ,I5/IX ,~~IPS=0 WILL NOT PRINT FORCE AND DISPI
6 MATRIX AT EAC h CY LE= ’,IS, ‘ ‘/IX , ‘ IFS= ’IO OF TIMES STRESS
*~ AT IU DESI N IS RF Q U I~~E) =‘ , IS/IX, sITE = NUMBER OF ELE~’EN T
UTYPE = ‘,IS )

27 FQRMAT( //LX, !IL IM= IM IT ON DESIGN CYCLES =‘ , 15/tX , ‘tPM=SUf ~SP MET
1H00 ITR~4 LI M IT = ‘ , [5/tx, ‘ITRS=NO ~F TIMES STEP SUE P.EDUCID = ‘,
2 15/IX , ‘LNSV=NO J. TIMES VARIATI ON IN COST FUN. REMAIN WITHIN SPE
JC IFIC D LIMITS = ‘,I~~) 

-

2*h FOR MAT (/IIX, - . ‘OF IS RE Q CHANGE
u N  COST FUN = ‘,Lli. -’/IX, ‘R IT IS RE Q CHAN~~ IN COST FUN WHEN ALL
2CCNSTRS ARE SA T ISIILO AN) ILIM.GT.I = * ,El5.~~/1X , ‘RIN IS REQ CHAIN
3GE IN COST FUN W llL~ ALL ONSTR SATIS FIED INITIALLY = ‘,E15.5/IX,
4’RL=S PECIFIED VA R~~~TION IN COST FUN FOR REDUCING STEP SIZE ‘,E15.
5511X , ‘EP IS Eh’CIL.~\ FC~ CONSTRAI N T CHECKS = ‘,E15.5)

2) FCKM4T(//1X, ’ERRO’~ ~Rt TE RI O N— ’/ 1X ,’tRRt EC FOR CONVERGENCE OF EVE
IC. = ‘,1L5.5~~tX ,’E~~~? [C FO~ TOLERA ICE IN DELTA Ri -,ORM AT CPT. = ‘

2,C15 .~i/L~~,’ERR 3 C~ FUR TOLERANCE IH CONSTRS. A l OPT. = ‘ ,ELS .S/IX,
3 ’LR ~~4 EC FOR TOLL~~~NC E I N  C U S T  FUN L T I O N  ~T OPT. 

z’,EIS.S/IX,’ERRS
4 EC FOR CHECKING flRD ELEMENTS IN ~AUSS. EIIMN. = ‘,E15.5 )

30 FORMA T (’Q ’ ,’ *** DATA FOR INDIVL i )UA L SUBSTRUCTURES K= ’,!2)
it FORMAT (/’ ‘,2X, ’**~ S K I P  ~)ATA 28 THt-tU 31 AS MOAM O’ )
3d? FCRMAT(/’ ‘, Ii ,’ (REI)LJCII8),I3=LS,LE )’)
33 f)RMAT (/’O’ ,?X, ’ INVE R SE OF WEIGHTIN G MATR IX. NORMA l IZED W ITH MAX .

* ELEMENT. ’)
34 FQRMAT (//’ *** L~~~AG ED COND ITION ~O. I=’ ,I2,’ **~~‘ )
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I

~~ FORMAT(/ ’I ’ ,’ STRL S ’~ AN) DISPLACEME NT V IOLA TION S’/’ SIZE MEM/NC K

* III .R LDC TV L~ I3U C
36 FOPMAT II4,I6,7I4, rI2 .5 )
37 FORMAT ( Lx ,I3, 4X ,’L~ ,E I V A L U C  ~ ‘,C1 6.7/9X,’ 1ATURAL FRE QUENCY ’
*,L1 b.7/8x,’EIGLNVE~~1uR’/ (4(I5,CI2.4)))

4 ’ ) FORMAT I ’ ****FREQUL~ICY IS NOT VIOLATED * * * *‘ )
4U IORMATI’ **** F iNA L RESPONSES ** * *‘ )
45 FORMAT ( /IX, ‘STEP ‘S IZC = ‘,E)5.7,I5)
4(1 FURMAT (2I3,2X,E13. ~,8I5/(20X,&I5))
41 FORM flr (//1X ,’SJ[5ST~ CTURE ‘40. ‘,lIS)
48 FOR MATI / IX , ’VA LUE T* COST FU’ITION = ‘,E1 6.7,’ TRIJSS= ’,E1 6.7,’ CST= ’
*,Et 6.7,’ SSP= ,~~l6.(//1X, ‘VALUES OF f)ESIGN
LVARIAB LLS’ / IX, ’GR. 4t).’,4X,’AR EA ’ ,1LX, ’MIEMI3ER NUMBERS’)

4’) IflRM4 TI’I’, ‘ITERA T ION N) ‘,4I4)
50 FORMATI //IX, ‘COST )- JN~~TION HISTORY’/ (4(I5,E12.4) H
51 FPRMAT ( ‘1’////30X, ’** INPUT DATA ERROR * * ‘ )
52 FflRMA [(/IX ,I 5,’ FULLY STRESSED DESIGN DESIRED IN ITIALLY , NO. OF

IT IM ES = ‘ ,I4)
54 FORMA T I 14,2X,’PL VI OLATED, DV=’ ,13,2E15.S )
‘,, F O R M A T ( l 4,2X, ’t~U -IIO LATE D, DV= ’,13,2E15.S)
56 FO~~MA T( /1X , ’TDTAL ‘~c~ OF CONSTRAINTS VIOLAT ED = ‘,I3)

~
j IORMA T I /IX , ’N’J V I 7LATI ON AT THIS ITEi (AT ION ’)

59 FORMAT ( /IX , ’ND c3~~ST RA ~~5s4T VIOLATED INITIALLY NO OF TIMES= ’,IS )
6~ FORMA T (’ ‘ ,‘**** SKI P DA TA 17 THRU 20 AS NC I=O FOR ~= ‘,I2 )
eil F’J RMAT (I/ I’ IJC= ’,~~2,’, K= ’,12,’, II j= ’,!2,’, ITY (fI!)=’ ,!2,’ SKI

*P DATA 21 THRIJ 23 II ITV (III)=O. ’)
6/ FJRMAT (/’ ‘ , 1 % ,’ 1UNIT,NM,MSU,MDAM, ’ILC,NV,NCC,BNC,NRW ,NPH,NSD,IS

*P SIJ ’
,i FORMAT (/’ ‘,1 3,’ IIS,ID V,I FR ,IBUK ,IDIS,IBDIS,I PS,If’D,IPC’)
64 FORMAT I/’ ‘, I I ,’ EL IM ,ITRS,LNSV, LCON ,ICONT, (ITY (I),I=t,ITE )

1, IWM M’)

~5 FORMAT( /’ ‘ , 13, ’ UF,RIT,RIN,RL,EP,STPL,STP2’)
66 r)RMAT(,’ ‘, H, ’ (FA CC(I),l =l,ITE )~~~F,CONL’)

o 7 ICRMAT (/’ ’, 14 ,’ RRF (I ),ROLIM (I),RSL (t), RSU (I),RLOAD (I)’)
68 FDRMAT (/’ ‘ , 13, ’ RR1 ,ERR2,ERR3,E RR4,ERR,,FACTOR’)
6’) FURMAT (/I ‘ , Ii, ’ (DLIB (I),I=1,BNC)’)
73 13RM~~T(/ ‘,314 ,’ ~LJ — (NJL (j),I=I,NLJ ) — J, (PB(N,L),N= l,NN )

* FOR A LL NLC .’)
71 IORMAT ( 1iX, ’Z’( 1,1) IS’ ,15X, ’ZZ (I,2) IS1/6X, ’TR4NLA’~BDA*DELTA81’,5

Ix ,’TRAN LAMDOA*JE LT \r2’/1 4x, ’=0’,19x,’=OELPHI’)
72 FOR’IATU4,2X,E1 6.7,7X,E16.7) -

7 3 FORMA T ( /Ix, ’(ZHAN;C IN COST FUNCTION = ‘,E15.5-//IX, ’DR (I)*DB (I)
1= ’,EI S.S)

74 FURMAT (/IX, ’T (?) I TRAN)EL.TADI *DELTAB2= ’,E16.7//IX, ’T(3) IS TR4NL
1J*DELTA B 1~~’ ,E16.7)

75 FOR MA I (/lX , ’DEL TA L I NO~tM HISTORY’/ (4(I5,E12.4)))
Th IORMAT (/Ix, ’DELTA r,, ?‘1O~ M IIISTORY’/ (4 (I5,E12.4H)
77 FORMAT I /IX, ’NUMCE~ OF TIME S COST VARIAT ICN ’ /IX, ’RE?IAINS WITHIN SP

IECIF fED LI M ITS= ’, I~~)
78 FORMAT (//IX, ’NO OF TIMES STEP SIZE ,~EDUCEU ’,I3/IX ,’NEW STEP SIZE

1= ’ ,E1~~.r/1x, ’RC Q CHAN~ C I N  COST FUNCTION 0 F’ ,E15.7)
F’) FJRMAT ( •t’ ,’C1INVER~~ENZE CRITERIA HAS BEEN SATISF !EO’ )
81 FORMAT I 5x ,’NV DEL TA RL DEITAD2 DELTAB’)
82 FORMAT ( I5,3E14.5)

~33 FORMAT I/ ’ ‘, 13, ’ LIN K ’)
R4 F~~RMAT (/’ ‘, 13 ,’ LIMI (I,tI,LINLG (I,2) — SKIP IF I INKZO’)

~s5 FD~tMA TI /’ ‘, 1 4 ,’ NJ (K ),NRJ (K),NCB (K),MIC (K),MOWI(K),NBW2 (K),NBW3
*1K)’ )

ii’~~iflRMAT( /’ ‘, IJ, ’ (NL (I,K),fz1,NB)’)
87 F-JRMAT(/ ’ ‘, T i , ’ JN,X(J,K),Y (J,K),Z (J,K),(ND (I),I~~1,MN ) — FOR AL

*1 IJ K ’ )

I I .
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88 FORMAT (/’ ‘, Ii, ’ (DL I M I I , K) , 1 = I ,N L I) ’ )
89 FORMAT(/ ’ ‘,3I1, ’ ‘~ILJ — (NJL (I),I=1,NIJ) — J, (PI (N,L,K),N=1,T4N ) —

* — —  FOR ALL NIC. SKIP 19 AND 20 IF N1J=0’)
DO FQR MA T (/’ I , 13 , ’ NM (KK),NG (KK),NWIKK),ME8 (KK),MEFIKK )’)
-)I FURMAT (/’ ‘, jJ, ’ (B (I,KK ),I= 1, ’l..K )’)
91 FIJRMAT (/’ ‘,I 3 ,’ (IGRT (I,KK ),I=L ,NGK) ’)
‘hi FORMAT (/’ ‘, 14 ,’ J,L, (M1 (N+M,KK ), P~~1,L)’)-)4 FO~ MAT(/’ ‘, 1 4 , ’ EVEC FUR’ )
95 FORMAT( /’ , ’, 13, ’ 5-L (I,KK),BU (I,KK),ALP (t,KK),SL (I,KK),SU (I,KK),R

*31 fl, X MUU( I, KK ,[ (I  ,KK) ‘ ) -

96 FJRMA T (/’ ‘, Ii,’ M8 ,JP ,JQ,JR’ )
)7 FORMA T( /’ • , 13, ’ K= ’,I2, ’, KIIDAM (K,f )’,I2)
98 FORMA T( /’ ‘, Ii, ’ N — SKIP DAT~ 30 AND 31 IF N=O’ )
09 FURMAT 4/ ’ ‘, 11 , ’ (t.IDM (I8),I8=LS,L [)’)

C
C.... A—DATA COMMON TO ALL SUBSTRUCTURES.

P I S = l  3. 1415927 ) * *2

ICHE K=C ~~~~~~~~~ ~~~~~
GG=386400.O
WRITI(o,24)
‘iUM1~ER = I
us4 R ITE (6,62) NTJMRE R
N U M B  ER = ‘ LiMBER *1
I T  Ii = 3

10001 READ (5, 10) INUNIT,”4N,MSU ,NDAM ,NLC,NV,NCC ,BNC,NBW ,NPH,NSD,ISPSP
,4RITC(h,IO) NUNIT,NN,NSU,INDAM ,NLC ,’JV,NCC,BNC,NBW,NPH,NSD,ISPSP
IF (NUNII .EQ.1) G = l . O
SN=2
‘ I M L = MN— I
d R I T [ ( 6 , 6 3 )  NUM B ER 

S

N UMB Ct  = N UMBER + I
[000? -t [A D(5 ,  10 ,ERR=777)  IFS ,L)V , I F R ,IBUK , !O IS , T B D ! S , I P S , ! P D , IP C , J U S T W ,

2I4UT~J
d R IT E ( 6 , IO) LF S, I)V , I F R ,IB U K ,ID IS , I B D IS , IP S ,IP D ,I P C, J U S T W ,

2 IAU T IJ
rI R ITE( 6,64) NUM !’1-R
NUMBER=NUMBER +I

10003 READ (5,10,ERR=777) ILIM ,ITRS,LNSV, LCON,ICO”T,
*(ITy (f ),I=i,IT :),Ih ,MM

- ,iRITE (6 ,IO ) IL IM ,ITRS,LNSV, LCON,ICONT ,
*(ITY(I), I=1,ITI- ) , I W M M

W R 1 T E ( 6 , 6 3 ) NUMPER
‘IUMBEt :’IUMBER +I -

10004 ~EADI 5,lI,ERRc777) 0F,~~IT,RIN,RL,EP,STP1,STP/
.iRITC (6,II ) DF,UT ,~~1N,RL,EP,STPI,STP2
. 4 R I T J ( b , 6 6 ) NUMPE~
N UM B ER N UMRER+ I

C
C FACCI L ) W ILL ‘JE US. Ltt TE -~ TO GENERA TE WEIGHTIN G MA TRIX W

10005 ICAO (5, 11 ) (FACC ( I ),I=1 ,ITE ),RF,CO4L
WRITC(6 ,L 1 ) (F’~CC ([I,I2I,ITC ),R F ,CO 4L

~4 R I T E 1 b , 6 R )  N’JM BER
‘4(JMBER -\IUMRER+1

10006 ~EAD (~~,8,ERR~~777) RR1,E~~R1,ERR3,ERR4.ERR5
WR1 TC (h,8) —hRi ,ERR2,ERR3,ERR 4,ERRS
WRITE (6,69) ~‘1UMPER
NUMB ER 2NUMBE R+ I

J
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TiltS PAGE IS BES’I QUALITY PRLCflCAB~~
FROM OOk~ 1L)PJ[LSH~D 10 DDQ 

~~~~~~~~~
10007 ~LA D l5 , 5,ERR=777) (DLIB (I ),I=1,BNC )

WRITC1 ~~, It) (DLI~i( 1), 1=1 ,BNC
)

LID 105 1=1,BNC
0) 1811 )=1.D0/flL 1)411 )
L
I =1 0
,~R !Trl 6,7O) NUM PCR , I .1
NIIMBER=NUMI4ER+3

I300’4DARY LOAD, HOWCVLR SHOULD CONSIDER JUST ‘ACTIVE’ ! DOF UNI Y

00 1 1 1  L = t , N L C
Dfl109 I= 1 , B NC

1’~~i P01  I, L J = O . D 0
(000F - (EAD (f ,1O,ERR 777) ~LJ

dR ITE(b ,L0 ) lU
1F(NLJ.1~~.O) GO rn 111

b OO’) -~EAD l ,,1O,ERR=777) (NJL (t ),I= 1,NLJ )
,)P 1T E ( 6 ,  10) (NJL ( I ),I 1, ~LJ )
00110 I=l,NU J
LE=NN*~~JL ( 1)
I S=LL—N t41

f lO IC ~EAD15, 9,ER~t=77 T) J,(P6(N,L),N LS,L~~)
IL) dt 1 11(6 , 9) J , ( P 9 ( N , L ) , N L S , L L)
111 CONTI NL , L

, ) R I T [ ( e s , 8 3 )  MIJM L’LR
‘J UMDER=NUMBER+1

-0011 READ(5, IO,ERR=777)L INK
W U T E ( b , IO) L I N K
WR IT [ (b ,84 ) NUP4BE-R
‘4LiMB~ R=NUMBER + I
IF( L I ’ IK.EQ.0)  GO TO 131
ftJ 13’) I=[ ,LINK

-30 1? ~E A O ( 5 , 1O, ER R=77 7)  I IiL~~
( 1,1) ,LINLGI 1,2)

[ 4 ~ d R I T E i e i , 1O )  I INLC( I ,1) ,L !NLGI I ,2)
131 L I N=O

L~i 13g. I 1,ITC
Li? ‘ 4 V V 1 1 ) = 0

- ..... B — D A T A  FOR IN DIVIDUAL SUBSTRUCTURES

Mf ~=O
LQ =O
<K =O
1 8=0
10=0 ‘

S

JR=0
M8=O

BEGIN FUR BIG LOOP 777•T

0J 7777 K 1,NSU
KI I D A M ( K ,  [ ) z [
W !t I T C ( 6 , 3 0 ) K
‘IUMRER = L 3
WR T T F ( 6 , 8 5 )  INIJMEER
‘IUMBER=NIIMRER+ I

00 13 ~EAU1 5 ,  10) NJ ( K ) , N ~; J C K ) , N C R ( K ) , N f C ( K ) , N R W l ( K ) , N L W 2 ( K ) , N B W 3 ( K )
W R I T E ( 6 ,  10) N J ( K ) , J r J ( K ) , N C E I ( K )  ,N IC IK) , - W L ( K ) , N 6 W 2 1 K ) , M 8 W 3 1 K )

CAL l V t ’~R I i K )
1 1 1 4  

5 - - - - --5-- -5 —-5

- - 
- - - - 

— - - - S - — fl - .— 
- 

- —



- ‘  5- - -

W ItI TE (6,86 ) NUM BER
NUMB ER = N UMBE R+1

C
C TO CONVERT BOUNDAR Y INODES,FROM LOCAL TO OVER A Ll N UM BE RING SYSTEM
C
100 14 ~EAD (S,IO,ERR=777) (Nl(1,K ) ,I=I,N8 )

WR I T E (6, 10) (NZ (I, K ) ,I=1,NB )

‘4RITE (6 ,87) NUMBER
N UMB ER = N UMBER 4- 1
00 140 J=1,NJI(
LE=NN*J
IS = L F — N N 1

100 15 ~EAD (5,9,ERR=777) J’J,X(J,K),Y (J,K),l (J,KI, (F~OU),fzl S,IE)
140 WRITC(6 ,9) JN ,X (J,K),Y (J, K ),L(J,K), (ND (I),I=LS,LE)

IF (NCI.[Q.o) ;fl TO 156

~R1TC( 6,88) NUMBER
NUMB EIk=NUMBER*1

10 Db  ~EAD (,, II,ERR=777 ) (DLI M (I,K ),I I,NCI )
.IRTT[(6, 11) (DLIM(I, K) ,1 1,MbI )
DO 141 1=L,N C I

141 1)1 IM ( I,K )=1.D0/l)LI’~( I ,K ) _ cj~
S. -

L=18
1=19
4RIT [ (6 ,Rfl NUMBER,L, I
N UM BE R= ’IUMI4 ER +3
DI) 15 5 L= I ,NLC
00150 I=I,NC I

1 50 PI(I,1,K)=0.D3
10017 ~EA D (5,LO,ERR=777) Nh

W RJTE (6,1O) NLJ
TF (NIJ.E Q.0) ~;C) TO 155

C
C INTERIOR LOAD , I D15F WILL BE SUBTRA CTED BY NCB ( K)  TO SAVE MEMORY
C
10018 ~EAD( - ,[O,ERR=77l) (NJL (I),I=1,NLJ )

,JRITC (6, 10) (NJL (I ),I=L, ’
~LJ)

00 154 1 1,MLJ
LE=INN*NJL ( I )—N1
US=LI5~~N4 I

100 1) t EA DI  5, 9, E R R = 7 7 7 )  1, (P1 (N,L ,K) ,N=LS,LE)
154 W R I T E ( 6 , 9 )  J , ( P1( ’ 1 ,L ,K) ,N=LS , IE)
155 CONTINUE

‘O  TO 157
156 4 R I T E (6 , 6 0 ) K

C
C TO GENEP ATE B [‘GE IN OVER A LL SY ST E M,  - -

C I IOW EV IR SHOULD CON~~1DER JUST ‘~~C T T V [ ’ B  DOF CNLY
C

157 03 160 t= 1,MB
- L zN L (I , K )

L I = N N * I L — 1 )
I1=NN * ( I — i )
DO 160
L L L I + 1
11=11. 1
N ZC (I1,K )=L t

160 CONTINU E
C
C CUMULATIVE R E STRA F IT LIST
C

‘4JJSNJY *NN
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90161 J~~1,NJJ
I=ND IJ ) +f

161 ND (JF ’ND (J)*1
111 I.EQ.NC I if!
WR IT I l  ( , 12)

~O T O /2?

D A T A  FOR L IULV I UUAL F I N I T E  ELEM ENTS.
- 

1 5/ D:~ 7777 III = t , I T L
‘ I ~’BiR 20
I DC = C)
WIt ITE( 6, oI) 1l)~. ,K, 1 1 1 , 1  TY ( I I I )
IF( f T Y (  IIII .EQ.J ) ;~ TC) 7777
KI( KK+ I
~RITC ((~,9O)
‘JUMB~ R =UL11~B[R+1

L 00?() tEAD(’i,I0,ERR=777) ‘IM(KK),NGIKK),NW (KK),MEII (KK),MEF (KK )
4/ITL (6 ,t0) ,jM (KK),NG I KK ),NW IKK ),MEF3IKK ),MEF (KK)
N G K = N ~~

( KK)

‘4 = 0
~R IT L (f~,93) NUMBER

ER = UUM(3 C R + I
u J I RO  I=1, !’luK

1002 1  ~ EA D (  ~, tO , E R R= 7  Ti) J,L, ( M N ( N + M , K K)  , M 1  ,L)

~~ IT i1t . ,13)  J , L , ( M N ( N+ M , K K) , i M = I , L )
00 179 LL I,L
‘IA = MA + 1
M=MM (MA, KY.)

179 IG R E ( M , III )= I

180 ‘4OM ( I , K K ) h
Mc = C i4( KY.
M7 = M E F ( K K )
~R 1 T ) ( 6 , 9 5 ) NUMLER
‘IUMBER ’-IUMBER+1 S

U~ t~~I I=1,MGK
100 2/ t A D ( 5 , L t , E R R = 7 7 7 )  8 L( I , K K) ,9 i J( 1 , K K) , A L P ( T , K K ) , S L ( I , K K ) ,

15U11,KK ),RO (I), X’IUU (I,KK ),EII ,KK )
tJRI T L (b,1tI BL (f,KKJ,00 (1,KY),ALP (1,KK),SL (I,KK),

ISUI 1 ,KK I ,IkO 1 I) • XNUU ( I, KY.) ,E (I ,KK )
SIt I,KK)=l.000/SL ( I,KK )

Iq i SU (I,KK )=—1. ODO/S IJII,KK )
WRIT16,96)
NUMBEcI=NUMBER+I

UO?3 CALL EL ESTFIMS ,IIhL8 ,Y.,(K ,M 6,M7,19,ISPSP,NN,J8,M8,LDV ,GG)
V) 193 I =M6,M7
IGR= IG I IE (I,I1t)

19 3 RR (k ,III )=RO (IGR )*CLL (I,III I
LF (IBLJK .E Q .O .OR.III.GT.1) GO TO 777!
0’) 104 Is1,MGK
6UC=AL P (I, KK )* [(1,KK)*PIS

194 L(I,KK )=1 .DO/RUC
7777 ClINT INt;C

LND rF F I G  LOflP 7777

‘I’
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C K IIDAM (K,IDC).[Q.’) — NOT DAMAGED.
C KIIDAM (K ,IOC ).NE .0 — DAMAGED.
C 

IPDAM=MDAM -.- l

~~t SL (1) = I • 1)
tSU ( 11= 1.0 ~~~~~~~~~
tLOAOhI)=1.O
‘4EGV (1 ) 0 t~

?
‘IDOFI1)=NCC
LS= I
L E 3
IDC O
1F (NOAM.EQ .0) GO T. 201

C
C INPUT DAMAGED DISC~~I P T I O N
C

1)0 200 IDC=I,ND ’~M
~lRfTC(6, 34) Inc
1= IDC+ I
NIGV ( 1 )= ’~

)
N U M B
~RIT1(6, e~7)

10324 ~EA Dt 5 ,11,ER
q 777) RRF (1),RDLIM( I ), l-ISL (I),RS (J (I) ,F1LCAQ(I )

r (RF (I),RDLIM (f), ê-t SL (IP ,RSU (I),RLUAO (I1
KK =0

~~ 201) K ’ 1,NSIJ
NU N B ER = 2 5

10025 tETWL,,10) K II 0~~M (’,I)
IT[( 6, 97 )NUMP ER ,K ,K IIDA M ( K, I)

DC) 200 I 1 1= 1 ,T I [
NUN 14 [R =26
III I TY I I I I )  .EQ. 3) ~~. TO 200
KK=KK~~[
W R ITE (6,98 ) NUMBER
‘4UMBER=NUMBERs- t

10026 tEAD (~~,1O,ERR=777 )W R I T [ I (~,IO)
‘IBDA M (KK, b C  )=N
NEGV (I) =NEGV (I ) +N
I F( N . EQ . O)  GO tfl 2 0 )
LE=L E.N
WRITC (6,99) NIIM I~E R
NUM BER= N1?~4f3 CR+L  —

10027 tEA D I’i,IO,ERR=777 ) (NDM (I8),I8=IS,LLI 
-

WRITE(~~,b0 ) (NflM( f8),I8=LS ,LL )
W R ITE (6,32) NUMBER

10328 R [AD (S,5,ERR 777) (R (DUC (18),18*LS,IE)
WRI TE (t,,5) I~~E0UC (j8),j8*LS,LC)
L S L  Si-N

20C CONTINUE
GD TO 202

201 WftI TE (b ,31)
202 IF (IDV.[Q.0 .AND. JUSTW.EQ.0)GO T i  204

IF (IAUTCJ.EQ.O )GO T.~ 964
C
C A U T O M A T I C  GEMF~~A T1~~’I OF INPUT ETGE N VECTOR (FOR SUB. SUBSP OPTION )
C

K lix 0
01) 865 ITWO=1 ,2

11 7

_ _ _ _ _  • ~~~— . ~~~~~~~~ ~~~
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t)~ 866 J=t ,NCC - _____

KU= KU+ I
I F ( K U . L Q  . I T W O  ) X C I G (  J, [ T W O )  =1 .D0
1 11 KU .NL • IT W O ) X E  IG( J, IT W O )  0.00

~i6b CINT (’4UC
KU

365 CONT INuE
GO TO 2 0 4

JR U S~~ HAS TO SUP’LY [N’~UT EV (FOR .U0. SUI3SP OPT IO’~)

dL54 NUMIIE R=2 ’- 029
WR I TL (  6 ,94 )NUMEIR
00 801 I TW (1=b,?

,qO2q tEAD (5,8,ERR=777 ) (x :ISIJ,ITwo ),J=1, -1CC )
J03 ,dIlI Ti(6, 8 ) (~~L IG (J, ITW U ),J=1,NCC )

~O4 KK~ O
00 210 K=1,N SU
DO 2 10 t I t = I , IT E
IFUTY (lfI).E0 .Q) ;u TO 213
KK zKK+1
NGK=NG I K Y . )
NUMI’ EIt = 10

~R I T E t b , 9L) NUMBER
13030 tEAD IS , 4,ERR=777) (fl(I,KK ) ,I=1,NGK )

NUMB ER NUMBER.I
~4PITE(6, 4) (D(I,KK),I=1, fIGK)

~R1TL (t ,,92) NUMBER
i00 3 1  t E A D ( 5 , I O , E R R = 7 7 7 )  ( I G t T ( I , K K ) ,1=1, i IGK)

v~itITE (6,I0) (IGRT (1, KK ),I 1,NGK)

2 SMALL LOOPS 207 1 238 TO GENERATE Dv = F0i COMPLETE STRUCTURE
STOtED IN IGRT (— ,—) ,ALSO IGRC (— ,— )CONTA INS GROUPE =

IN  SU 1~STRUCTURL K ,LLFMENT TYPE IL!

DO 2 0 1  I=L ,NCK
I F 1IG ~~T1 1,KK )) 20o,207,205

2O~ ‘4VV ( III )=NVV ( 1 1 1 1 .1
!CRT( I, KK)=NVV (II!
C,1) T O 2 3 7

20t L IN=L !”4+ I
LLL= LI l’ILG (hI#,I)
NGR= I1N hG ( L IN,?)
IGRT( I ,KK )=IGR T(4Z?,LLL)

207 CONTINUE
21 0 C”MTI JUL

NA t 1) NVV ( I )
NA ( 2 1 = N V V ( t ) + M V V ( 2 )
KK = 0
11 208 K=1,IJSIJ
DO 208 III = I~~~TL
IF (ITYIIII).(0.O).,t TI) 208
K lC= KK +1
IF (J II .E Q.I)GO TO .J)B
NGK N .,IKK )
1W 209 I L , I G K
IF (IGRJ(I,KK ).EJ .OLU T3 209
IGRT ( I, KK )z 1GRT ( I , KY ) i -NA t III—! )

/0’) CONT INUI
/ O P  CONTINUL

r 5-
• •  ~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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I

f C OEGIN TO uE ’4ERA1E ~EI GI 1TING YATR IX

00 21 1  l - L , N V
211 4M (I)z0.000

KKxO
1)0 220 K = L,NSU 

~~~~~~~~~~~~~~~ —
~~00 220 !U=I,ITE T

I F I IT Y I 111 ) .E 0.O) ~~) TO 220
XK x KK+ I
M(, ME O I K Y . )
M7=M FF (KK)
DO 21) I =M6,M T
IF ( I I I  •~~U. L I *1 1,1 ) H( I )
MV= IGRT ( IGR [( 1, I II ) , KY.)
IF ( MV. [Q.0) GO TO /19
3 3 ( M V ) = F A C C (  I I I)
WMI M V ) W M I M V )+ R R C I , I I I )

2 1’? C1 )MTINUC
220 C O N T I N U E

0] 221  1=1,NV
A XI =Of l (  I)
001 I )=WM (1 )

221 ,JM( I )=WM (I )*AXL
X X = W M (  1)
I)] 230 1 2,NV
IF IX X . G E . W M ( I ) )  ‘ O  [0 23 3
XX= WM ( I)

2 33  C O N T I N U E
Dli 231 I L,NV

231 W M (I ) X X / W M ( I )
C
C.... i’IM (I) STORES INVER 1 OF .4EIGHTING MA TRIX. ~4CRMALIZEJ WITH MAX ELE.
C

WR I T h e’ , 33)
WR IT E I o,  10) (‘- IVV ( I)~~T = L , !  T I)
14RITE(6,8) (WM ( I )1~~~

,NV )
IF (IWMM.EQ .0) ~.U 1 233
DL) 232 I=L,NV

23? WMU)=L .000
2 3 4  SUML=O.0

W R ITEC b,8) (WM ( I),I= I ,NV )
0] 234 I=1,NV

/34 SUML=SUML+OO (Ii i-WM (I)~~flO (I )

~ ! I TE (6, 24)
‘~R IT 1 (6,25) SN,NSU,~)NC, NECW,NLC ,NPH,N5U
W~.ITEtb, 26) IBUK , IDIS,I)V,IPI),IPS,IrS,IIE
WRITE Ib,27) RIM, II”!, I Tt~~,LNSV

IT CI 6, 28 )DF,RIT ,1IN,~~L, hO
WRITE (6,29) ER RL,Lt~~2,ERt 3,CRR4 ,ERR~

C
C IN ITIALIZE COUNTER •
C

‘4Th =0
ITRN ’O
I TRxO
I C V= fl
‘4c V~ o

998 C O N T I N U E
I
C COST FUNCT ION 1. SflP SItE
C H-I

— - -- - - -~~~~~~~~~. - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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I
FB I__

DC) 240 I= 1,I T F
• 240 XCOST (I)=0 .O

(=0
1)0 242 KK=L,NSU
Dli 242 11 1 1,ITC
IF ( ITY ( I I I  ).E0.0) ;~ TO 242
K=K +1
Mb MEB ( K)
M7 MIF (K)
I)’] 24! J=M6,M7
I = I G R C I  J, 111 )

241 XCOST ( I I I  )=XCOS TI I I I )  +8 (1 ,Y. ) *RR (J, 1 1 1 )
242 CONTI NUE

COST ’). 0
flIl 245 I=l,ITE

245 COST=COST+XCOST (I )*CCC
STEP= ( CQST*DF )/ (CC ,*SUML)
STEP =ST LPi-ST I’2

999 C.NTINU [
NTL= NT L *1
FBI NTI ) =COST
)[IINI NTL , 1) =0.000

DU IN( NT L  ,2 )=O.000

PRINTING COST FN. riI ST OR Y

W~~I T ~~I6 ,49) NTL
W~~ITI (6,45) STIP
‘(RITE (6,48) COST , (XLOST (I),I=L,3)
!FI~1TL .~~T.!hIM) ~ii rn 22220

PRIN TI CURRC-4 T A U -A S

‘007 K 0
DO 246 I= I, ’-ICC

246 \4D !SPII ) 0
Dl) 248 KK=I ,NSU
or 248 III = l,I TE
IF ( I TY I I I I ) •EO.0) 1’ TO 248
K K + I
h~ITE (6,47) KK,I I I -

Mt .  = C
N M0(Y.)
DO 247 I=1,’4
NGv (I,K)=O
J N OM( I ,K)
W RI TE (b,46) !, [GRTII ,K) ,3(1 ,K),(MN(MA+L,K ),L 1,J)

247 MA= MA +J
2413 CONTINUE

00 7008 NFV Ifl=1,I Pi~~M
TEIINFv IO )=o.no

‘008 TE (NIV !OI O.DO 
- - -

SIZE=a
L X O

NORIS I)
ll X 8xO
I 3X8 0
IA
1)] 256 Ix I,NV

?“h SS (I) 0.O

-

_ -
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( c
C BEGIN OF UIG LOOP (7788 FRE~ ANAL I CHECK IF FREQ IS IAR E ) V IOLATED
C

00 77188 IDC=I ,I P D M
LDC= [DC—I
WR ITE (6, 34)LDC
DO 2s9 1 1,BNC
DO 258 J=1,MBW

?68 C(L,J) 0.DC
DC) 259 L 1,MIC

259 1B(I ,L)=p 8(I,L ) *R L ~~AD (I0: )
IF (IDV.LQ .0 •A ’ ID. JUSTW.E~~.O)&O TI) 2550
XRF=RF*RRF ( !DC )
XR FF = (6 .283 1854 *X R i  )* *2  ,~~~
1012=0
I ALL STi FFM IN, K ,TDC ,IT X8,f~883,IGI2)
GD TO 0~~2

883 WR ITE (6,19)M,K,IOL
50 TO 2 2 2

~82 Er 83? I=L,BI’I C 0
DO 032 J=1,NBW

83? 0(I,J)=C(I,J)

CALL OECUPP (N, ’48W,C’-C,C884)
GO TO 885

884 ~R IT E(6 , I 9) N , K
GO TO 22 2

885 CONTINUE
DO 850 I=1,BNC
0-3 850 J=l,NBW

350 C (l,J)= [)(L,J)
CALL SUBSP (NCC,NBW,LCON,ERR1, IDC ,13X0 )
FREU= WS ( I)
X1=DSQRT(FRE1~)/6.29 31853
W R T T E ( & , 3 7 ) N C C , F RL u ,X L , I I , X EIG ( I , I) , I= 1, N CC )
IF (IDV.CQ.0 .AND. JUSTW. ’4E.0)GU TO 2550
YYM= 1.0—I FRE Q/XRFF) ‘-EP
!F (ICHIK.E0.1),O 1 250
I F (Y Y M . LT . 0 .0 ) G O  T. 254
LX=L Xi - 1
TEI ( LX ) =(FR FQ—XRFF) /XRFF
TEl LX ) DABS ( XRI~~XL ) /XRF
KK=O
01 251 K=I,NSLJ
D~ 251 I11 1, 3 - 

-

IF (ITY (III).EQ.O) ~U TO 251
KK=KK4 1

1< K.
‘17= M F F ( K K )
00 252 I4 Mh,I’T

252 3E( 14 ,111 )4’RI 14 ,1 11)
25 1 CONTI NUE

IF( ICHEK.EQ. l)Gf l  T ’  2550
C
C TO FIND T!UPLr PROJUC T Y’M*Y,USE LATER IN SUE. DEF~~~Q
C

CAL L MEVECIN’I,4C0, 1 00,14KB, 1)
F[)E N 0 • DO
00 879 I=1,NCC

879 FDENrFDEN+XELG(! ,I)+YXEIG (I,L )

— 
-- - 
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T H S P A E T Q U A L~~Y F~~~~~~~~~~

CA LL DEFRE Q(FRLQ , X-~FF,NN,F0EN,t1CC
)

1)0 251 1=1 ,NV
2 3 I TCI T-+!NCR)=— HI 1)

I N C~~~I N C R +’4V
IF ( I IFR.GT.0).AND. ( IT~ N.E Q.O) ) GO T 332

~O Tn 2551
254 NORES I

,~P I T F ( 6 ,3-) )
2550 14X8 14X8+NEGVI IDG )
‘51  C O N T I 40L

BEGIN OF BIG L000——— 83 TO FIND OI P1,EL. FORCE
CON STRA IN T Ch E C K  1]] STRESS,DISPL,CONSTRUC T CAP LAMDA MATRIX
=I)E~~IVAtIV E (iF V I 0L~~T C D O~1STRAI NTS

IFt [DV.tO.O .ANO. JUSTW.EQ.0)GO TO £420

~,i) TO 821
820 CALL STIFFM(N ,K,IOC,11X8 ,f.260,O) 5!

GO TO /70
?~~ wR I T EI b,19) N ,K,ILL~

GO T O 22 2
?70 [ii 302 1=1,8110

00 302 J= 1,NRW
1’~i [)(I,J)= C (I,J )

=0

CALL DEGUP P(N,’4OW,B’ C ,C33.3 )
GO 10 304

303 W R I T C ( b , 1 ’) )  N,K
31) TO 2 2 2

304 CON T I~~U~

~~ Ti) 83 7
32 1 C O N T I N U L  -

01 903  1=1,8110
1)0 903 J = 1,NBW

‘)03 D I I , J ) = C ( I , J )
“37 CALL ZQ ZIEF( IDC, I. PSP ,IPS,IPD)

IF (ICHEK.E0.L)S (J T ’ 77188
1)0 310 I=L,N IC

31 0 NOt 11 =0 .

CALL CC1d ST( II )C ,I1 3tW ,IDI S ,IL ID IS,NS D, E P, MV, IBU ,IV ,IPC,N TL ,IFS ,ISPSP ,
1’ IOA M )

I F I  ]rL.oT.lrs) 51) [0 311
,4RITfI ~~,S2) NTL, IFS
1 TRN I TR ’~+ 1
GIl IC 998

i ll IrIIv .EQ .OLo To 77188
00 331 I= 1,GII C
DO 3’0 J=l,NBW

333 D (I ,J) CiI ,J)
1)1 331 J x 1 ,IV

33 1 flSII, J )zA 2 ( f, J )

CALL SOL DUPI IV ,NBw , r!NC)
W~~ITL ( 6,311) ( l u S h  ,J) ,lx 1 ,BNC ) ,J 1 , I V )

I X X I

ILL
- --5—

S - 
S
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( CAL L GENCINSD,NV ,L~~~, IBU ,1I3UK ,IV ,LD~.)
IF (SILE .GT.INS)—MDA I—1 ))30 TO 17189

1778& C0NT1’~UCc vrz~’~~C END OF D I G  l OOP 777 38
C Tt~~ ‘L
77789 COC’ITINUL

IF (ICHEK.EQ .1) GO T~: 222
I F I L X .E Q.0 .ANU . SIIE .[O.O)SO TO 332
IF ( S IZ E . E0 .O  .AND. LX .N E. f l ) G U  TO 133 18

W R 1T E ( 6 ,  35)
DO 318 I=1,S1?C -

.ER ITE ( 6, 36 ) I,II NF (I, J ) , J=1 ,8) ,DLPH( I)
11 8 CONTINUE

33317 03 319 I=1,S !ZE
00 319 J=t ,NV

31 DPB(J ,I)=UPX (Jv I )
IF (LX .[Q.O .AN1) . SI/E. rlE .O )GG TO 332 -

C
C ADD COLUMNS OF FRE . • VIOLATIONS IN CAP IAMDA MATRIX
C ALSO 400 AMOUNT OF FREQ V IOL IN DELPHI,THEN UPDATED SIZE
C
31318 1NC R = — N V

[10 320 I= L ,L X
DLPH (SIZE4- I ) TE I (1)
DLPI S IZ E + 1 )=TE(II
111CR = I NCR+MV
00 370 J=I, IJV

320 DPR(J,SIZE+I )=ETC(J i- INC~1)
S it E=S IZ E+L K

C.... CHECK FOR DESIGN VA~~1A BLE CONSTRAINTS
C

332 IJ=S ILF
N DC = 0

K =0
Dli 334 I= I,NV
ZN, 1 )=0.O

334 VV II )=O.0
1)3343 KK=1,NSU
DO 344 III = 1 ,ITE
I F I I TY I I I I) . E0 . O)  4 / T O  343
W~~ITE ( 6,47) KK ,III
K K + I
LL=O
NGK = NiG (K )
DC) 342 1=1,115K
L=NOM ( I ,K)
MA=ISR T (I,K)
?F (MA.E Q.0) GO TO 441
1F (S~~(MA).EQ.I.0.’~ ..VV lMA ).E Q.L.0) GO TO 339
VV (~~A ) = L . 0I F ( B L U , K ) . L E . O . )  4/. TC 335
YYM= 1.0
ZN X B L ( I , K )  S

XL P ( I,K I/ZN
50 TO 336

335 YY M=O.
(‘lx i .0
XL~~B ( !,K I

316 CONTINUE

____________  —-—— — --— ---—=———--------- ‘--— :-—— —- - ,
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ThIS PAGE IS BEST QU1I,fl’f PR&CflC~~~~
F~~~ cOPY 1UI~~ISH~) ?O DDU ...~~~~ —

[F( (YV M+EP).LT.XL ) - 0  TO 331
S I/h = 5111 +1
IF (SIIE.LE.NPH)G1) T~ 3380
SLZE=S Il l—i
GO TO 338

4 3 e0  ‘4DC NI)C+i
DLPH( SIZE ) =X L—YYM
flLP (S IlE)=— flL~~H l S t ~’1- )
~lR1TE(6, 54) SILE , M.’~,XL
D L E ( N O C ) — 1 . f l f l / I N
50 TO 330

1-i ? CON TINUC
(‘4=01)1 I,K)
XL = 811 ,K i/Z N
IF ((XL-s-EP).1T .1.0) ;O TO 339
SI ZE =S IIE- ’- I
IF (Stl E .LE.N PH )GO ~ l 3381
S IL E = S I LI— 1
GO TO 338

3481 410C=NJC+1
DL PH (SIZE ) 1 .DC—XL
DLP( S I/C ) =— D L PII( SILL
~4RITE (6,5s) STLE, M ; ,XL
0711 NOC 1=1 .D0/?N

3 38 fflNDC )=MA
3 34) CONTINUE

0-1 340 J 1,L
11=1141
M=MN (LI , K)

54. ((MA , i)=Z (MA ,1) +R~~(M, 1II )
50 TO 34?

44 1  LL~-LL +L
342 CON TI N UE
341 ESON TI~~U E

IF (SILE.[Q.O) 51) T.~ 341
WRITE(h,56) S i L l

C.... CO MPUT E DELTA 13 VE 3 TOR
C.... ~P6 IS  CAP L A M B D A  ~~TR IX lt iV,NSD )

IF (IJ .EQ .O) GO TO 445
~1Q 344 J= 1 ,NV
c!J (J )=DSQRTIWM (J )) - • -

[hO 344 I= i ,I J
344 D PR (J ,I )= DP B( J, I )*~ l ’(J )
345 C O N T I N U E

C
C ALL D[IBE ( IJ, ’IDC,dV,t.347)
IF (IJ. E IJ.0) GO TO 3 - 1
00 346 J= 1,NV
X X = 1  .313O/F~O ( J)
01) 346 I=1,1 J

441, DI’B( J, I )zDPR(J , f I*XX
SC) 10 15!

347 C O N T I N U E
C... NO vI O L A T I O N  1W CO . TRA [NTS

IF (IT l1 .EQ.0) ‘C T: 348
.d~I f T C ( 6,58)
*1=1 (1
UF~~XL
~TE Px( L~~ST*XL )/ (CC ~.*SU ML )
STC P=S TLP* STP?

~
‘,1 TO 34’)

- -
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( 348 XL R I M
C. .  • NO IN I T I A L  V I O L A T I U .

I CV = I CV i - I TBIS PAGE IS B~S~ QUALITY 
PR&C~IC.ABI1

MR IT E 1 6, 59) IC V 
~~~~ ~çip’j ,u~~1sIj~D TO D~h0 

._~~~ -

349 VYM=(C3ST*XL )/ (CCi~$SUML )
Y Y M = Y Y M * S T P 2
4R ITE( 6,45 ) YYM
00 350 I= 1,N V
PE ( l ,l )= — Z h I , 1 ) * ~lI” ( I)
1~E(l,2)=0.

350 W(I) =VV P~*8E (I, L )
35 1 C O N T I N U E

C.... COM PUTATIONAL CHECKS.
IF (IJ. [Q .0) GO 10 354
WRI T E C 6,71)
D0353 I = 1 ,1 J
1 11 1, 11 = 0.0
ill I,?)=O .0
[1035? J=L ,NV
ZZ (I,1 )=Z Z1T ,I)+DP~’ (J,I)*BEIJ,1 )

35~ LZ (I,2)=ZZ ( l,2)+DPt (J,l)~~t3ElJ, ?)
353 l~~ITE( 6,72 ) I,ZZI~~,1),ZZ(!,2)
354 00 355 1=1, 5
355 T( !)=Q .QDO

00356 I=i ,N V
FF=1 .000/WM (1)
T h l ) = T I  1).BE(I , 1 )~~e l: (1,l )*F F
T (2)= T(fl +B E (t ,L)* r i (I ,2)*FF
T(4)=1(4)+RE (1,2)*LClI,2)*FF

ISo T13)=T (3).Z(I,l)* “[ (1,1)
L’B1N (NTL,1)=DS~ RT 1 1 1 1 ))
DO INI ‘at ,2)=DSQRTI Fl 4))

C.... COMPUTE NEW B
IF (SILL.E~~.0)GJ TI’ 358
00 357 I=L, -IV

357 WI I)= !TEP$BEI 1 ,1)-.I-’ C (1 ,2 )
358 SUM O.O

DO 359 1= 1 ,111
35’3 XCO ST (1)=0.0

DO 360 1 1 , N I V
360 VV (I)=0.O

L I ll 0
K=0
DO 364 KK 1,NSU
lIE) 364 I11= L, ITE
I F (I T Y I I I I ) . E Q.0) - TI) 364 

_
5

K K + 1
‘1=0

• NGK N,(K)
0L~ 363 1=1,115K
L !GRTI I ,K )
IF (L.L (~.O) GO TO 3c.?
IF (VV (L ) .E Q.l .O) 30 TO 361
SUM = SUM +W (L )*W (L)
R( I,K )= i4 (I ,K)+W(L)
I F I B (I ,K ).LT.BL ( 1,1 (1 ) O (I , K ) xB L (I , K)
lF ( O i l ,  K ).GT.RU ( I ,K 1 ) 9 (1, K ) tO U t I ,K)
VV (L 1=1 .0
SC TO 36 ?

361 L IN L IN +1
ILL ‘1 1111 GIL IN ,L

—  
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‘IGR=LINLG(LIN,2)
I,K )=  15 C NGR ,LL 1.

362 ‘4JJ=lIOM ( l,K)
00 363 J=1 ,MJJ
N N .  1

363 XCOST ( III )=X C (1ST II1I )4B(1 ,K )*RR (M,II1 )
364 CONT INUr

VA LUC O.003
0(1 365 I=1,!TE

365 VA IUE=VAL UE+YCOS T I .1 *CCC
XL= (CI1ST—VALU e ) /CO,T
W (- (ITE (b ,1 3) XL,SU”
X L= DAB SI XL )
WRI T [16,81 )
05 366 1=l ,NV

lber ~4~~ITiC~~,b2) f,1E (~ ,1),ISE (I ,2),WI1)
,dUT E( 6,74) TI?), TI 3)
WRITE (6, 75) C I,D tN t 1,1), I=L ,NTL )
,4~~ITEI 6,76) (1,0 IN (1,2),!=1,NTL )
wUTE (b ,50) (1,11(I),1=L,NTL )
IFCITI .EQ. ITRS ) GO If) 36~
IFIX I .GT.~ L ) Si) Ti 168
‘ISV=NSV+ 1
RITE (6,77) ‘ISV

IF (”ISV—I NSV ) 36O, 5~~7,367
367 ITR= l r R + 1

1)F=STPI*l)F

~ l T = S T P 1* R I T
RI O .5*I~L
STEP=I CUST*DF )/ (CCS *SUML)
S TIP =ST C P*STP2
vIRITC( 6, 78) 1 r14 ,ST_ P,OF

168 ‘1SV=O
j c~0 CONTINUE

IF (ISI/E.E0.0).ANO .(ITRN.EQ.O)) GO TO 998
IF (SIZC .EQ .Il) .1’ T.’ 371
02 310 I= 1,SI7F
1F (D1~’(1 ).GT.ERR3) ~;O 13 371

370 CONTIIUC
I1(D 8I’l(NTL,1).LF .L~~R2 ) O TO 372 - .

UI CI1ST=VAI.UE
ITRN= IT !~N+1
SO TI 999

312 vJRITL (6,79)
*UTF (6,4P) VALIJE , ( *COST (I),I=i,3)
ICHEK= t
WRIT [(6,40)
53 11) 7007

2 2 2 2 0 K 0
IF (IOV.E0.O .AND. .JUSTW.EO.O)GO TO 379
1)0 378 1=1,?

578 WIUTEI7,8)CXE-TSIJ,1),J=1,NC C )
37~ DO 381 KK=1,NSU

00 381 III = L ,I TE
lF (ITY (III).EQ .Il) .0 TO 381
‘1A 0
K K G  1
NSKSNsIK )
d~IIT El 6,47) KK ,IIIIi 380 I=1,NGK

S. 
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J=NOM ( I,K)
Wr~.ITE( 6,4b) I,IGRTI I,K),’3 (I,K),(MN(hA+L,K),L 1,J)

380 M4=MA+J
.JRITE(7, 4) (1311,KI,I = 1, ’IGK)
WRITE (7, 10) C IGRTI I ,K),j=1,NGK )

381 C O N T I N U E
GO TO 222

777 WR ITE( 6,51) 
~~jSP~~~~~~~~ st5~DTo~~ ° ~222 CONT INUL

CALL EXIT
STOP
END
SU 8~ OUT INE V A R I C K )  SUB
C0MMON/V 1/N1,NC1, ’IWK ,’l&K,MA ,NU1,NU2,NU3 ,M1,KB,NJK,NC,Nt1,lSC~,1Q1
COMMOI/V2/NIC ( 3),’~~( 6),NG ( 6),NBWt ( 3),NBW2 ( 3),NPW3 ( 3) ,11P4( 6 ) ,

1’IOJ( ),NJ ( 3),NC81 3),MEW ( 3),IQS ( 3),MEIS ( 6),Mt~F( 6)
C******************** **** ******************************** S*******.******

THIS SUI~ROUTIM [ SE IZRATE S VA RIOUS VAR I ABLES FOR KTH SUBSTRUCTURE *

C *****************  ******~ ****** **********************************.******
NC 1=11 IC C K)
‘11= ‘IC 151 K
NUI NBW 1 (K)
NU2 118W11K )
‘1 U 3 = ‘ID W 3 (K)
‘4~3=NB JCK ) -

‘IJK NJ ( K)
NC=NCI +r 11
MA=O

~ETUR’ I S

E N D
SUB~ OUTIME ELES TFC’~~,I1I ,1R,K ,KK,M6,M7,I9 ,ISPSP,NN,J8,Mg,IDV ,GG ) SUB 2
IMPLIC IT REAL*8 I t t — 4 ,U— i)
INTEGER SIZE,B’4C,~~ 

I 
-

COMMON ST E P ,B’IC,SN,’IBW,SIZE,MLC,NSU
COMMON/P t/BIt ~), ‘fl,82 ( 9, 9),e3( 9, 9),ESF ( 9, 9),’JA ( 156),NI1( 9

1),MJI ( 9),NJ2I 9)
CDMMD ’l/P2/xr’iuu 14, 6),ELL (ICb, 2),1~Uh 14, 6),STRESS (1620),TCSMC

1 1S6),TRCSSP(?809),XCOSTI 3),ICSS ( 108, 2),ISACI 108, 2),INOC( 108
2, 2),1GR T( 14, 6 ) , V R E ( 108, ?),NNOC( LO8O),ILNI 3),ITY ( 3),ICSSM C
3 108, 2 )

C0M M O r~1/R2/PI i1 2, 1, 3),~~~h 1-08, 2),[( 14, 6),MN( 100, 6),NOM ( 14,
1 6 )
COMMON/A3/BR ( 108, 2) ,TRSF ( 108, 1) ,CSTF(48, 1, 4),SSPF ( 1., 1, 3),

tI C 51, 3),DZEI 60),fr Pl 108, 2),NDI 216)
CJMMOI /A 4/Xl L8, ~~,DLP( 60),OLPH ( 60),T( !56-),WM I 51),RO ( 51)
COMMON /A 6/OPZ( so, -,O),1l ( 72, 3),BC ( 108, IF,W 1 72),H( t08),VV (

I 156),Y1 108, 1),’IL ( 24, 3 )  -

ic FORMAT I 1 615)
35 FJRMA I (’C ,’ LL NO JP JO JR MP’,8X, ’L/SA’ ,9~~,’L1’ ,12X, ’MP

1, 12X,’ll ‘,12X, ‘12’, 12X, ‘M2’ ,12X, ’’12 ‘I’
3” F C~ MA T (tX,SIS,7El’,.4)

.dRITFI6 ,3-i) 
-

Dl 700 MIM6,M7

~EAOl 5,IO) “r’,JP,Jt.),JR,MP’(M,ltI )
XL=X (J Q,K)—X IJP ,K)
YM=Y (JQ, K)— Y(JP ,K) -

l?I=Z (J0,K)—Z (JP ,K)
IF ( III .,T. 1) SE) TO 00 

-

10=3 -

C.... TRUSS ELE MENT STIFF - . MATUX.
ELL (M , 1 )=DSORTIXI*XI ,YM *YM+ZN *ZN )

~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
. ~
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THIS PAGE IS BEST QUALITY P T I ~
A
~~1

YRO.M cOPY 1Ul~~ISH~~ TO WQ ~~~~~~~~~~~
CL =1./ILL U- , III
CL=XL ~~EL
CM=YM *EL
CN = Z N * EL
w~.ITL(b, 36) M,JP ,Ji .,J~.,MP(M,III),ELL (M,i),CL,CM ,CN
CON=E(tGRC (M,I),KK)~~[L
(SF1 1,1 )=CL
UVF ( 1,2)=CM
(SI- C I, 3) CN
1~1( 1,1 )zCL*CL
01(2,2) =CM*CM

~1( 3, 3) CI*CN
1’ 111,2 ) CL*CM

~ L (I, i). CL*C’4
1 1 (2, 3 ) =C Mt C N
IF (IDV.EQ .0) GEE TJ 600
LflrIM=RO(ISRE(M ,III ))*ELL (r,III)/(h .0*GG )
02 ( 1, 1) = 1.0
10M I
II) TI) 59)

500 1F ( I I I  .GI.2) GO rh
10=9

- CST ELEMENT STIFF- . ~‘AT~~IX.
1%X=DSORT (XL*XL +YM*YM-I-ZN*ZN)
ESII2,1)= XL /PX
ESF (2,2)= YM1HX
ESF (2,fl= ZN/’SX
XL=X(JR , V . 1 — K (JP ,i~~~)
YM Y (J-~ 

, K )—Y( JP , Y J
1N 1 (JR , K )—Z (JP ,K)
SX=X 1 .*CSF (2,L )fVM* LS FC2,2 )+ZN*ESCI2 ,3)
X L = X L — S X * E ~~F (2, 1 )
YM=YM— SX *ESF (2, ?)
1 N 1 4—SX *ESF (?, 3)
H*= DSIRT ( X L*XL~Y M C Y F + Z N* LN)
(SF1 1,1 )=XL/HX
ESF ( 1,2)=YM/HX
ESF ( I,3)=ZN/HX
CILU--’, ?F0.5*3X*H (

- .4RLTE(6, 36) M,JP ,J~’,J(,MP (M ,IIL ),LLL (M ,2),C(ESF(J,L),1=i,3),J=I,2)
X’ltJ=XNIJU(IGRE(M , 2),KK)
ETA= (1.U—XNU )*0.5 - 

-

CON=E (1GRI (M ,2),KK)/((1.3-XN1I*XNU)*2.U*BX*HX)

~MS=~~X—S X
I fl-fr Ft X* I-f X
SZ=Sx*SX
BR=flx*Bx 

‘
5-

P.MSS=MMSSBMS —

SI3MS=SX*BMS 
- 

-:

IIRMS *IIX *RMS
BDMS= FIX*BMS
B1 (I,1)=DMSS+ I*l*I~F A
(‘I(I,2)= (XN (P.ETA)*HRMS
t~I( 1, 3)=SBMS— HIl*LTI
81(I, 4 )-~~ HBM S *XNU + r1**SX *ETA
I’l (I,S )=—BBMc
I3I C I, h) — HX *flX*ETA
Bl (2,2)z HI1+BVSS*Lr~
LS1 (2,3)z )(I4IU*SX*HX— 113M5*ETA
15 1 1 2,4) =—HHGSR ’IS*E IA
J1 (?,5)s—B **HX*XNU

- - - —~ - - - 
— 

- - ;- - *— - - - 
- -  S- - 5 -

- 
- 5

5 - - - -’ -,
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131 (2,6)=—BBMS*ET .’i
B) (3,J)= SZ+HH*ETA
Bj (3,4)=— (XNU+ (TA)*i-)X*SX ThjSPAGE~~~~~~ .~~ ~~~ — —-

fl1(3,5)=_ SX*BX
[511 3,61= HX*BX*CTA
61 ( 4,41= HH+S1*LTA
B11 4,S) HX *BX *XMU
[1 11 4, 6) =— SX*B X*E TA
131 (5,5): 813
151 (5,6) : 0.0
[1i ( 6,6)= B [5*ETA
tiC 501 J 1,6
00 501 L=I ,6

Sot [t [IL ,J )=fl1 (J,L I
03 502 J=1,6
DO 502 1= 1,9

50? 152 (J,L)=O .O
JJ=O
00 504 LS= t ,5 ,2
LE=L S+l
00 504 J=I ,3
J J = J J + 1
Dli 504 1=1,6

504 D2( L ,JJ )=B 2 (L,JJ )+ i~1C L,LS ) * ESF (1 ,J) + 131(L,LE )$ ESF (2 ,J )
00 503 J= I,9
03 503 L=J,9

503 PL(J,L)=O .0
JJ=C
1)3 506 LS 1,~~.2
LE=L S+1
00 506 J=1,3
JJ=J J +1
1)1) 506 L JJ,9

506 81(JJ,L )=B1(JJ,L)+I~l (LS,L)* ESF (I,J)+B2 (IE ,L )* ESF (2,J )
!F (IDV.C0.0) 52 IC 60’)
ONM=~1O ( IGREU !, III) )*ELL (M, I II)/C12 .0*GG )

- BZ C I ,I)=1 .0
IDM= 1
SO TO- 599 -

C.... SW (LEMENT STIFF. MATRIX.
515 10=6

SSPB=DA BS (l (JP ,K ) +L (JQ ,K l)
SSPA=DS ORT (XL *X1 +YM *YM )
ESF (1 ,I)=XL IS SPA - -,

E SF (1 ,2 )=YM /SSPA
E 1LU~, 3)=0 .5*SSPA*SSPB
4RITE (6,3 6 ) M ,JP ,J(-),JR ,M P (M ,II1 ),ELL IM ,3) ,ESF (t,1),E SF II ,2)
XNU zXNUU U GR E (~~, 3),KK)
THE TA = S SPA / S SPO
CONzC ( IGRE ( M,3),KV )/(12.0*(1.O,XNIJ))
DCM=ESF ( 1,2)
DCL= E SI(1,1 )
DCLL =O C I*DCL
DCL M S DCL * 0CM
DCMM=DCM*DC M
(1=2.0*1 L .0+XNU)/Tft TA

- 
IF (ISPSP.NE.0 )Zl=O. I)
12=3 .O*THETA
St 1= / 1./2
S1 3=—/1 +/2
522—3.0/THETA

- . -
5- i -

- -  ~~~~— - - - - - - S 
- ~

‘- 
- - 

S 
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THIS PAGE IS BEST QUALITY P~kC’ZI~CAI~IA
131( 1 ,1)=  S1t* DCLL
1 3 1 ( 1 , 2 1 =  S 1 I* O C L M
1 3 1 1 1 , 3) =—

151 (1,41= S13*DCLL
151(1,5 1= S13*OCLM
P1 (1,61= 3.O*DCL
15 112 ,21= S11* flCM~’
bL (2, 31=—3 .O*OCM
B1 (2,4)= SI3’1~D C L M
t31 (2,S)= S13*D MM
B l C~~,h1= 3.0*0CM
151 (3,41= 522
[11( 3,4) =—3.O *DC L
01 1 3,5) =— 3. 0*0CM
15 1 1 3,6) = — S22
151 (4,41= SI1$DCLL
P1( 4,5)= Sll*t)CLM
1 1 ( 4,61= 3.OtDCL
[51 (5,51= S1l*DCMM

~1 (5,6)= 3.0*l)CM
[51 (6,61= S22
IF (IDV.L Q.O) SC TO ‘,00
CONM=WUGRElM~~I I1 ) )*SSP3*SSPB/16.O*&&)
XMLI=THZTA/3.OfXNU*TH [TA/6.O+(THETA**3)/10.0+0.1*XNU*XNU/THETA
X M 12=-0.25* ( TH C TA * T HET A +X ” IU )
x Ml3=TFILTA /6.o_x ,1w rI-IETA/6 .o_ (THETA**3)IIO .o—O .1*xNU*xMu/TH [TA
XM22=T IICTA
[5-21 1,1 ) =DCLL*XM 11
h2 (1,4)=DCIL*XM13
1 21 4 ,4) =1321 1, 1)
1321 1, 2) =DCIM*X M LI
r2(1, 5 )=DCLMSX413
l32 (2,4)=DCL M *X ~~I3
132(4,5) =DCLM *X H1I
821 1, 3) =DCL *XM 12
‘2(L, 6)=OCL*X M I2
13 2 1 3,4 ) =—D CL *X 15 12
132(4 ,h)=—DCL$XM12
13 2 1  2,?) =+OCMM *XM I1
152 (2, 5) =OCMM*XM 13
P.7(5,5)=+DCMM*XMI1 -
b2(2, 4)=sDCM *XM 12
132 (2,6)=+DCM*XMI2
B2(3,5)=—DCM*XM12
I’ 2 1 5,1, )=—DCM* KM 12
82 (3 , 3 ) = + X M 2 2
13213, 6)=XM22*0.5
132(6,6)=,XM22
IDM=6

599 fCSS~E(M ,IlI1=M 8
DO 616 J=1,IOM
30 616 L 1,J
M3=M8+1

616 TCSM (M8) CONM*82 (L,J)
600 ICSS( M ,l!t)=I8

0’) 5t h J 1,ID
00 516 L 1,J
I8 z Iq +t

Dl6 TFICSSPIIO )-CC”l*Bl (L,J )
L NN*(JP—1)
1 N 11 * (JQ—1 )

- ~~~~~~~~~ ‘ • .
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THIS PAGE IS BEST QUALITY PRAC~rICABX1*
—5--

‘JACJ 1=ND (1+ J )
NA (J9-TIN 1=NDt I+J
IF (III.EQ.2) “ I A( J +  S N) = N) U- I+J )

51 1 CONTINUE
I SAC ( M ,III )=19
IF ( lII .E Q.1) 10=6
1)0 519 J=I,It )
I 9=I)+ t
NNOC ( I9)=NA (J)

~‘1 9 CONTPIU~
IFIIII .GT .L ) 1) TO 800
00 400 1=1, 3
00 400 J=1 ,I

400 151(1, J I =hl Ii, I)
03 1501 1=1,3
HI! )=O.C
33 801 j=i, 4

801 HI I )=Hl I ).ESF (1,J)*OI (J,I I
IND IM, I T !1=J8
LLM( 1111 = 1111
03 80 2 j =t ,MM
J 8=J8# 1

80? STRESS(JO1=U(J1*CQ~4
GO TI) 700

800 IF (tII .GT.2 ) GO TO 716
L11=3
LLN ( III )=LN

C.... STRESS MATRIX rrJR C’~T ELEMENTS.
C0N=CON*?.O
PI(1,I )=—BMS
171(1,?)=—HX*X ’JU
13 1 1 t, 3)=—SX
f31 ( 1,4)=—6t ( 1,2)
151(1,51= BX
E [(1,b)= 0.0
Oil 2, 1) =— BM S* XN
[51 12 ,2) =— HX
R 1 ( 2 , 3 ) = — S X * X N U
0 1 (2 , 4 1 =  HX
31 (2,51= BX*XNU
15 1(2, 61= 0.0
Dli 3, 1) :—HX*ETA
rI (3,?)=—BMS*ETA
‘U1 3, 3)= HX *ET \
Dli 3,4)=— SX *ETA
151(3,51= 0.0
131 (3,61= ESX*1T4
3(5) 713 1=1 ,3
DEl 71 3 J=1 ,9

713 8?(I ,J) 0.fl
JJ= 0
00 703 IS=1,5,?
LE ’L S +I
(11) 708 j— L , 3
JJxJJ . 1
DO 708 I L , ~

708 R21I, JJ )*U2 (f,JJ)+1~t (I ,LS )* ESF (1,J)+BtU,IE)~ ESI (2 ,J)
SQ TI) 80

C .... STRESS MATR IX FUR S~ P ELEMENTS.

—5 —4—— -- - —--—S- --—--—--- — —  ~~~~~~~~~ S 5 • S S _ _ S _ _ ~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~ S 
~~~~~~~ ~~~~ - - - 
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THIS PAGE IS BEST QUALITY PHI&CflVA~~~
7 I ‘~ LI 3 = 13 • 5 / (1 • 0+ X N U) 

3~I~0~ ()
~~Y 1W~ LS1LED TO WO ~~~~~~~~~~~~~~~~~

CON: El IGRE (M , I I I )  ,KK )
I T 5 =L 1 3*LON
AX = 1 .)/SSPA
p
~~= 1 .O,SSpR
IF ( ISPSP.EQ .L ) CL) 1= 73)
[ 52 ( 1 , 1) =—f )CL*AX*C LJ,
F3?( 1,2) =—D CM *AX *C 0.
[5 2(1, 31= 0.0
132 1 1, 41=—15 2( 1 ,1)
[521 1 ,s )=— t32 ( 1,2 )
‘2 (1,61= 0.0
J= 2

131 IF ( LSPSP.NE .0)J 1
I 2(J,1)= DCL*Er *ES X
02 (J,l)= DCM* [~~3’~t~X
R? (J, 3)=— E T3 *A X

~2 (J,4)= B? (J,1)
1:2 (J, 5)= (32(J,2)
r2 1J ,o)=—r S2(J, 1)
I N=J
LL N)( III )=J
(UN= 1.C’~

80” IND I M , I II )=J R
LE IT Y ( II I )
[50 336 I= 1 ,LE’I
11) 336 J= 1 ,LC
J C = J ~~~~ 1

3- 36 5TRESS (J&)=R? (1,J )-~-~~ON
lOu CTITI’4U :

~LTUr (’JE N D
SL IO~~U U T 1~4E ST !FFM (J ,K ,NDZ,!8,*,1 01)
I MPL I C I T  ~ E A L~~H (A— H,0—Z )
!~4TEG[~ S t i E , B 4 C , S ~
COMMON ST E P ,BNC ,SN,NBW,SIL [,NLC,NSU
COMMON /V 1/Ni ,NC! ,’1EII< ,MSK, MA ,NU1,NU2,NU3,Ml ,NB,NJK ,N~~,Ni1 ,IS Q,1Q1
COMMON /V2/NIC ( 3),~~~( 6),NG ( 6),NBWI( 3),N15W2 ( 3),N1~W 3( 3),NM ( 6),

1~lI3J ( 4),NJ ( 3),NCBC 3),’4EW ( 3),IQS ( 3),ME9( 6),MEF ( 6)
COMMON/P1/B1 ( ) , 91,62 1 ) , 9) , 6 3( 9, - 9 ) , ESF ( 9, 9 ) , -~A (  t56) ,N I1(  9

t ),N JI ( 9),r1J2( 9) 
- -

CJMMON/P2/XNUU ( 14, 6),ELLCLO 8, 2),1)U( 14, 6),STRESSU62O),T CSM (
1 ls~,),IRcssP (28og),xCOSr ( 3),ICSS ( 103, 2),(%AC ( 108, 2 ),INDC ( LOB
2, 2 I,IC1~~T( 14, 6).I RE ( 108, 2hNNOC( 1080),LLNI 3),!TY( 3),ICSSMC
3 1013 , 1) -

COMMO ’1/P3/EVEC ( 1, 1),R-~~F( 7),RDIIMI 7),RSL ( 7),RSU( 7),RLOAD ( 7)
I,REDUC( 90),MOOFI 7),N[)M( 90),NBPAM ( 6, b ) ,K IIDAF4( 3, 7)
COMMOI/R2/P I (12, 1, 3),R 4( 108, 2),L( 14, 6) ,MNI 10.~, 6),NOM ( 14,

1 6)
COMM3N/R 4/IIL ( SO, 3),KL ( 50),IOK ( 3),N0( 1)
C )MM O ’JI r~~/B( 14 , b ),SL( 14 , h) ,SU ( 14, 6),UPB( 51, 50),DL IM (12 , 3)

1,SS ( i i )
CJMMON /A1 /U (12, 24, 3 ),/1112, 1, 3),C1 36, 24),lB ( 36, 1)
COMMON /A 3/B’~( I0[5, 2),TRSF( 108, I),CSTF (48, 1, 4),SSPF ( 1, 1, 3),

l it Si , 3),L)ZF ( 60),MPI 108, 2),N 0( 216)
COMM O’~/AS/Di 3ff , 2’.I, 0S( 36, 50),A 2i 3b, 50) ,DKIU2 ,36),KIIIJ BW ( 3)
C3MMON /A 6/DPF( 50, ~0),Zfl 72, 3),3E( 108, 3),WI 72),H( 138),VV ( r

I L56 ) ,Y ( 10 8, 3), ’IiC( 24, 3)
LOM M ON /C 1 /X CI G ( 72, 2 ),YX (JG ( 72, 2 ) , w S (  2),DM ( I, 1i,IETA ( 7)

S/C 3/ QUK( 2, ?I ,QQ~!( 2, ? ),QA ( 2, 2)
****************.*** **** *****• .*a**.****.s***..a *••***s**•*** *s***.s.s* 

-- - -5  - 
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C* DESCRI PTION OF VA~~1~~B L E S  *

U — STORE 4 ( E I I ) * f l (I ) ) / L (I )  I NO. 01 MENBERS ) *

S KI STOF4S E S  MI! IN OANDED DECOMPOSED FORM. *

1)I’i STORE’. KB! IN FULL *

c STURL S MO FIJR WHOLE SIR IN 8ANOED FORM *

1(3=0
K K=O
IIJC =N LJC— I
IN DCX= I 01
DES 997 K=1 ,MSU

C THIS PAGE IS BES T QUALITY PE.&CTICk~I~C ALL VA RI (K)

DJ 1? !-1,N1
JO 12 J 1,N1

1? A2(1,J)=0.D0
I F- (’ICI.[Q.C)) Gi 1 ’ 15
[5 1  14 1=1,NC I
‘4A ( I )=I)
DC i i L= l,N L C

1 1 [5E(I,L )=PI (I,L,K )*ILQAO (’4 [)C)
CE] 13 J=1 ,NU3

1 3 rJ(! ,J) 0.DO
00 14 J= 1,N 1
OP/I I,J1=O.f)0

14 DS (I,J)=0.00
15 02 29 1 1 7 = 1 , 3

I Fl ITY ( 1 1 1  ).EQ.O) J1 TO 29
1EV. = K K + I
‘.16 M { P . ( K K )
‘4T= MIF ( 1(K)
DI) 16 14=M6,M7

16 ‘1(11 14) 0
IF (IDC .E Q.0) SO TI’ 18
N1)0=NIBDAMIKK , IUC )
I F i~~DO.[Q.0) CU TI) 18
1)1) 11 !4 1,NOP
18=1 15. 1
‘~ID(NDM1 1 8 ) ) = 1 8

17 CONTINUE
II) U~i 28 I4=M6,M7

/1= 1. 0
I1r~P (I4).NF.0)GO T r 202
X X zBI ICR El 1 4, I I I )  ,KK )*Z1
O~~(I4 , I I I ) = X X
Gil Ti ) 203

20? ?1=1 .DO-REOUC (N0114))
XX = B I IGRE( 1 4,1 11 ),KK)*l1
F)~.( 1 4, I I I  )= XX

203 IF (XX.EU.0.O )CO ro ~e
C

CALL RECALL (I1 i,LL,I.S,LF,IND [X ,I4,X~~)
IFU4CI.Lu.O) sri T~; 25
00 24 J=LS ,LE
IJ=NN1 )C (LF+J
IF (IJ.C Q .J) GO 10 /4
IF (IJ.Gt.N1 ) Sn T~ 21
DO 20 L LS,LE
IL=NNOC ( LF +1
IF (IL.E Q.0) 130 TO / i

_ _ _ _ _ _  5- — 
-—
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THIS PAGE IS BEST QUALITY ?MCflCAB~~

IF (IL.GT.Nl .I)R.IL.Lr.IJ) SO T02 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
!K= IL— 1 Jt1
TFUK.GT.NU 2) CI) T~ 20
A/I IJ, IL 1=421 Ii, IL ) ‘ESF (J,L)

20 CliNT INUL

~;o TO 24
/1 !J = ! J — N L

1)0 23 L=LS ,L IE
IL=W’4I)CILF+L )
IF (IL. L0.0) GO TO 23
IFIIL .GT .N1 ) SO TO ?2
ESS (1J ,IL )= DS (IJ ,IL)— [SF (J,L)
UP/I IJ, IL )=_DS ( IJ ,IL )
1.0 T O  23

/ ?  IF(K!1[)AM (K,N’)C).EO.fl) 3] TO 23
IL I L — N 1
IF (1L .L I .IJ ) 31! TO ‘3
(K=1L — IJ +I
IF ( I K .G T . N U3 )  ~O T- 23
Dl I J ,1 1)= DlI J ,IK )-.- E S F (J ,L )

23 CONT14 UC
24 C O N T I N U E

SO TO 2d
25 Dli 27 J=LS,LE

IJ NN DC 1LF +J)
IF (IJ.E0 .0) GO TO / 7
21) 26 L LS,LE
IL=N ~’.’)C ( LI +L
IF (IL.L ) . 0.OR .!L .Lt .IJ) GO TO 26
1K IL—I J +1
!F(!K.5T.’1U2) 31) 1. 26
Is2 UJ , IL  )=A2UJ,!L )+ESF (J,L)

26 CONTI NUL
21 CUNT 1’~U L
?V CJ NTT N U L
2) CONT1~)UE

IF (~4C!.EU.0) GO TO [26
IF ( IDC.GT.1) 53 TU 35

C
CALL DCCU PP(N,NU3, ~~I,&444)

C I) CONTAINS DECOMPOSED K!!.
C s’IRITC (6,31) ((D(1,JhJ=1,NU3),L=1,N5L )
C 51 FI)RM4T ( SX,6E15.5)

~,t) TO 33
444 (ITURN I
33 C!IUt3W(K )= !Q

~ ) 34 J= 1,M U3
I 1 10’ 1
L1E- 34 1=1,NC I
DPBII,IJ )= D(1,J)

i4 DXII I, 1 (.~ )=  0(1 , J
50 T0 42

35 IF (K!IDAM (K ,N0Z).E~~.O ) SO TO 39
DI) 36 1=l ,’lCI
IF (D(I,t).NF .0.O) ..,0 1 0 3 6

~4( 11 = 1
CII, 1)’l .)

5-I, COPIT INUE

-I’—. __~__~ 
— - — — -— — 5 -- S  
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CALL DECUPPIN,N 113, ~CI,&.444) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I0=<!IUBW (K) 
- ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

DO 5-7 J=1 ,NU 3 . S -

10= IE’~ 1
1)2 37 1= 1 ,N C L

37 DPB( 1, 10 ) =  DI I, J)
SC TO 42

3’~ I Q = K 1 I U O W ( K )

00 40 J=1,NU3
I Q = 1 (3+1
00 40 I=l ,N C I
0( 1, J 1= 01 (1 1! , 10)

40 (‘P81 I ,1U1 = DK1(I,I Q )
4! 00 43 L 1,NLC

J=L +N I
DC 43 I= l,N C I
11=1.0
IFI’ 1A( 1 ) .E0.l) L 1 = ) .0
DS I 1 ,J )=BE ( 1 ,1 1*11

43 ~E( 1,1 1 =CSi I, J)
L

CAL L SOLI)UP (J, NU3,~~C1)
C.... OS CONTA IN S Q=—KU* *-1*KfB AND KI!*~ — 1*PI*RLOA 0

DES 4’) 1= 1 ,N C I
1)3 48 L 1,N1

4d Q ( I,L,K1=DS ( I,L
00 49 L=1,NL C
J=L +Nl

49 iii I,L,K1=DS ( I,J)
C ‘4RITE(b , 39) K , I (Q(I ,J,K) ,1= 1 ,NC I I ~J= [ ,N1 I
C 39 FORMATI // .SX ,I2, ’ M A T R I X  ~)‘/(3X,4EL5.5))
C.... GENERATION OF V.0 F~ WHOLE STRUC TURL IN BANDEO FORM

MC I=NU 1—N 1—i
DO 124 I= I ,Nl i
MC I=MC 1+1
!F(MCI.GT.NC1 ) MCI = .CI
00 124 J= !,N1
03 124 L=1,MC !

124 4211,J1=A 211,J )+DPZ (L ,I)*QIL ,J,K )
C.... GENERATIO N OF ~B EFFECT IVE BOUND FORCE VECTOR IN frATR IX /13.

DO 125 I=1 ,N L
LI /Cl I,K )
00 125 L= 1 ,N LC

- DO 125 Jz1,NC I
I2’~ /131 L 1 ,L) ’L BI L I, L )+u( J, I ,K) *BL (J,L )
12 6  00 127 != 1,N1

L 1 NZC (I,K)
DO 127 J=I ,Nl
L2 NLC (J, K )
IF (L2.L t .L1) so 10 127
L) L2— L 1 +1
LF (L3. T.NBW) GO T ’ 127
C (Ll,L3 )=C (1t,L3 )~~~2( I ,J) 

-

1 27 CONTINUE
J 9 )  C O N T I N U C

W R 1 T E (6, 1004) 1 IC (I,J) ,J i,NBW ),I L,BNC )
IF (IDC .[Q.0) ~[TUR 4
00 129 t=1,BNG
f F (C( I, I ).NE.O.C) ~ 10 129
CII, 11= 1.0
UU 128 J*1 ,N L C 
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THIS PAGE IS BEST QUALITY PB~CTZ~AP14
7R~M COPY Y1JR)IISH~~ TO WQ ~~~—

12 8 Z [5(!,J)= 0 .O
12) CO MT! NIJ [

RET (JR ‘1
END
SUII1OUTINE RECAL L (I!I,LE,LS,LF,INDE ~~,M !,XX) SUB 4
IMPLIC IT REA L*C IA- I ),O—l )
INTEGER SIZE,P’IC,Si
COMMON STEP,BNC,SN,OBW,SILL,NLC,NSU
CJMMIJN /P1/B1I 9, 91,821 9, 9),[53( 9, Q),ESF ( 9, 9),NA ( 156),NI1( 9

1),NJL ( fl,NJ?I ‘7)
COMMON/P?/ X’4UU ( 14, 6),ELL (108, 2),DU ( 14, 6),STRES’.(1620),TCSM (

1 156),TRCSSP (21108),XCUST ( 3) ,!CSS( 108 , 2),ISAC( b c ,  2),!NDC( 108
2, 2),!GRT( 14, 6),!;RF( 108, 2),NT9OC ( 1O80),LLN ( 3),1TY ( 3),ICSSM (
5- 108, 2)

COMM IV4/A 3/ I 3R( lOll , 2),TRSF ( 108, I),CSTF (48, 1, 4),-SSPF ( 1, 1, 3),
Ill 51, 3),I)IE( 60h’-’P ( 108, 2),ND ( 2k,)
N N = S N / 2
LE IT Y ( II I )
I F (II I.E Q.I) L. =3
L S =  I
LF ICSS ( MI, HI)
IF (INDEX .E Q.?)3(J Tj 702
DES (01 J=LS ,Lr
CC 101 1=1,0
L F L  F. 1
ESF I 1 ,J)= TR CSS P (L 1-)* XX

701 ESF IJ, I )=ESF ( 1,0)
IF ( III .51.1) CC 10 702
DES 401 J”- 1,3
03 401 10=1,3
ESF (JO ,IO+3 )=—E SF (J ~’, L O )

401 ESF ( J0+3, IO.3)=ESI( 00,10)
[53 402 1=1,6
DO 402 J=1,I

402 ESFI 1,0 )=ESF (J, 1)
70? IF (IIIDEX. EQ.0 ) GO TU 170

IF (I1!.ST.I) 33 1(5] 15’)
Y I= T C SM ( I C S S M ( MI ,I I I ) .l ) *X X
Y 2 = Y  1+Y I
(30 60 I=1,SN
03 60 J =1,SN -

A=0.0
III I.E0.J)  A Y ?
IX: I— J
IF I I I X +”IN )* ( !X—NN) .UQ.O) A=Y 1

61) O I (I , J ) = A
GO TO 170

1 0 !F (IIT.GT.2) GO TO 160
Y 1=TCS M( ICSSM ( M I, 11! 1+1 ) *XX
Y2=Y1 +Yj
00 59 1= 1,7
1)0 59 J2 j , 9

549 61 (1,01=0.0
DO 61 1= 1 ,1
Dli 61 J=j , ’3
A = Y 1
TF (f.iQ .J)A =Y2

i~1 P I (1 , J ) = A
L1=3
LJXZ i

ru— 

1)0 63 11 = 1 , 2  

- 

;~~~~~~
, 

-
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DC 6~! 1=1 ,3  THISPAG!ISBESTQUALITY T1C
~~~

L I = L I +l j?~~ Q Y ilk~~LS15-~~ TO DDC ...
~~~~~~

‘

LJ LJ X
DO 62 J=1,3
LJ=LJ + 1

62 )3 1 (L I , L J ) 1 5 1 1  I,J)
L I=b

63 LJX b
SO TO 110

16..) L= ICSSM (MI,I I I )
D’J 65 J=1 ,6
00 65 1= 1,0
L=L -f I
OI l  1 ,J )= TC SM IL )*XX

65 81 (0,1 )= t~1I 1 ,J )
17 0 LE ZITY III! )

LS= 1
L F I  S~ C ( MI,!!!)

EN D
SUB~ DUTINE 1)E UPPI” ,IC,N, *P SUB 5
IM PL IC IT REAL* 9 (4 - I~,IJ— Z )
COM MOI/A5/D ( 36, 24),LS ( 36, 50),A2l 36, 50),DKIII2,36),KIIUBW ( 3)

C* *** * * * * * ** ** * * * ** * ***** * **** *** * .* * * * * * ** * * * * * *.*** * *** * * * ***** * ** * ** *
C* DECOMPOSE A SYM ME P1C M A TU X  *

C* JPPER BANDED M A T R I X  IS ASSUMED *

C* UPPER UECOMPOSCF ) M \TRIX IS STORED IN THE ORIGINAL POSITION *

C* ORIG INAL M A T R I X  IS [)ECTR JYED *

C* N B N C IU=BUI 3-W *
C ** * ** * * * * * * * ** **** * **** *  ** * * * ** * * **** ** *.* ** * ** * * * ** ** * * ** ** * * * *** * * * **

1 3 FflRM4 T (’1’,3O~~,’S!N 1jLAR MATR IX’ ,!8)
Di) 60 I=l ,E’~
IP=N— I+ I
1 :1 — 1
IF IIU.LT. IP ) 1” IU
DO 60 0=1, IP
SUM =fl h1, J )
IF (I .EO .1 ) GO IU 4~
J()= lu-C
IF IL.L T .1 Q) I O L
£F I I Q.EQ .O) GO In 4t)
01) 30 (=1, 10
M 1 1—K

31) SUM SUM—D (MZ,K+1)*U (MZ,KI-J) S

4] IF I J. ’1 (.1) GO TI)
IF (SUM.LE.0 .) SO T. 101)
TEMP ’CS QRT ( SUM )
TEMP =1 . 0/TEM P
DU,J)=TCMP
GO TO 6C

50 D(I,J1=SUM*TEMP
6) CONTINUE

E0 TO ‘11
100 CON T INJ C

M =  I
,r4RITE (6,13) 1

~E T U R N  I
~)1 RETURN

F.NO
SUB~ OUTINE SOIJUP (IL,IU ,’1) SUB 6
IMPL I C I T  RE AL* 8 (4—11,0—i) 
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C!)MMON/A5/Dl 36, 24),DS( 36, 5C),A2 ( 36, 5~3 ),DK1 (I2,36),KIIUBW ( 3)

SOLUTION OF SIMULTANEO US EQUATIONS [IV DECOMPOSING TIlE MATR IX *

~~ UPPER TRIAN GULAR [5~~’I1)ED MATRIX IS ASSUMED *

C~ SD1~~E t~Y FORWA RO A :] BA <WA RD S U B S T I T U T I ONS *

OS IS  TIlL O HS ~~~~~ X *

( .~ ‘ OS CONTAIN S TIlE SOl UTION A T THE END *

OS IS N OT SA VC D *

FORWAR D SUBSTTTUT1 ’ O *

IU:OUI1W *

C 60 FORMAT(/X ,’ BOUNDA 4Y DISPLACEMENTS IN OVERALL SYSTEM ’/ (3X,4F15.5))
02 20 1=1,91

21’ DS(  1, 1)  =DS(  I, I)  * 0 ( 1 ,  1)
0.) 10 I=2 ,N
3 = 1 —  !U+I
IF II I+I ) .LL .I ll) J I
IJ 1 — I
1)0 /5 II= 1 ,N L
DC 15 K =J , IJ

15 O S I I , ! !  ) 0S( 1 , 1 1  ) — L : I K , L S )  * 1)51 K,  I I)
25 CSI I,II) :DS (1,II 1 * 1 1  1,1)
t o  C O N T I N U L

C.... 03-ICKWAU ) SUBSTIT (JTIISN
00 30 1=1 ,NL

33 DS( ” l,I ) = D S I N , I l * C ( 1 , 1 )
I =N— I
30 90 11= 1,1
1=N— II
J 1 = 1 — 1
J= J I + IU
IF (J .T~T .N) 0=1 1
IJ 1 +1

OLI 85 M=I,NL
0:) 7s 1(=I J,J

‘45 05(1 ,M)=D5( I ,M) — D l  I ,K—JI )*DSIK , M)
85 DS (I,V )= l)5 (f,M)*[)lj,[)

~
)O C O N TI N UE

C ,4 i.ITC (b ,60) l(DS(I, J) ,I= 1,M),J= I ,NL )
R E T U ~~I S

SUBROUT INE MEVECINN,NCC ,LDC,I8 ,IA )
IMPLICIT RE4L~~8 (4—11 ,1)—i)
INTEGER S1ZE,BNC,S~
COMMON STEP ,RNC ,SN,’IBW,SIZC,NLC,NSU
C 3MM ON /V 1 /NI, !1Cf, 11wK ,NGK ,MA ,NU1 ,NU2 ,WU3 ,M 1,t~8 ,NJK ,NC .N1L,IS Q ,EQ 1
COMM ()N /V2 /NEC( 3) ,owl 6),P1G ( 61,NOW I( 3),NBW2 ( i-),N OW3( 3),NM( 6),

INIIJ( 3) ,NJ(  3) ,NCBI  3 ) , N E W I  5-),!QS ( 3),M (B( 6),M EFI 6)
Cf)MMO’1/PL/81 ( ~, 91 ,811 9, 91 ,631 9, 9) ,ESFI 9, 9),NA ( 156) ,N1I( 9

I ),NJI( 9),NJ? ( 9)
CDMMOI /P2/XNLJUI 14, 6),ELL IIO 3, 21,15-UI 14, 6),STRESc(1620),TCS M(

I 156),T’4CSSPI28ORI,*CCST ( 31,ICSSI 138, 2),ISACI 108, 2),INDCI 108
2, 2),I.~~T( 14, 6),I~~RL ( 108, 2),NNUC ( 1080).LLNI 3),ITY ( 3),ICSSM (
3 108, 2)
CflMMO I/P3/EVCCI 1, L),Rll l ?),RDIIMI 7),RSLI 7),RSUI 7),RLCAD ( 7)

I,REDUCI 90),1lDOf( 1),NDM( 90),NBDAMI 6, 6),XI!DAM( 3, 7)
COMMOI /P 5f YK ( 1) ,VM I 1 ),SK I 1I ,SM I 1) ,E ’Yl I),S ( I)
COMMON/R5/B ( 14, t1, SL ( 14, 6),SUI 14, 6),DPB ( 51, 501 ,DLIMI12 , 3)

1,SS( Si )
CI)MM(5N/43/BR ( 108, fl,T~ SF l 108, I),CSTF I4 8, 1, 4),SSPF ( 1, 1, 3),

.5
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111 51 , 31 ,0/E l 60), -’P l 108, 2),ND I 216)
COMMONfA6/DPZ ( 50, 01,171 7?, 3),Bt 108 , 3) ,Wl 721 , HI )08),VV(

1 15 61 , Y ( 118 , ~~- ,“i~’ (  24, 3)
CO MM ON /C 1/XF lGl 72, 2 ),YXEIGI 72, 21 ,WS I 2) ,DMI 1, 1),ICT ( 7)
IDC=LOC — I
‘ICX=BNC
K K =~~
(012=2
I~1DEX= 1012
flU 11 3 !=I,NCC
130 1 1 3  J J = 1 , TA

11 5 -  Y~~E (GI 1,0 0) =0.00
00 108 K 1,NSU

iS PLGEI~
CAlL V A R ! ( K )
DC 80004 1 1 1= 1 , 3
IF (ITV( I I I ) .E Q.0)0: T~ 80004
KK=KV .1
M6=~~E i - ( K K )
M7= MEF ( KK)
00 16 ~4=M6 ,M1

Lb ND( 1 4)=0
I F ( I D C . E Q . O )  CU TO 18
NDO = N O O A M ( K K ,  b C )
IF ( ND0 .EQ. 0) 30 10 18
rio 17 I4z 1, 1lDfl
1 8=1841

17 ‘ ID(NDMI I 8 ) F I H
18 1)13 101 I4:M6, Mf

11=1.0
IFIND ( 1 4 ).NE.O) ZI=1 .0— ~~EDUC (NDII4)
X X = B l  IGRE ( 14,1(1) ,K E) *il
L-[ I 14 , 1 1 1  )=X *
IF IXX. [0.0.0) 0 T- 107

CALL ~ECA LL (III ,L E.L S,LF, INDEX, 14,X’
00 106 I=LS ,LE
IJ= r i1JDC (LF+I I
Ir11 J.E Q.o) 51) TL~ 1Th
IF I 1J .LE .NI ) f 5= 9/~, I IJ,K )
(Ft (J.GT.NI) I5 ’4L(+1J~~N 1
1)..) lOi J LS,LF
I L  = 1IND C I LF +J
IF (IL.Eu .O) GO 1(5’ 1)5
IF (IL .LE .N1 ) 16=N/. (IL,K)
IF (IL.GT .M1) It,=N~~(,!L—M1
[53 109 00=1,14

ID’) YX E IG ( I5,JJ )=VX LIG ( I5,JJ )+01 I I,J)~~XI 151 16,JJ)
135 CONTI ’IUL
106 CONT 1’IIS ’L
107 CONTI NUL

80004 C ON TI N U E
N CX z NC * +‘~C I

LIE CONTINUE

IND
SUB~ r)UTIME JEF~(E QIF~~E0,~~F 1 ,NN,FDE?’J,NCC )
IMPIICV REAI *H (4— 0,0—/l
INTEGER S!7E,ONC,S 1
C O MMON STE~~, , , 11BW,S(jE,NLC,M~ u
COMMON/V 1/~1 I,l ~~I, l , 9 ~ K,M4,NUI,NUi ,1~U3,M1,I1B,NJK,NC ,N11,tSQ,IUt

g J,~j

5
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THIS PAGE IS B~~T QUALITY MCtILVA,1~I4I
FR0~ COPY ~LR~U.SHZ) TO DDQ ~~~~~~~~.—

C(IMMU ’1/V2/NIC ( il ,O Y I o),NG ( 6),NUWJ ( 3),NHW2 ( 3I,N°W3( 31,NM( 6),
1N!3J1 3),NJ I 3),NCD( 3),NEW( 3),IQS ( 3),MEB( 6),MEF ( 6)
CESM MO N /P 1 /BLl 9, ‘)),6?( 9, 91,831 9, 9),ESF ( 9, 9),N4( 156),MII( 9

I),NJ II ‘fl,i4J2( 9)
C:)MMO’1/P?/XNLJU ( 14, 6),ELLIIOO, 2),EU ( 14, 6),STRESS (1620),TCSM(

I L 5o),TRCSSPI?oOe), ACC)ST( 3),ICSS ( 108, 2),ISACI 108, 21,INDC( 108
2, 2 ),IORT I 14, 6),L .RE ( 108, 2),NNOC ( 1080),LLN ( 3),ITY( 3),ICSSM(
3 108, 2)
COMMON/P 5/VKI 1),V o( 1),SK( I),S’( 1),EY( 11,531 1)
COM MON/R?/I’I(12, 1, 3I,~~

- ( 108, 2),L( 14, 6),MN ( iO’~, 6),NOM I 14,
1 6)
COM MON/A6/DPL( 50, ~‘0),LZ ( 72, 31,811 108, 31,W( 72),H ( b08),VV(

I 1 56),V( LOB, 3),~~~C ( 24, 3)
CGMMO J/C1/XFI G ( 7?, 2),YXEIG ( 72, 2),WS ( 2),DM ( 1, 1),IEI( 7)

C* G E N C R - ~T L S  SENSITIVI TY VE TUR HI NV I FOR FREQUENCY CONSTRAINT *

I-RE Q — NATURE IREQUE’CY OF THE STRUCTURE *

Cs RFI — FRES .UENCV LIMI T *

Cs SY . — CIGI N VLOTOR (11CC) *

C’ W — STORES 01 K*Y — F*M*Y I/U BI t ) *

L 0 = 3
I ‘11) E ~ = I
NCX BNi.
SUM FO EN* RFF
00 106 K = t , N S I I

CALL V Ar U( K)
00 80304 1( 1 =1 , 3
I F ( I T Y ( I I I ) . E O . r ) G E ’  10 80004
1 Pt=O
I [ ) L  Il-i- I
‘IGK NG ( LI))
01) 100 KK 1,NGK

- NJJ=NOM (KK,lD)
MV= IGRT (KK,LD )
I1 (MV.E Q.0) GO TO 170
00 102 J= 1, 14 CC

10? ,dJ)=0.D0
1)0 80 IM I,NJJ
MA =MA+j -

MI=M N (M$ ,LD) S 
-

X X :O E I  MI ,  III)
IF (XX.EU.O.O ) GO TI 80
X X I  .0

C.~LL R E C A L L I I I I , L E , L S , L F , I N D C X , M I ,X x )
03 70 1=LS,LE
IJ=NN DCILF +1 I
IFIIJ.E (J .O) GO TJ 10
IF (1J .LC .N1) 14=NL IIJ,K )
IF (IJ.GT.N1) 14 1ICX,IJ—N1
IX) 60 J=LS,LE
IL -NN DC (LF+J)
1FIIL.E Q.0) GO TO 6 -

IFIIL.LC .N1 ) I 5=NL,IIL,K)
fF1 iL.GT .N1 ) IS2NCX ,IL=N1
W11 4)*W 114)+ (ESF (1,J)—FREQ*B1 (I,J )l$XEIG (t5 ,1)

60 CONTINUE
71 CONTINUE
MO CONTINUE -:

S i - l U -

~
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HI MV I = 0 • fit) THIS PACE IS BEST QUALITY P C1’V~A~L~00 90 J’l,MCC
90 H(MV )= H IMV I+w IJ) *X E ISI J ,1I

1l(MV ) HIMV)/SUn
CC) TI) 100

ITO M4=MA +NJJ
1 00 CONTINUE

80004 C U N T I N U C
NC X= NC X +NC I

106 CONTINUE
RETUR N
END
SUBROUTINE ZB1IEF (I:C ,ISPSP ,IPS,I PD) SUB 10
IM PL ICIT REALS *8 (4-11,0—/)
INTEGE R SI/E,8’,C,S~
COMMON ST[P,BNC,SN, IBW,S (/E,NLC,NSU 

-

CJMMON/V 1/111 ,1lCI ,NWP ,NSK ,MA ,NUI ,NU2,NU 3,M1,NB ,NJK,NC,NLI,ISO, (01
COMMON/V2/N1!C ( 3),i ~~I 6),MG I 6),NBW [( 3),N8W2 ( 3),MHW3I 31,NM I 6),

1’IRJI 3),MJ ( i),NCG( 3),NEW ( 31,(QS ( 3),ME8I 6),MEF( 6)
COMMON/P1/B i ( 9, 91 ,821 9, 91,831 9, -1I,ESF I 9, Q),N4( 156),NI1( 9

11,N J L ( 9),MJ2 ( 9)
COM M O ’4/P?IXN UIJ ( 14, 6),ELL (108, ?),i~U( 14, 6),STRESSII62O),TCSMI

1 156),T RCSSP (28O8),~~C-OST( 3),ICSS ( 108, 21,ISAC I 108, 2),LNOC( 108
2, 2),IGR T( 14, 6),I-O R [:( 108, 21,NNDC I IORt )l,LLN ( 3),ITY ( 3),!CSSM (
3 108, 2)

C 3 M MO~I/P 3/EVEC ( 1, I),RIF ( 7),ROLIMI 7),RSL ( 7),RSU ( 7),RLOAD ( 7)
I,~~[f)UC I 0O) ,NDOF( f l ,NOM( 90) ,N RDAM( 6, 6 ) , K I I O A M (  3, 7)
COMMON/R 2/PUI2, I, 31 ,RR( 108, 21,11 14, b ),MNI LO~

i , 6),NOMI 14,
1 6 )  

-

CO M MON/ A l /Q (  1?, 24, 3 1 , / I l l ? ,  I, 3 ) , C . (  36, ?4),/B( 36, 1)
CUMMON/A 3/RR ( 108, ~),TRSF ( 108, L ),CSTF (48, 1, 4),SSPF ( 1, ~, 3),I/l 51, 31,0/El bO), P1 108, 21,1101 216)
CJMMON/A 4/*( 108, 4 ),OLPI 60),OLPH ( 601,11 1561,WM ( 51),RO( 51)
CJMMO ’1/A5/D ( 1~’, 24),US( 36, 5O),42( 36, 50),OKI (12,36),KIII’SW ( 31
COMMOM/A b/DPZ( SO, ~O),Zi ( 72, 31,011 108, 5),WI T2),H( 108),VV I

I I56),Y( 108, J),Nl’.- ( ?4, 3)
0* THIS SU3~ CU1 (NL COMPUTES NODAL DISPLACEMENTS
C AND ME MBER FORCFS/V’IN MISES EQUIVALENT STRESS.

35 FQRMAT(45X ,’F’)RCE MATR IX FQ~ TRUSS ELLMCNTS’/45X,’CLEMENT FORCE I
* . IS COMP.)’)

36 FORMAT(45X, ’ST~~ESS M4T~~fX FOR CST ELEMENTS’/45X, ’ELEMENT SEGMA—X
*, S (GMA—V, T4Ij—XY, VON MI SES STRESS’)

37 b-GRMA1I 45X, ’ST~ ES S ~A TR b X  FOR SHEAR ELEME~4TS’/45X,’ELEMENT TAU—XY ,
* VON M ISES STII[SS’I

38 IORMATI45X, ’ST lCSS M A TRIX FOR SSP EIEMENTS’/45X, ’FLEMENT SIGMA—X
*, TAU—XY, VON M IS IS STRESS’ )

3~) FCRMAT ( 45X ,1-5 ,4E1’i.-,)
40 FO R M A T I 4 S X , ’ LOAD TN , ,  CO NDITIO N: ‘,ISI -

42 FORMA TI 3X ,15,4X ,6 1L . )
43 IORMAT ( ‘0’,’ ***NQ[~~L DISPLACEMENTS FOR K:’ ,I2/’ 1ST /8 IHEN 1!

*FOR ALL NLC. ’I S

58 FORMAT (/’ ‘,‘ ** * F f ( 5~~C E/ V O N  P~TS E S S T ( 5 E S S  FO~ K ’ ,12,’, III =’ ,12,’,
* I TV (I I I )  =‘ ,12,’ , 1r) • , (2
LDC IDL—1
00 30~ I=1,BIC
02 302 L 1,NIC

3u2 DS (I,L )= Zfl (L ,L )
DC 303 J=1 ,MI5 W

303 ClI ,J)=D (I,J )
CALL SOIOUP ( NI ,NBW, BNC I
1)0 305 J=1,NIC

5
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FROM 0O?Y 311~Ii1SHED TO Di~Q ~~~~~~~~~~

305 I=1,BIC
105 1fl(I,J):DS (I,J)

11=0
DC 777 K=L ,NSI J
CAL L VAR I (K )
00 316 0=1, 111
L 1 ’1/CI J ,K)
DO 316 L=1,NIC

316 Z/(J,L) /B(L1,L I
IFINCI .E Q.fl) CU TO 321
[)~) 31~ L= 1, r I L C
1)3 318 J= 1,N I
02 318 I=1,NC 1

3L~ /11 I,L,K )=ZI I (,L ,K )-i-OII ,J,K)*LZIJ,1)
0’) 319 I= 1,NC I

3 I ) i i ( ! + N 1 , L ) = i I I ( , L , i c )
IF (IP O...Q.O)3] TO ~~~
W (ITL (‘~,43)K
1)1 320 I=l,NC

320 ~R 1TE 1 6,42)1,1 ZLII,J),J=1.N LCI
321 IF (IPD.EQ .0)G0 TO 3~~7

dRIT [Ih ,43)K
DO 35~ J=1,N1

~3E ~l R I T E I 6 ,4 2 ) J , IZ Z (J , J J ) ,J J = I , NLC )
35 7 DO 77 1 111=1 ,3

WRITE 1 6,58)K,iI(,ITY (11( 1 ,LDC
IFUTYIIIfl.Erj .r-I ;~ TO 777
‘14=3
LE IT V1  I I I)
LN LLN I 1 (1)
NX=L N IL
IL = L L *1

- Mb =ME I3ILL )
M7=MEF ( IL )
(Fl I 11 .01 .1) GO To 426
00 325 14=M6,M T
U’J 325 L=1,”ILC

325 TRSF(I4,LI=O.O
33 TI) 330

326 11 (111.51.2) GO 13 128
1)J 327 I 4=M6,M1 - 

- 

-

Dl 327 L :1,NLC
03 327 J=1,NX

321 CSTI(14,L,JI=3.0
30 TO 330

320 DO 32q (4=M6,Mt
CC 329 L=1,MLC
DI) 3?) J=1,MX

32’) SSPFII4,L,J):fl.O
330 03 666 14:M6,M7

BX= BRII 4, III )
11 (RX.EU.0.0) CC TO 666 - ‘

LF ISAC ( 14, 111)
I F I I I I . uT.l) Ci 11) 334
L INOC ( 14,1 (1)
01) 331 0=1,111
L=L +I
VVIJ I=— STRCSS (L)

3)1 VVI J .i)2—V V (Jl
On 33$ J=1,LE
I J~ N NDC (L F +J ) 

S 

- 

,~~~~~~ •~~~~• - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - •.~~~~~~~~~ ~~~~~~~~~~~~~~ ~
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fF 1 IJ.E Q.0) GO TO 333
XE!=VV (J I*RX
01) 332 1= I , M L C  TBIS PAGZ IS BEST QUALITY P~ILCflC1~~~~

33? TRSFI14 ,I)~~TRSF I1 4,L )+ZZ(IJ,L)*XR J~~~~CO?Y !1 LLS}ih~DT O I~~C . —~~~
333 CONTINuE

CO TO 666
334 L= INDC ( 14,111)

DC) 335 1= 1,LN
l)j 335 J=1 ,LE
L rL + I

335 B211,J)=STRES~~I1 )
DO 340 L 1,NLC
03 336 1=1,LN
1111=0.0
DL 336 J=1,LE
II=NNDC (LF+J )
IFII L.E Q.0) GO TO 336
TI I ):T( I )+13211,J)*TZ (IL,L )

336 C O N T I N U E
IF (ILI .E Q.3) 53 IL) 53$
VON=DSQRI( TI 11* TI II +11 2 1* 112 I—I 111*1 (21+3.0*11 31*11 3) I
DC 337 I=1,LN

337 CSTF I 14,L,I)=T ( 1)
CSTF ( I4,L,LN+l) VON
Ct) 13 .340

338 1F(ISPSP.EQ .O)C0 1 3338
VON DAB SIT ( 1))
GD TO 3339

3338 V]N f)SQRTIT (1I*1 (1)+3.0*T (2)*T (2))
3339 00 349 !=1,IN
331 SSPF(I4 ,I,I )=Tl1 )

SSPF ( 14 ,L,LclG1) VO’!
340 CONT INUL
666 CJNTINUI

I F II PS.EQ.O) CO TO 777
LF (III .GT.L ) CI TO ~5O
WRIT E (6,35)
DO 349 L= 1 ,’ILC
vIRI lE (b,40)L
DC) 349 M=M6,M 7

349 WRITE (6,39)M,TRS1 I~~,L)
GO TO 777

350 IF (IU.GT.2) GO TU 552
W~. ( T E (6 , 3 6 )
DO 351 L 1,MLC
WRI TE (~~,40)L
DCI 351 M=M6,M7

351 WRITE (6,39) M ,(CSTF (M ,L,I),Iz1,NX )
30 II) 7 77

352 IFIISPSP.E Q.O) 30 T~ 353
WPIIC (6,37)
GO T I’) 354 —

353 WRITE 16,38)
354 O~) 355 L=1,NLC

W~~I1E (6,40)1
Dli 355 M M6,M7

355 W R ITE (6,39) M,(SSI’i (M ,L ,j),I=l,NX I
777 CONTINUE

R E T U R ’ -l
EN D
SUR ~ (JUTINE CflP,IST (IuL,IRUK ,II )IS ,IF~OIS,NSD,EP ,MV ,IBU,I-V,IPC,N11,tFS,S$JB 11

~4 )  
—

________ 5- - - -—---—-— ------ - - 1____ - S
a . -~~~ •;#S S d ” - - - 

- -
- 5 - - ~~~~~~~~~~~ 
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~~
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THIS FAG! IS BEST QUAI,ITy P LCTIokRT,~7RO~i oopy !UR)(ISHZJ.) TO D~)Q ___— 

—

IISPSP ,NDAM )
I MPLICIT REAL*8 (A—H ,0—Z )
INTEGER S1TE,BN C ,S5~
CO MMON ST EP, BNC,SN, IJB W,S ILE,NLC,NSU
CJMMO ’1/Vt /N1,M 1,NWK ,’IGK, MA ,NUI ,NU2 ,NUJ ,M L, 1B,NJK,NC, NIl, ISO, 101
CJMMON /V2/NICI 3 ),o~~I 6),N(,( 61,N8WI ( 3),Nt3w2 ( Ii ,PICW3( 3),NM ( 6),

l N F ~J( 3),NJ 1 3),rlCo( 3),r,IEW I 3 ),IUSI 3I,MEB( 6I,MEF ( 61
C UM MO ’1 /P 1/B I (  9,  9 1 , 8 2 1  9,  9 1 , 8 3 1  9, 9 ) , E S F I 9, 9 ) , N A (  1 56 1 ,N 1 1(  9

1),NJI ( 9),NJ2I I))
C3MMON /P2/XMUL J ( 14, 6),ELL (LO0, 2),L~U( 14, 6I,STRES5 (1620),TCSM (

I 156),TRCSSPU8OC), XCOST ( 3),ICSS ( 108, 21 ,ISA C ( 108, 2),INOC ( 108
2, 2),IGRTI 1 4, 6),13R0( 108, 2),NNDC ( 1080I,ILNI 3),JTV ( 31,ICSSM (
3 108, 2)
CCMMON /P3/EVECI 1, 1),R~ Fl 7),RDIIM ( 7),RSL ( 71,RSU ( 1I,RLOAD ( 7)

1, REI)IJC I 93),NDOF ( 7),!’IDM( 901,NBOAM ( 6, 6),KIIDAM I 3, 7)
COMMI)1/P4/ltlFI 50, 81,NGV( 14, 6),1-dJ ( 5O),~~D1SP ( 72)
CIOMMO ’J/R1/OL ( 14, r ),DLI8( 36)
COMMON/R2/PI (12, 1, 3),RR( 108, 2),LI 14, 61,MN I lO P , 61,NOM I 14,

1 6)
CU11MO~ /I~4/IILl 50, 3),KL ( 50),IOK I 3),NO ( II
COMMO I/R5/8( 14, (d,SL ( 14, 6),SU ( 14, 6),DPB( 51 , ~,0),DLt M IL2 , 3)

1,SS(  5 1 )
CCJMMON /A1/Q (12, 24, 3),ZIU2 , 1, 3),C ( 36, 241,181 36, 1)
COMMO 5I/A 3/RR ( lOG , 21 ,TRSFI 108, 1),CSTF (48, 1, 4),SSPF( 1, 1, 3),

Ill 51, 31,0/El 60),MP ( toe, 2),ND I 216)

~.JMMfl’1/A 4/XI LOB , ~),DLP ( 60),DLPH I 601,11 156),WM( 511,RO ( 511
COMMON /A5/DI 3b, 2~

,),L)S( 36, 501,42 1 36, SOI,DKI (12,361,KIIUBW I 3)
CJM MON/A6/DPZ ( ‘O, ‘01,1/I 72, 31,811 108, 3),W ( 72),H ( 108),VV (

1 1S6I,Y ( 108, ~),‘4LC( 24, 3)
80 FJRMAT (//’O’ ,’ CON TRAIN T VIOLATIONS FOR IDC= ’,I5 )

IV=O
LI)C = 100—1
11=0
IF (IPC .CQ. O) GO TO 199
wRI TE ( 6 ,80) IDE

1 9’) DC 200 I=I,MS I)
‘4-’I I )=O
Ui 200 J=L ,BNC

2C C “2 (0,11=0.0

IF(It3 fl1S.EQ.3) GO 10 84
1)0 168 I=1,BNC
D1EI 11 = 1)1181 I) 

-

03 168 L=1, NI L C
1 68 //11,1 )=ZBI 1,1)

< = —  I
16=0
NPI:RNL
CALL A 8SMAX (K,HNNdNN,I6,NSD,IV,LDC ,IPC,EP ,NDAM )
IF (SILE .11 . (NSD—NDAM— 1)ICO T0 84
WT’- IT E ( 6,53) SIIC ,’ISI; ,IITL
RETUR5I

84 TNN=BNC
C))) 991 I~=1,q5u
CAL L V A R I ( K )
16:0
IF (NCI.LQ.0) 61) TO ~02
33 201 J l,NSI)
Dl 201 I I,NC I

~0L DSII,J)s0.0
201 DO 888 1 11 = 1 , 3

I
‘ 

- - - -
~~
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IFIITVUII ).EQ.0) 31’ TO 888
1F ( IPC.EQ.O) GO TI) 203 THIS FAG! 1S BEST QUALITY FRACU(~~~4WRITE (6,58 ) K ,I J I M~~~~OQF~~7 USki~DTODD Q ~~~~~~~~~

203 ‘14=0
IL IL + 1
‘IGK NG ( LII
LE 2 ITVI III )
L I L L N ( III)
IX LN+1
CD 177 KKzI,NGK
‘IJJ ZNOM I ((K, IL I
T (8I=SL I KK, III /RSLIID )
IF ( 111 .EQ.I) T(9)=~ UtKK,L L )/i~lSU(1DC )(i ’J 444 !1’l,NJJ
MA =MA+ I.
M=MNI MA , IL I
‘11)1 M )=0
R=BR I M, LII )
!F(R.E C.J.O .OI GO TO 444

1)1) 334 L 1,NLC
IF (1II . -3T.L ) GO TO 207
T (4)=TRSF (M,L I*R
IF (T (4).LT.0.) GO T~ 205
TI 5)=TI 5)
IFURUK.E Q.O) GO T 206
BUC= El ((K ,LI.. I/I LIII M, lI**2)
1 (2)=DUC*R
IF (T (2).LE.T(SJ ) ~~ 10 206
T1 5)=t ( 2)
‘(DIM ):I
CU TU 106

205 T15)=T(9)
206 T (6)=T(4)*T (5)

GO TI) 208
207 IF (II1 .CO .?) VON=CSTF (M ,L,NX)

IF( 111 .EC .3) V3N=SSPF (M ,L,NX)
(F (VOM .EO.O.D3 )GO I~ 644
1(5) o• 5*T( 8)/VON
T(6)=VU;-1*1 (Ø)

20~ IF (N.OT.l.OR.1.GT.1) CO TI) 209
YM=T( SI
XL=T ( 6)
fJ= M
L C L
GO 10 333

209 LFIXL.GE .T(6)) GO I~ 333
YM T (  SI
X 1= TIh )
IJ=M
L CT L

333 CI1NT L N(JE
444 CONTINUE

IFI ’ITL.GT.IFSI ,C) Ii 210
fF (IGR1 (KK,LI).E0.~i) GO 10 177
DNEWSXL * 8 (KK,LL )
1F I 8 M E t~.LT.BIIKK ,LL )) BNEW=BL (KK,LL )
IF (BNEW .GT.BUIKK ,LL )I BNEW:8U (Kk,IL )
3(KK,IL )=BNEW
CO TO 717

21 0 IFIIXLiEP ).LT .1 .) .~~~ 10 777

_ _ _ _ _ _ _  
-~~~~~~~~~~~~~~~ S ~~~~~~~~- ~~~~•-~~~ - 

-
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55

IS

IF (NGVIKK,LL ).NC .J ) GO TO 211 
‘
~~~~~~~~ T01~DQ .

S Il[ =S I1 E +I
fFIS1LC .CT. (NSO—N D~ M— I ) )CU TO ~ 14
“IGV I KK ,LL I=ST ZL
GO TO 2 1?

111 PQX=I .O—DIPH (NGV (KK ,LL))
1F (XL.LE.PQX I 3() 10 777

? 12 DLP I I ( NGV ( KK , L L) ) = 1 . — X L
DLP (NGV (KK ,LL 1 ) =DA~3S ( DIPPI (NGV (KK,LL ))
KLC (NCV IKK,LL)) =LC
I V= I V y  I
‘(A l  IV ) = L I )
1 101 (V )=NGV (KK,1L)
I ~~= 1 ’ 3 R T I K K , L L )
I BUC =1)
I F I ( G R . E u . 0)  Cli 10 213
SSI IGfl=1.C )
I 1 (NU (IJ).EO .0) CL) 10 213
BUC= IIKK,LL )/ (LLL (IJ,1)**2)
T (2 I= 1 I U C / I 4 R (  1J, I I I)
11 I1 I2 ) .LE. T ( R ) )  G~

) TO) 213
Lfl)J t~ I

DE (IV ,I )=—XL/ B R( IJ ,III )
NA( IV I= IG R

21 3 I”J F I ’~GV (KK,LL), I )= 1J((K , IL ), 2) =1’.
1~~F I NGV I KK,LL 1 ,31 = 1 1 1
INF ( ‘- I C V (  KK , LI I, 4) =1 CR11 ((K , LI)
INF I )CV IK K,L1), 51= 1 OC
IMFINGV IKK ,LL ), t I = O V
1NF (~~CV I KK,IL), 71= 1:;
INF I’IGV ( KK , LI) , 8) =1 DUO
NO ( LC 1=1
IF (MPIIJ ,1I1 ) .EQ . — l) 50 10 710
1 6=1 6+1
1111 1e~,K )=1V

71 0 LF= !S’~C I I J , I I I )
L INDC ( 10,1(1 )
(Fl I I I  .01.1) 53 1’) 332
0’) 3.41 J 1,IN
1=1 +1 .

VV (J )=—STRCSS (L )
331 VV (J+3I =— VV (J I

CU TO) 336
332 03 3~44 1=1,LN

1)3 334 J=L,LE
L L + 1

334 oi l  I,J )=STR E SSIL I
I F IIII. E Q.3) GO TO 335
X 1=2 .0*CSTF (jJ,LC, [I—CSTF (IJ,LC ,2I
X2z2 .O*CSTFIIJ,LC,2I—CSTF (IJ,LC,1I
X 3=b.0 *CSTF ( IJ,LC , II
50 10 336

335 K1z2.0*SSPFIIJ,IC,1)
X2 *6.’O*SSPF ( IJ,LC,2I

3 11, 1)0 714 J 1,LE
LJ NNI)C(Lf +J) r
IFIIJ.E0 .OI GO TO 71 4
IF I III .CU.LI R :YM*VV (J)
(Fl 111.10.?) R YM*IXI*83 (L,JI+X2*B3 (2,J)+X3 B3 (3,J)l
r r I I ! I . r u . ) )  R=VM* (X1*831L,J)+X2*83(2,J))

- -
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f F 1 1 1 1 .  [0. 3. ANU • 1Sf’ SP. NI. 0) R= Y M * (  X 1*8311 , OIl
IFIIJ .GT.N1 ) CU 1~ (11
L 1= ’IZC (LJ,K?
42(1 1, IV )=4?(LI,IV) 4’R
30 TO 714

111 IR LJ -N1
D’II R ,Ib )=DSIIR, Ib )+R 

~~~~~~~~~~~ ~~D~IC03 7 12 1 = L , N L
L I NZC ( 1,K)

712 A2 (LI, !V ) A 2 l11 ,IV )i~R*Q(I R,t,YI
714 CONTINUE

I F ( I P C . EU . 0)  GO Ti 7 / 7
I SI 7 N G V (K K,II)

IT El 6, 51) 1Sf 1,1 V, 16,IJ, MP ( IJ, IIL I,LC ,X I,OLPHIISIZ)
777 C O N T I N U E
888 CO’1TI~~U~

IF (NTL .LE .!rc)C fl Ti 999

~o ro ‘3~i7
214 S T ZE= S I ZL—1

,IRIT E I  6,53) S1Z[,~~SQ,N1L
CO TO hOC

557 (Fl IDIS.EQ. 0.3R.NC-I .EU .O ) GO TO bOo
DO 1?S 1=1 ,N CT
0/El I )=DLIM( 1,1’)
03 125 J=L ,NLC

125 1111 ,JI=II ( I,J, K)
N’4 N = ’IC I
CALL AIISMA X (K ,MNN ,f’IN,Ib,NSD,IV ,LDC,IPC,EP ,NDAM )

6OC ID K IK I = 1 6
IIUo.EQ.O) 00 10 ‘)?8
IU=K I IUPIW (K )
0’) 85 J=1 ,NU3
11); IU+ 1
1)0 85 I:l,NC I

B D (I,J1=DPI3(T,I U )
CALL SOIDUPII 6,NU3,iCt)
1)1 87 0=1 ,16 

- -

17: 1 IL I J, K)
Li  87 I=L, NC I

87 1 0 1 (  (, (T)=OS(I,J)
C wRI TE ( h, 311) II DS II ,J ),1=1 ,N C I ) ,J 1,Ib)

53 FJRMAT I / 1X, ’S!tE = ‘,I 4,’ INCREASES NSD =‘ ,14//[X,’ CORRECT ONLY
I T UE SE C O N S T R A I J IS ~T P115 CYCIE ’,I4)

~7 FOR MA TI 2X,614,21 15. ~)
SR EO~ M 6T( ‘ STRESS V 1 L ~~T1 3 ’ -1 S ’ , 2 I 5 / 3 X , ’ Sf l E  IV 16 ?“ MX L(~ XL ’

998 (F (S1Z[.1U.’~SD) RLTUR N
99) CONT1’JUL

RET L J4I
E 10
SURRflIJTINE 4t3SMAX~~’~,NN,tN’1,Ib,NSD,IV,LDC , !PC,EP ,NDAM )
IM PLICIT REAL*8 (4-11 ,0—1 )
1NT 1GF ~ SILE,B’)C,Sl
COMMON STE P,BMC,SN,:1RW ,SIIE,NLC.NSU

MM0N/V1/N1,Ni ,N WK,NCK,MA ,NUI,NU2,NU3,M1,NB,NJK,NC,N11,ISQ,IQI
COMMON/P 4/1NFI 50, q),r’ISV( 14, 6),I’-4O ( 50),NDISPI 7.)
COMMON/R 4/IIL ( 50, 4I ,KL:( 5OJ ,IOK ( 3 ) , ”4tJ ( 1)
CJMMO ’l/Al/Q ( 12, 24, 3 1 ,11(12, 1, 3),C ( 36, 24),Z8( 36, 1)
COMMO’4/43/BR I [08, 2),TRSI ( LOS, I),CSTFI48, 1, 4),SSPF( 1, 1, 3),

l/t 51, 31,0/tI bOhMP ( 108, 2),ND I 216)
CDMMON/ 44/X1 108, )),DLPI 6O ),I)LPH ( 61 )1,11  156),WMI 51),ROI 51)

4
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I
CDM MU’4/A5/D ( 3’,, 24),JS( 36, 5O),42 1 36, 5O),DKIII2,36),KIIUBW ( 3)
CIMMO1N/A 6/DPZI 50, ~O ),/?1 7?, 3),BL( 108, 3),W ( 721,14 1 108),VV(

1 156),Y( 108, 3 ) ,L’ .,,l 24, 3)

THIS SUBROUTINL
(1) CALCULATES MAX I)ISPL UNDER ALL NLC,

3* 1,’) CHECKS OTSPL CONSTRAINTS AN(S) COMPUTE SENSITIVITY *

IP4F!1RMATION. *

53 I-O RMAT I /1X , ’S!ZE = ‘,I4,’ INCREASES NSD = ‘,1 4//1X, ’ CORRECT ONL Y
[THESE CONSTRA iNTS U To-U S CYCLE ’,14)

514 1Lfl~MA II 2X , 514,2E15. i)
31 5 r.’JR’lAr (Ix,’DISPL . V !DLATIO ’IS’ ,12/3X , ’SIIE IV t&~ NC LC XL’ )

dRIT1IlL ~, 315) K
03 16? 1=l,NN
INI= IN~~. 1
DiJ 161 I=1,NLC
T (4)=RZ ( 1,L)
T ( 5 ) =  11E 11)
IF IT ( 4) .11.0.) T(5)=—T I5I
T( 6) =T l 4 )*T 15)
IFIL.Ct .1 ) GO TO 2~~8
YM=T (5)
XL = T 16)
L C = L
GO II) 161

258 IF (XL.G6.T(6)) GO 13 161
VM T (~~)
XL= T I ‘ I
LC=I

161 CONTI NUE
IFI (XL+EP ).LT .1.) , .  10 162
S !ZE=S11 )-+1
! F l S ! Z E . T . l N W — N 3~~~— 1 ) ) 5 0  TO 259
“IDIS P( INN)=S 111

212 DLP II (NL)ISP (INN))=1 . ’,—X L
DLPINI) L S P I L N N ) ) = O A C S ( D L P H I M D I S P ( 1 N ’ iI ) )

KLC (N1)TSPIINN ))=1. C
IV ’~ IV. 1
I’JOI IV):NL)ISP ( INN )
I iF I N D I ~~P I 1 N N I , 1 ) L -  •

-

INFINOIS PIIN’1),2)=K
I”IF (MDIS P( INN), 3) ‘

IMF( Nf l ISP (  I N N) ,4 )z
fNF (r4DISP (I~4Nh’iJ=LD C
(‘IFINDISPI IMN ),6)= (V
1NF (N0l~~P( INN), 71= 1-3
INFINDIS PI INN),8)2O 

, 55

1 5 I / = N D I S P ( I N N )
‘ICI IC) = I
IF ( K .E(3.— 1 )  GO TO 91
16:16,1
(III I6,KI IV
03 158 J= L,M1 ~

RIS
~~AG!IsB~sT Qu,J~I 

____

L I ’4ZC( J,K) 
- _ __

158 421L1 ,IV IaA 2 (L1,IV )IYM *Q (I,J ,K )

~S( I ,I6) YM
GO TO 97

16 A2 (I,IV )ZYM
91 IF(IPC.NE .Ol WR I TC (h,314I IS (L,IV,16,I,LC,XL

11,2 CU?4T (NUt 
-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4
~ - - 
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~E T U R N( 25 i  SIZE’SI/E— l
w~~I T ( (6 , 5 3 )  SIZE,NS’’,NTL
k [ TU M N
END
SU8~ OUT 1NE GENZ(MS1’,NV ,IX,LBU,IBUK ,1V ,IDC ) SUB 1 3
IM PLICIT REAI *8 IA— tl ,O—i )
INTEGER St /E,BNC,S~
COMMON STEP,BMC ,SN4,NBW,SIZE,NLC,NSU

~,aMMON/V1/N1 ,NC1,NWK,NGK ,MA ,NUI ,NU2,NU3,MI,NB ,NJK,NC,N1L ,fSQ,1Q1
COMMON /V2/NIC ( 5),L w ( h),NG t 6),NBWI( 3),N6I~2( l ),NBW3 ( 31,NM( 6),

1’IBJI 4),MJ ( 3),NC8 ( 3),NEW ( 3),IQS ( 3),MEB ( 6),MEFI 6)
CDMMON/ P1/R11 9, ) ) , B 2 (  ~, 91,031 9, 9),ESF I 9, 9),’A I 156),NI1 ( 9

1),NJI ( 9),NJ2( 9)
COMMON/P2/XNUU ( 14, 6),EIIIIO8, 2),LU ( 14, 6),STRESS(1620),TCSM (

1 Lsb ’,,rRcssP (?Boe), %cJsT ( 3),ICSSI 108, Z),ISAC ( 108, 2 ),IP’IDCI 108
2, 2),IGRT( 14, 5 ) , I G R [ I  108, 2 ) , NNDC(  1080) ,ILN( 3),ITYI 3),ICSSM (
3 108, 2 )
CJMMON/P 4/INF ( SO, 8),NSV ( 14, 61,1:101 50),I’.DISP ( 72)
Cr)MMON /R2/P !112, 1, 3),R~~l 1 08, 2),E ( 14, 6),MNI 1O~~, 6),NOMI 14,

1 5)
CL) MMON/R4/ 1!L I  50, 3 ) , K I O I  50 ) , IO K (  3 ) ,N O l  II
CDMMIJN/R 5/B I  14, b) ,SL ( 1.4, 6) ,SIJt 14, 6),UPB( ii, -

~O ),DI1M( 12, 3)
1,SSI 51 )

L 

CC’MMON/A1/0I12, 24, 3 ) , Z I I 1 2 ,  1, 3),C( 36, 24),/B( 36, 1)
CCMMPN/A 3/BR ( 108, 2),T~ SF ( i08, 1l,CSTF (48, 1, 4),SSPF( 1, 1, 3),

111 51, l),OZE( 6O),t-’PI 131- 2),ND( 21b 1
3MMON/A 4/X( ICR, l- ),OLP ( 60),DLPH ( 60),Tl 156),WM ( 511 ,RO( 51)

COM MI)N/A5/D( 36, 24),DS( 36, 50),A2 ( 36, 50),DK1 (12,36),KIIUI3WI 3)
LJM MON/4&/DPZ ( 50, - 0),ZZ( 72, 3I ,BLI 108, 3),W( 74),H( 108),VV I

1 lSt,),Y ( 108, i).’41;( 24, 3)
CJMMUN/ 47/DPX ( 6?, 50)

C* THIS SUBROUTINE — LIMPU ES CAP LAMBDA.
C*******.************ * * * **  * * * *** * * ***** * *** * * * * * *$* *** *** * * * * ** * ** ** * ** *

I N DLX = 0
IV V =  L V + L X — 1
IFIIDC.3T.1 ) CD TI /7
DC 75 I= IX ,SIZE
1)0 75 J=1,NV

75 DPX IJ ,I10 .DO
CO IC’ 76

77 DC 78 1I= 1 ,tV
I= I ’40( II )
DD 78 i=1,~!V

78 OPX(J,I)=O. fl -

To Di 79 I I= 1 , IV  S

( = I ’ 4 O ( I I )
IGR= NAI  I I)
1F( I~~~.EQ.0) CO 13 79
DPX (ICR,I )=RE II T,L )

79 CONTI’IUL

UD 71 K=I,MSU 4
., 

j’CAL L VISS )( I( K )
DO 71 111=1 ,1
I F I I T Y I I I I ).E0.O) .,t’) 10 71
‘1A 0
LUzLD+1
‘1GK=NG(LOI ~øIF (NCI.EO .0 ) GO TO 210

— — -
- - . P - - - 

S
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THIS PACE IS BEST QUALITY P ACfl(1-’~~l
FROI OOPY 1l1~J1ISH~ ) TO DDQ ~~~~~~~~~Ui 7 7 7  K K = L , N G I (

N3M I KK, ID
MV=IG ~ T (KK,LD )
IF IMV. L Q.0) GO TO 170
DL) 73 IC=1,NLC
IF (’IOIIC).EQ.OI 33 10 73
00 74 1=1,N1

14 5[ (I,LC) 0.DO
13 COMT1N UL

UC 66(~ IM=1, ”IJJ
133=0
Jp= i
MA= ’1A+1
M 1=MN IMA,LD )
MX =MP (MI , III
XX= 8~~(M 1 .111 )
IF (XX.E Q.O.O) ;n ro 666
X X = 1  .)

C A L L  ~ECALL (I1j,LE .LS,IF,INDEX ,MI,XX )
DI 707 I= IS ,LE
I I M M D C I L F + I I
T F III. [LJ .0) GO P17)7
I F ( f [ . GT . N 1)  GU TO 704
183= 1B3+1
NM 1031 11

J 33 = 0
00 701 J=L5,L [
1J “l’lL)C I I F+J
IF ( IJ . E Q. 0)  GO TO 7~~3
(Fl IJ .GT .M1) 53 TO 703
Jf3 3= JO 3+ 1
831 183,JBII =ES I(I, J )

7~~3 C O N T I N U C
CO TO 707

704 11= 1 I— N I
JP=JP , 1
‘1111 J i~~): (1
JT=C)
J U O
DO 706 J=LS ,~.E 

-

IJ N’IDCILF.J I S

IFUJ.EQ.0) GO TO 706
1F (IJ.GT .N1) GO TO 735
JT=J 1*1
NJ2I 01) 10
02 1 JP ,JT I=ESF( V ,JI
GO T U 706

705 1 J . I J — N L
JU=JU*I
N J I t  J U l  IJ
BIIJP ,JU)=ESF (I ,J)

706 C O N T I~’iUE
707 CONTINUE

‘03 124 LC=I,NL
IFINOIIC).EQ.0) GO TO 124
1FI183 .E Q.0) GO TO MO
DO 123 J:L,(B3
JL :NA IJ )
LI N/C IJI,K )
1)3 123 1=1,183

- 5  

- 
-

~
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I J2=N AI I)
1.23 BE (J2,LC):8E1J2,IC)-831! ,Jl*ZBtL1,LL)
80 IFIMX.E Q.— I ) GO IC) 124

DO 518 J 1,JP
51 8 /(J,LC)=0.DO

IF (JT.EQ.O) GO TO 511
DO 118 J=I,JP
J1 = NIII J )
00 118 1:1,JT
J2=NJ2 (L )
L1=NZC IJ2 ,K )

11 8 Z (J,IC)=/IJ,IC)—82 ( J,L)*ZB(LL,LC )
DC 122 I=I ,JT
J2= ’IJ?I I )
[Xl 122 J=L ,JP
J l = M t 1 1  J I

122 BE (J2,LC)=BE (J2,LC )—B2 IJ,I )*ZIlJt,L ,K)
511 33 116 J=I,JP

OX) 11 6 L=L ,JU
J2=N J1II

11 6 llJ ,LC )=L IJ,LC )—B 1IJ ,L) *lI IJ2,LC,K )
Dl 125 I= 1,N1
00 125 J=I,JP
J l=N1 11 J I

125 BEI 1,LC )=BE I I,LC- )+QIJI,I,K)*IIJ,LC )
124 C O N T I N U E

16= 101( 1K)
1F (I 6.EQ.o.oR.MX .Ec~.—1 ) CO TO 666
DO 514 1=1,16
I / /= I IL(  1,K)
1/= (rIo t V / f l
LC KLC I 1/)
DO ‘3 14 J=1,JP
J 1= 1 11 (J)

51.4 D PX ( M V ,  IZ ) = U P X ( MV , I  1 )411J,LC)*OPZ (J1,IZ/)
666 UNTI~1UL

DO 117 II= 1,IV
I= INOI If )
LC KICI 1)
DO 117 J=1,N1
I [‘N/Cl J,K)

117 DPX (MV, I)= DPXIMV ,I)+ BC (J,LC )$DSILL ,11) 
-

GO TO 77 7
170 MA ’MA +NJJ
777 CONTINUE

GO TO 71
C WHEN “IC! IS /EI~O.

210 CD 889 KK’I,NGI (
‘IJJ NOM IKK,LOI
“~V= 1GRT ( KK ,LD)
IFIMV.E Q.O) OC TO 120
00 888 IM:l,NJJ
L ‘0
MA=M A +1
M I MNI MA , IC
XX RRIMI, III )
IFIXX .EiJ .O.0l 50 II) 888

1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

XX= I .0
CALL IECALL (III ,IE,LS,LF, INDEX, MI ,XX )
IX) 714 IzLS,LE
II’NNDC (LF,I I

I i

- - -S — ~~— -

- S
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I

11( 11 .E() .0) CD TO 7 14 THIS PAGE IS BEST Q1JALIi’yp~Acr~~~~~~
L I’ I ~~~~~~~~~ 0~?Y ~L~ tu.zkj~~ 1’O WQ ~~~~~~~~~~~~..—‘

NA IL 1 = 1 1
= 0

1)3 112 J=LS,L~
I ,I=NNDC (LF+J
III IJ .Et~.0) On in 112

M = M .  I
8 I C  L ,M) =CSF I I ,J I

7)2 CCN TI~1UL
71’. CONTI’1U5

ii ’) 200 LC= [ , N L3  -

Ir NO 1LC) .E0 . i )  ~0 TO 200
33 1,6 1=1,1
I’r. I t , L c ) = 0 . D 0  -

156 J= 1,L
J ~) -r ~ J)
L? - N/CI J2,V I

1 -6 P- (  (,LC )= flE (l ,LC )—i-1( I ,J )~~LBtL2,LC
)

?0(’ CUMT IN UI :
DI [58 I1 = 1 , I V
1= INIJ ( I L  I
LC = K L L (  I)
C) 1’8 J 1,L
J 2 = N A (  J I
L 2 ’IZCI J2,K)

~~~ t )PX (MV ,I) D PXI MV, II+ 13E (J,IC)*DSIL2,III
8O :~ CONT I’4UL

00 10 8~ 9
72-) ~ A = M A 4 4 J J
8~3’9 LINT (‘101-

7) C~ r4TI iUI
DO 1 O’) 0 J IX ,Si1E

C d R I T E I S ,  1001) J
C L O OD ~R I T L (b ,  10) (DPX (1,J ),I 1,NVI
o 1’) rJ RM AT(3 X , ’ CA P LA~ 1’D4*flAN5PCSE’/(4X,IOE [2.4))

~ ioo I  F C 1 M A T ( j x, .S I T L = ’, Ij )
~k E T L I R~
E~~1)
SU3~ L’UT I\~C DELI~E( IJ , NDC ,’IV ,*)  5 SUB 1.4
IM PLI C IT REAL*8 I4— H,O—Z) -

‘

I 4T€31- R SIZE,BNC,S’~CLJMMON STtP,BN..,S’J, lBW,SI ZE ,fILC,NSU
LflM~ OI/R5/8( 14 , 5),SL( 14, 6),SU( 14, 6),JPB ( 51, 5O),DLIM (12, 3)

L,SS ( 51 )
3OMMON /A 3/~~~l 108, )),T~.SF ( 108, [),CSTF(48, 1, 4),SSPF I 1, 1, 3),

111 51, 3),DZ[l 6iJl, t - P I 108, 2),ND I 216)
CIMMON /A4/X ( 1 8 ,  i),DLP ( 60I ,DIPIII 60),T( t56),WM( 51),R0( 51)
C3MMQ’J/Ab/DP/ ( 50, ~o ),lZ( 72, 3),B:-.I 108, 3),W ( 72),Hl 108),VV I

L 156),Y( LOS, 3),’-.i~- I 24, 3)

THIS StRRO(,T 1~~[ CO:;PUTES 3ELTA B VECTOR , I.E. CHANGES IN DE~~LGN *

3* /AP IARI E~~. LA G d - ~E MULTIPLIERS A KE COMPUTED AND THEIR SIGNS *

A.~E CHECKED. CO’~;T RA I N T S  CORRESP O~4O1NG 10 NE~,AT1VE MULTIPL IERS *

A~ E T A K E N  OUT OF nI . V I O L A T E D  CONSTRAIN T S~~T *

C” Ii — NO. 01 cT R1SS C ) ISPIACE MEMT V 1OL~~T(0NS *

~OC — “ ID . hr OE~:IGN VA RIABLE CONSTRAINT VIO lATIONS * r
c~’ CUE - TOTAL ~IO. -iF CONSTRIA’I T V ILLATIONS *

; * j — DELTA ~ V~~~TOR 3M RETURN *

- S / i T  /1x , ’R(;QuE ’ TED CIANGLS IN CONSTRAINTS DEL PHI’/ (4(t5,C12.4 —

U
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I

1)))
4~ FOR’~AT I /IX, L A S R A i E  MULT !PLIERS’/ (411’,,EI 2.4))I

(Ft TJ .01. 0 I GEl TO 448
CAL L D(SVVIIJ, r-4DC,~~V )
-( El U ~ ‘1

443 YM=STIP
IF (YM .01.0.I GO TO ‘.56
YM= [,
U’ 467 Iz1,NV

467 Z (I,1)=O .DQ
C.... COMPUT E RIGHT H A N D C I D E  S IDE CF THE LAGRANGE MULTIPL IER EQUATIONS
466 Di 468 I= 1,NV
468 1 1 1 1 = / I l  ,II*Rfl ( II

DO 2?S I=l , IJ
Zl lI ,2 ) = —D LPH (I I
U ( 1 , 1 )  = 0~~
UI) 2?s J=1 ,NV

2 2 - i //(1 ,LI = Z L l 1 , I ) — ~’P- ,IJ ,I )*T(J)
IF (1J.E ~~.SIZE) GO r.- 159
03 420 I=[,NDC
K H I  II
J= I J +I
l1 (J , ? I = — D L P H (J  I

420 lZ (J, I )=—OZEI 1)~~Z(~ 
, 1 ) * W M I K )

15~ C O N T I I U L  - -

wRIT [lS,26) I I ,LLPI I( 1  I , I= 1 , S I / E)
~~. ... COMPU1T ( CA P LA M DA TR A NS POSE ) * I C A P  LAMBDA ),ISIZE, ’.I/E)

DI 166 I=1, IJ
DI 166 J = ( , IJ
UP/I 1,J ) C.
DO 161. K= I, ”IV

[61 3PZ (1,J)4lP/(l,J)+:~’B (K,I)*DPLUK,J )161, UP/I J, I)  ‘DP/ II. J I
.... COMPUTE LA GRANCE M’~L TT PLIER S

IFI IJ . ’0.SI!F) GD 1 421
CAL I SD’0( IJ,MD ,YM ,’~V,C2O5,C15 9)

421 C-ONTPIUL
CALL SO IVEL lS I/E, L ,~ :5)
DJ 424 1 1 ,S I /L

4 2 4  TI I)= PE I I~~I I ~~~L I I ,f l / YM
W ” IT E I  , 40) IT, TI 1 1 , 1 = 1 ,  SI /C I

C ... HECK SIGN OF IA G~~-~ .GE MULTIPLIERS
4= 0

03 2 35  i = i , s t i r  5

IF (TII).IE.fl.) vO T~ 235
N~~ + I

N I = I
235  CONTI N U E

IFN .LU .SIIE) .0 1 250
S I / E = N
IJ= ’l
(Fl N.LU.O) R TUR’J I

DI 240 I= 1 ,S IF E
fFI t .E~1.NO (I)I CO h 240
‘0IPH(I )=DLDH I’JD l I ) )
ULP(I)’I)LPIMDII)) 

I’

11 (I,I)=ll (NOII 1 , 1)  ~~~~~~~~~~~l l ( I , f l ~~1 Z ( M D ( V ) , 2 )  
~~~~~~~~~~~~~~~00 241 J I,MV 
1~~~~~~

’L
241 t)P~~lJ ,1 )aDPR IJ,NUII ))

J -

~
‘
~--1 

5’ — - -5-— -—- — —-5  - — ---——_

~
----— - S

~~~~~~~ 7 - -
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~~~- -
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TH I S  PAGE IS BEST QUALITY P &Ctj~G.&Br4
/ 4~.j CON I I NO PROM COPY ‘UFa4ISHED To J~)C ~~~~~~~~~

CO TO 159
?5J CONT INUE

00 910 I= I ,S IL C
111 1,1) E’E ( 1 ,1 )

9 1 /!  11, 2 )=8E1 I,?)
1)7 206 I= 1 ,IIV
811 1, [1=—/ (1,1) *p.~~I I I
P I l l  , 2 1=0 .
1)7 91? J= 1,SI/L
P~E( 1,1 I B E ( I, I)— Df~ (I ,J )*ZZl J,i

~
)12 311 I,2)=BEII,2)—DP !’II,J)*LZ (J,2 )

tIC II , I) =80 (I , 1) *RL)j I)
206 8E (I,2)=DEII,2)*ROI II

RET UC ‘4
205 ~[TURN I

L’41)
SUB;~OUT INE DL SVV II J,ND ,NV ) SUB IS

I M P L I C I T  R EA L* 8  (A— ~- ,O—ll
fN r ) ;t~

( StLE ,8iC ,~~.COMMO N ST EP ,BNC ,SrI,NBW ,STLLE,NLC,NSU
COMM PN/’l3/5~ll lOB , 2),TRSF( 108, 1),CSTF(48, 1, 4),CSPF( 1, 1, 3),

Ill ‘31, 31,0 /El  6O),~~Pt 108, 2),N[I( 216)
CJMMO5I/A 4/X( 108, 3),OLP ( 6O),DLPH I 60),T( 156),WM ( 51),R01 511
JMM ON/A 6/DPLI SO , 0),Z7( 7?, 31,311 108, 4),W( 72),H( 108),VV I

1 IS6),Yt 108, ~),N~ Cl 24, 3)

THIS SUfO~iiUT I~IC CU PUTES OE LTA B VECTOR W HEN ONLY D~ S1GN V A R IA BLE *
3* CONST RA IN TS ARE V FLA TED *

DI 449 1 1,NV
OE( 1,1 ) =0.
r~[( I,21 0.

4 4 1  - 1 0 ( 1 ) 1
IC 445 (=1,~1DC
<= H l I)
‘ 4 0 ( 1 ( 1=0
idK)=DLPH(IJ +U/DZ~~I I))IE IK ,2 )=W IK )

441’ CONT I 401
DI 451 1=1,NV
I F I N D ( 1) . E Q . O )  GO P1 451 

- 

-

w11 )=— STE P*2 (I,1I
VE ( 1,1 ) z — L (  1 . 1)

451 CONTT4UC
RET Ii ~ ‘4[“Iii

SUB~ OUTLNE SDE)IIJ, rlOC,YM ,NV,*,*) SUB 16
IMPLI CI T REAL *8 IA — II ,O— Z)
INTE C,rR SI/E,BNC,CN
COMMON STEP ,B’IC,SM,’IBW,SI ZE,MLC,NSU
CJMMOI/R i/Bl 14, h),SLI 14, 6),SUI 14, 6),DPB( 51, 5O),DLIM( 12, 3)

1,SS ( 51)
OMMON /A3/BR ( 108, 2),TRSF ( 108, [),CSTF(48, I, 4I-,SSPF ( 1, 1, 3),

1/1 51, 31,011.1 60I,MP ( 108, 2I,ND ( 216)
C3MMO’1/A4/XI 108, ii,ULP ( ~O ),DLPII( 60),T( 156),WM( 5t),ROt 51)

C M MO 54/ A 5/O (  36 , 241 ,151 36, ‘ 3 O ) , A 2 1  36, 50 1 , D K I ( 12 , 3 6) , K I I U B W (  3)
CJ M MO’ l /A 6 /OPZI  50, 50 1,/ l I  72, 3 1 , 8 0 1  108, .3 ) , W I  7 2 ) , H (  1 0 8 ) , V V C
I 1 5 6 ) , Y (  108, i I, -

~~C (  24, 3)
* *****************$************t*******************************,*******

-~~~ TillS SUO ROUT I’4 L Cfl” I’UTES DEL TA B V ECT O R WHE )~ STRESS C DISPLACE— *

-

~ 

~~~~~~ 

-
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MINT E DESIGN VA 8MOLL Ci\STRAINT S ~RE V ICL -iTED *

‘,U EOR~~AT I /[x, ’L4GR ft~~;C MULTTPL1ER~~’/(4(I5,E12.4))I
Dr. 42? J=1,MDC
K’ I-I t J I

lIJ ,~~)’1.ODo/ (0/. IJ )*WM(K)*DLE (JI P
DI 42 ? I= I,T J

“22 D S IJ ,f l = DZ E IJ ) * U~’ ,(1(,1 ) * R O ( K )
00 423 1= 1,I J
r)a 4/3 J= I,I J
P3 447 K=1 ,MDC

447 UP /lI ,J)=DP/ (I,J )— I’SIK, I)* DSIK,J)*ZlK,2)
423 DP/I J, I) =DPZ II, J)

07 200 l= L,S I IE
VV ( 1 1 = 1 1 1 1 , 1 )

200 ~II ()=ZZ1h2 )
DO 425 I= I ,I J
03 425 J=1,NDC
Ill 1,11= // (1,1)— J~~IJ, I )~~l1I IJ +J,II*ZIJ,2 )

4?~ ZZI I,2 )= ZZI I,2 )— 0 IJ,fl*ZL (IJ+J,2)*/IJ,2)
CALL SCLVEL ( IJ,LRR ’.)
DO 431 I=L, ’IOC
(=1’ I i
l E t K, I) =VV (K
RC (K ,2)= W IK )
DC 46’) J 1,IJ
hIE lK , I) =BE~ I(,l ) —  •)( ( (  , J)S8 E I J,I )

45J f l r (K,f l= B E ( K , ? ) —  L)’.(I,J)SBE1J,2 )
BE( K ,1 )= PFIK ,1 )*L (I .2 )

43t E~[lK,2)= ~3~~IK,?)*/I~~,2I
07 201 !=1,SI/L

?O1 T(I )=BL I I,1I-s R 1 (I,?1 /YM
WRITE (6,40) (1,T II ),la 1,SIZE )

CS . . . . . C H EC K  SIGN OF LAZ,R A .GE MULTIPLIERS

DI 4- 32 I= t, I J

lFl TI II .LE.O. ) :;D 1 )  432
“ 1= 1+ 1.
‘IOIN )= I

432 CDNIIN’JC
IFIN.GT .0 ) GO TO 4’.5
CALL OI SVV IIJ,ND C, 1V )

R E T U I N
445 J I= I J - - itt

~F (N.E~~.Ii) GO TO ~p 33

DI 444 I= (,IJ
(El l.E O .NU (I)) GO 1(1 434

L~C 4 3 5  J’l,’IV
435 DPBIJ, !IOPBI J ,9D (l))
434 CONTI-1U1
433 Dl 436 I’I,IDC

K ’Jl+ f
IFIT1K).LT .0.) GO IC 435

‘40 1’ 1) K
436 CONT (‘POE

I F ( ” l . [ Q . S I Z E )  CC T~ 437
S I/E”t
Ir1N .EQ. 0) RC TUR”I I

-~~~~~~~~ — 
— —- - -

~~~~~~~ — - - -~~ - r‘ 5 - 
- -
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THIS PA~Z IS BEST QUALITY PBLCfl~A~~~
S I / C  

FlOM coPy rIR~I1S1j~DrO~~~Q ..~~~~~~~~~ ‘—
5

DLPH ( I )= D L P H I N U ( I  II
I)L P 1 I )=ULPINU( I ) )
/ / l  1 ,1  )=VVIID ( I))
/ 1 ( 1 , 2 I = W ( N O I I )

4 )~ C0~1T (‘41)1
1FlNOC.EQ.M .O~~.NUL.E0.O) RETUR N 2

J_) 4~39 1 1,MO
J=”lD ( !+IJ)—J I
HI I) =1-I l J I

43) 1)111 I)=DZE (J)

~rTuRN 2
437 CONTINUC

Ci 440 1=1,5 (/1
U t  I,1) 13EI 1,1)
//( I,?) P1( 1,2)

440 CONTINUE
DI) 450 I=I, ’IV -

0111, 11=0.
4’~ rE f I,fl 0.

31 441 1=1,NOC
K=HI I)
L IJ+ I
BE IK ,1 )=D/E I I )4’LZIL,1)~ WMIK )

4 4 1  OI IK ,fl— D / E l t ) * L / ( L , 2 ) * W M ( K )
73 442 1 [,NV
SM 1 0. 01)0

Or) 44 3  J=1,IJ
SML SMI ,DPR (I,J )*Z1IJ,1 )

441 5M2=SM2—i )PBlI,J)*/L(J,2)
Ot :II,1I _ BEII , [) .l5 ,M1+Z I! ,II*RO II)I *RO (I )

44/ CE ( I,? )=BEI I ,2)+SM2*RO ( I)
RETUU~ 

- 
-

- -

SUB-IOU TINE SOLVEL I OF, ER ) SUB 17
I MPLICIT REA L*B IA— H ,O— Z) -

COMMC’4/A3/BR l 100, fl,TRSF ( 108, 1),CSTFI48, 1, 4),SSPF ( 1, 1, 3),
1/ ( 51, 3),L)zEl 6O),8P( 108, 2I,NO I 216) -

.,UMMO~j/A5/Dp/I 50, -.01,/LI 72, 31,311 108, 3I ,WI ?2~~,H( I0B),VV I
I 156),YI 108, ), N LC (  24, 3) -

c~ GA USSIV - I  ELLIMIr ~AT IC N PRICESS *

C* TOTAL PIVOTING IS UGED 
- - 

*

C* DPi IS THE SQUA RE ‘ATRIXILHS OF EQ.) -

~~* MATR IX // IS THE 8tfS 06 5QUIT —N2 *

IL (S SAVED - - 
- 

*
~~* FINAL SOLUTION IS I’~ MATR IX BE *

3 ** * ** * * * * * * * ** ** ** * *  **** ********** ****** **** ************ ********* t *****- C R=O. 000001
‘1=2 

-

IF (NF.0T .LI GO TI) 7
IFIDPZ (1,L).EO. fl.) 50 10 76
A’I./DPL (I,tl -

t i C  77 1=1, 8
77 I Ll 1,J) LIl (,Jp *A

-.1 T~ 999
7C ,,-UTE (6,41) MF

FF1 J=1,M

UI—. ~~ - - — - - S7•S~
__ 

- - 
r - - — 

— - .  - - ;- S

- , - - - *
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78 BEt 1 , J I = I) • THIS PAGE IS BEST QUALITY P L C ~tCA~~GO TO 9 ‘39 J~ o_~ ~~~~ 
,i~~ jj~jj~~ 1X) I)DC .... .~~

.—
7-~ ‘4MP=’4r—1

DC 10 I 1,NF
‘40 111 = 1
00 10 J 1 , M

IC 8E 11,J )= /ZII ,J )
DC 400 K 1,NMP

C**** SEARCH FUR THE PIV . t ELEMENT
113=0

4=0.
DI 20 ( =K,NF
Ii) 20 J=K,NF
IF lD - l.BSlD PL lI ,J ))—~.) 20,20,31

31 A=D A I3 S ID P /lI, J ))
1 8 1
J 4 = J

20 C O N T I N U E
Ir (n—E ~~I 40,40,4?

40 .fRITClh ,41) K,IB,J,
41 F7~ MA T (1X, ‘WHOOPS i)EPEN)ENT EQUATIONS’ ,3T4I

DI 43 1 K,14F
00 44 J=K,NF
UP/I 1,J ) 0.
IFII.E Q.J) DP/l !,J)=I.O

44 CONTI ’ -IIJ L
01 43 j=[,M

43 I3E (I ,JI 0.
CO T O R O O

C**** INTERCHA NGE ROwJ S AJ [ )  COL UMNS
42 IF I I B— K ) 51,51,50
50 1)1) 60 J=K, IF
!l=DP/(K,J )
DP/ t K,J )=DPZ 111 ; ,J)

6.. OP/I II~, J I A
DI) 63 J=[ , M
4= BEI K ,J )
BE (V ,J ) 81111 ,J)

63 P .E( I1 ,J )4
“I IF IJ B— K I  62,6?,61
SI DI 70 I,I,t.IF

4=0131 ( 1, 1( 1
DP /lI ,K I= O PZ I I ,J DI

70 1)13/I I,JIII A
0**** (EEP Y~1ACK OF CULU-INS

J=ND ( K )
‘401K )‘NCl JP.)
‘101 J ‘II = J

62 4=OP/IK,K)
K”=K +I

3***t DIVIDE THE PIVO T R ,w BY 1-il PIVOT ELEMENT
DC 80 J’K,NF

80 0P1(K,J)’OPZ(1(,J )/A
00 81 j~~1,M

81 DE (K,JI’ BE (K ,JI/ .
.~ **** PERFORM ELL tM 1l1ATIo ~

DO R2 IaKP ,NF
6=013/(1,1 (1
DO 83  J = L ,M

83 BEI I,J )a(IE II,J )—6 *BCIK ,J )

—U----- ~~~~~~~~~~~~~~~~~~~~ —
- - - - S
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ii l~? J - K ‘IF THIS PAGE IS B~~ T QUALITY ?ELCTtcAB~4

DP/(I,J)=DPZ I I,J )-~~*DPZ((,J)
8/ 31T (‘11) 1

‘.0’ CONT I’4U1
~1QQ CONTINUE

IF (DAI3SIDPZ(NF ,NF )).GT.E3. ) Gil TO 50..
DPL (NF, I11 =1 .
i)il SOt ,J=I,M

~ ;L ~EI’4F,J)=0.’)01~ CO NTI NUE
F)’) 70 J= 1, M

‘)0 IEI ~F ,J ) =  R E I N F ,J ) / D P L (’4f, I4 F
Cl ‘31 L~~1,MF)) 103 KK=L, NM P
K =N F— KK
KI’ =~ + I
21 L O O  J = X P ,M F

10’ F~E l K ,t )= (~E IK ,L)~~i.hlIK,J)* [3E (J,1 )
31 CINTIJ UE

i- ~**~’ ~CA~~~4’4GC THE SOLUI ION M8TR (X
1)0 LII 1=L ,N F
njj i ii J=1 , M

LII ICPI(I ,J )=BE (I,J )
1)2 1 10 I= 1,~1F
1)1 ’ 11.) J=1,M

1 1~ r~ ‘41) 1 1 )  ,J )=D 13l II, J
99 ’) IiTU’4

‘40 -

SUB~~l1J 1!Ntr SU 13SP ( ’i, - -~K, t T M A X , E R R , I0C , I IX8 I
IMP LICIT R1~ L*8 tA—f1 ,~l—L)
1 - 4TEGE~ SIlE ,134C,S~
CO MMU l ST [P ,BN0,SN, .1~W ,S I /[ , ’4LC ,NSU
lMM7~I/V 1/N1 ,NCt, 1Y ,1.5K,MA ,NLJj,NU2 ,t4U3 ,Ml,NB ,I-4JK,NC,Nl1,IS Q ,IQl
C’MMO ’1/V2/NICI 5),’~~ ( 6),k,I bI,NBW I( 31,NBW2- ( 3),NCW3 I 31,NM ( 61,

L’UJ ( 3),’JJ( 3),’JCn3 I 3),’IEWI 3),IOS( 3),MEBI 6I,MEF ( 6)
OJMMni 3/~~~/Bl 14, 6),SL I 14 , ‘.P,SUI 14, 6),DPB ( ii, -.O ),DLIMI I2, 31

I ,S S (  51 1
I 3MMflN /~~l /S(  1?, /4,  3 1 , / 1 1 1 2 ,  1, 3 ) , C I  36, 2 4 1 , / B C  36, 1)
~C )MMDN /As/XCLI 36, 4),4M652 1 36, ‘~~.),XM ( 36, 50I,LWI (12,36),KIIUB
1#U 3)

OMMON /A 6/DP/l 50, ‘01 ,//I 72, 3),BC( 108, 3I ’F( 72),Hl 108).VV (
1 156),i~( 108, 3), JL ..I 24, 3)

C O M M O ~t/C1 /X ( 72, 2),YI 72, fl,WI 2),UM ( 1, 1),IETA( 7)
c/ c u QUK ( 2, ? 1,QQ M I 2 , 2 1,01 2, 2)

113 =1
tIL rI.t ) 25
I T E I.=J

RELER ~ =0 .05
IQ= ’4INOCIP*2,IP+8 ,’.)
.7 TO 30

~ ITE3 2 ITER +1
-3 Sh yING X— BAR

CI)MPUTE THE EFF ECTIVE P0U~ O6RY EIGEN VECTCI4

Di 12 1 1= 1,BNC . -~
Dl 121 J’l,lO

(21 AMA S2 (I,JP=O .I)O
‘4CX SL’-NC

-

- 
- S  5 

~—~~T-- 7~~ 
- - - 
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CAL L V A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

IFCN C 1 .E Q .OIC” TO Ifli ~~~~~~~~~~~~~~~~~~~~~~~~
77 10? 1 1 , Nj
1l=NZ ( 1,1(1
03 10? L I,!Q
0 IV I = 0 • 1)0
YJ 202 J=L,NC I
16=’4CX+J

20? QTVI = )TV I+GI J ,I ,K )~~y ([6,L)
AMA S2IL 1,L )=AMAS 2 (L~~,L).QFVI

10? CONTINUE
‘4CX NCX +NC I

101 CONTINUE
U] 122 I=1,BMC
Di 122 J= 1,I Q

1?? A MAS2 (I,J )=AMAS 2( I,.J)+y II,J )
IF (’JCI.EQ .OIGO TO 124
01 12.3 I= 1,BNC
DO 123 J= 1,NBW

12 3 XCI( 1,J)=C II ,J )

124 CONTINUE
CALL SOL DUPII Q,NBW,15NC )
70 111 I= I ,BNC
DI) 111 L= 1 ,I Q

111 X ( I , L ) = A P A S 2 I I , L I

‘1CX BNC
0:) 100 K=1 ,’ISU
CALL VA RI (K )
1FINC I .E Q .b)GI) TO 108
IQQ=K 1 IUBW (K I
DI) 103 J=L ,1U3
IQQ= IQL+ 1
Dl 103 1 1,NC I
I F I I D C . G T . L ) G O  ID 1)4
XCL I L ,J ) 0K1( I, 100)
GO 10 103

104 X C L ( 1 , J ) =OPB( I , IQ Ff l
10 3 C5’NTI’IUC

00 105 I= L, ’4C1
I 6=NCX+ I
DI) 105 t z1 ,1 Q

1135 4845211 ,L )=YI Ie~,1)

C A L L  SOL DUP(10,NU3, O C I )  /

03 113 I 1 , !~1CI
Di 114 L I-=I ,IO
00 10) L I,NL
L )M ZCIL, Kl
tJXB= ilI ,L,K )*X(LL ,LL )

c

C 
A MA S 2 II, L L)=A MA S2(I,LL )+QxL )

10’) CONTINUE
11 4 CONT I ’IUL

S . 

~~~~~~ -- 

— 
~~~~~ . - - 1
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:
11 1 C N NT I ‘1 U FE ~~~

IYI I I’. I =L, ’IC I
I e N C X+ I
DC 116 L =1,1Q
XI Ib ,L ) AM A S2 II ,L )

II’, C UNTLN Ut
‘4CX NC~~4-!JC I

1 01) CONTI N UE
‘~&JjCCIE I) SIIFF’ILSS - -‘~T-fl X 00K

DC 21 1 -=1, IQ
Dl’ 21 J =1,I()
5 = 0 • 000
n) .) 2? K=1 ,N

2? S = S i X l K , 1)~~Y l K ,JI
(JUKI t ,J )~~S

/1 (.?j K I J , I ) S
c I N T E R M E D I A T E  V E- C IU Rs V FOR I TE R=0 ,  AN.~, V— BAR FOR ITER 0

~~ NN =SN/ l
I 8=1 I ~5
CA L L ~EVEC IN’I,N, IDC , 18,2)I I  I T ~~~) 5,5,40

O P~~JJECTEF ) MASS 
M~~S~~~~~ Y V

61 Dl 41 1=1, 10
O~
) 41 J=I,I0

S=0.1) 00
Di 42 K 1,N

4? S=Si-X (K ,I )*YIK,JI
QQM( I,J )=S

4 1 Q)M IJ ,I )=S
IFIR LLERR.GT .fl .1) hl[LLRRZO.1
TI IRESH=0 • 1*RELERR

C SUBS PA CE EI GE--NVAL UE S w AND EIGLNMA TR 1~ 0
-,~~ CALL JACOB I (IQ,ITM ,X ,IHRESH )
I~1~~T I’43 ELGENVA LUES IN INCREASIN G ORDER

1F (MODl IT ER—L ,11II6 ~~,80,6O
(EL~~TIV E ERROR CHECK

6 )  WLT = W (IPI

~ELERn~=DA BSlI. —WL /FL T )
I F t I T E ~..GT.IT MAX) II 10 65
(Fl REI ERR—ERR ) 65,65,70

IT. ~;ETT (’4G FIGENVECT0RS IN OR IG INAL SPACE
‘ I E N C I
0] 66 !1,N
DC 66 J=L, 10

66 Y II, J ) X I I , J I
IRIINSFORM ING INI[RMEI)IATE VECTGRS

75 Dl 71 I=I,N
011 71 J=I ,I0
S=0.I) OC
DI) 7? K~~1,1 Q

it’ S=54-Y (I,K)$QIK ,J)
71 X II ,J )= S

F F 1 IENn )) 75,75,80
7_, u~ 7 3 I = 1 , J

DI 7 3 J= 1 ,IQ
74 Y II, J ) X l I , J )

WL WL T
;) T1 1 S

110
- S

5•5~ . - - ~~~ -
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C SJ-~TtNG RO (JTINE ThIS PAGE IS BEST QUALITY PPAC1’IC.&~I4
‘S 

00 B 1 11 = 1, 1 OM ~~~ ~) ~~~~~~~~ 1~0 L%D0 ~~~~~~~ —

WMI’l=W ( I I )
!MIN=- t I
1 1 1 = 1 !  + 1
Di 82 1= 11 1 ,10
IF (V JMI J .LT.W ( 1)) CI TO 8?
WM I’4= W I I)
IMIN= I

8? C O NT IN UE
IF I IMIN .E Q. II I  ~..U II . 81
S=W (II )
W I l l  )=w I 18111 I

DO 83 J= 1 ,N
S=X I J, II )
X l i , 11 )=x IJ, 1 M IN )
X I J, IM IN) = S

85 C O N T I N UE
RI CONTINUE

IF (IENU ) 60,60,90
C ‘)3~ MA LI1 I 5 JG E 1GE NV EL TN R S

90 00 91 J=1,t ~)
C=O .fl 00
00 92 l= l ,N

9t’ S=S+X ( I, J I*XI I I J I
S=I .D Ofl/DSOSIT (S)
Ii] 93 I=1,N

33 X l i ,J) =X U,] )*5
91 CONTINUE

C PRINT OUT FO~ INIORMA TI QNS

~RIT[Io,hO00) 1TER,
n~ELE Rl , (W (I) .1=1,10)

s000 IJRMA TI / ’ 1TER= ’,1~~,5X, ’~~ELERR :’,tI 4.5/’ EIGE~IVALUES ’ .(5E1 5.6))
I IXB= I O
.~E T U R  I
END
SUBR]UIIN [ JAC J f3IIII ,ITMAX ,THRL SH )
IMPLICIT REL *e 14— 1 1 ,3—1)
COM MOI/A5/XCL ( 36, 24),A~ AS ? ( 36, s~~I,/M ( 36, 50),DYI (12,36I,KIIUB
[W I 3)
C [JMMcrI/C1/l( 72, ?),VI 7?, ?),W ( 2),DMI 1, 1),IET .~I 7)

t/C 3/ XK( 2, 2),XM ( .-‘, 2),P( 2, 2)
S U LV E XK * P XP’ * ‘ * O I A G ( W )  FOR ALL EIGF.MVAL ULS Ar.D ~ECT0RS01) 1 1=1 , 14

DI: 7
2 ‘It,J )=O .
t ~ l I , I I = 1 .

‘48 1 C— 1

ITE R= O
b c  CFM X= 3 .

F)’) 1 1) 1=1, 981
X M I = X M I  1,1)
XKI~~XK l I , I )
1P1 x 14- 1
1)0 10 J=IPL,N
) I MJ z X M I  J , J )
X KJ 2X KI J,J )
XMI Js XM( 1,J)
X K J J = X K I  f,J )

________________ — 
— - - - -. - -
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THIS PAQ! Is REST QUALITY PR&CTIC.&~I4
C FM = X”I J * X Ml J IX Ml ix ‘-‘ 11~CI~ COPY 1URl1ISH~D iT’D DDQ ...~~~~~~~~~

CFK= X KI J*XK IJ /X KI /K KJ
CF DMAX L IC FM, ’TJ K)
IFI FM X.LT.CF ) CFM’~~CF
IF (CF.LT. 0.1*tl 1~EE ’T.n l ) CO TO 1L.~
DKl= XKl* X MI J— X M l* 1(~~iJ
(IKJ=XKJ* X MI J—XM J *XY 1J

~K 2= lXKI* X M J— X K J *X ‘I) *0.5
‘X=BK2 *BK2+BK I* 13KJ
I F I S X.LT.0.) S’(=O.
X=B K2 +i)SIGNI0SW~TI I-.X),6K2)
C~1M=—t - i K I /X
A l P=IK J /X
1;] 2C L= 1, ’i
TK XK I L , I I
TP5’= X M I L , I )
1P - P(L, 1 )
X K ( L , I ) = T K + X K I L, J) ( ;AM
XK( L ,J )= IK *AL P+X KI L ,JI
Xl1(L .1) rT M+ XM II ,J)~ ;AM
X M I L ,  i) = TM *ALP +XM II ,J)
P I L , L  )~~FP. Pi t ,J)*.AM
PIL ,J )=FP *A L P. - P1),])

/- C’JNT I .IU1
UC 21 ~ — 1 ,  I
1K X V I I , I
TP= .(”( I ,L)
X ’~I I ,I )=tK + 4M*XK(J,L )
X Y I J , I. I ‘XK( J ,11+ALP +TY
X Ml 1, 1 )~~rM +GAM tXM li, L)
X M I J , I )~~%M( J ,L )+ 4L))*TM

? I I. ~‘) 1 1 1 1 ) 1
Ir,4A , - I ‘~M4( . + 1

I ) I.i’i II ‘ : n j n
I 11 ‘ - F I .‘ • 1
ii I C I ~~~/ . I t . T ) I R E S H )  ~O TI 44
II I  Ui -‘ .1 T.ITM~~x) ;II 10 100

44 i~ I ~‘) I .

~ l 1 I ’A r i L , L I / x F ~(L,L)X M J . ) I ) ’IIXMI L, L ))

;j  j (  14= L, -4 -
•

n-’IM, (. )=PIM ,L 1*1
3 S )  ChIl l INUI -

~I. ruei
110

//;C.SYSIN uu * Example: Closed Tail—Boos~n with 6 Damage Conditions
3 3 ~‘ 1 51 72 36 2’. 63 “0 0

2 I 0 1 I 1 (1 0
3 0 5 1 -) 2 6 9 0 0
0.0000 0.013?i) .2500 1.0000 0.01310 1.0000 1.0000
1.0000 1.01300 1.0000 29.0000 —1.01300

0.b0 00000L—l5 ‘).1001j000C-03 O.L000000E—0 3 0.1000300E—03 0.L000000E—05
u.5  0.5 C.5 0.5 0.5 0.5 0.5 0.5

‘1.5 -. 5 0.5 0.5 0.5 0.5 0.5 
-

-

0.5 .5 0.5 0.5 0.5 0.5 0.5
13.5 .5 0.5 0.5 0.5 3.5 0.5

0.5
4

2 3 4
1. 4903  1.691d 0.0

_ _ _ _  _ _  _ _ _-- 
— 
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2 1.4)03 — 1 • 3~~5~) 0.0 TIlLS PAGE IS BEST QUALITY P~ &CTIC.~B~~
— I • 4903 1 • 691 ~ i~~~ oo-~i 

gi.E.~lSHED TO 
1)00

4 —1 .4903 —1.3658
I-I -

12 4 12 1? 21 12 1 ? -
9 10 11 12
1 66.500 —~-1.4O [ 9.855 1 1 1
? 66.500 —9.23 — 9 . 85 5  1 1 1
3 66.500 -3 .401 ).P55 1 1 1
4 66.500 9.23) -9.855 1 1 1
s 33.500 —113.661. 11.105 1 1 1

~ 34.500 — Ifl .48~ —11 .1 05 1 1 1
7 33.500 1O.66#, 11 .105 1 1 1
P 33.500 10.485 —11.1 05 1 1 1
C) 0.000 —11.9 5’ 12.375

10 0.000 —11. 751 —12.375
11 0.000 L1.95~ 12.375
12 0.000 11.7~~) —12. 375
()•5 fl~~5 C.~ 2.’) 0. ’) 0.5 u.S  0.5
u.S 0.5 ~.5
0
36 14 14 1 36
1 2 2 3
2 2 1 4
4 4 5 6 ) 10
4 4 7 8 11 12
5 2 13 15

~ 2 14 16
7 7 17 18
F 2 2 0 21
-1 2 L~) 22

10 4 23 24 2 ! 28
11 4 25 26 2~

) 50
[2 2 31 33 -

13 2 3? 34
14 2 35 36
0.0415 10C.0000 1.0000 25.0000 .5.0003 0.1000 0.3000 10500.00
0.3415 100.0000 1.0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 100.13000 1.0000 25.0000 25.000’) 0.1300 0.3000 10500.00
0.3415 100.0000 [.0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.3415 [00.0000 1.0000 25.0000 25.01300 0.1000 3.3000 10500.00
0.3415 100.01300 1.0000 75.0000 25.01300 0.1000 0.3000 10500.00
0.1415 100.0000 1.01300 25.0000 25.01303 0.1000 0.3000 10500.00
0.3415 (00.0000 1.0000 25.0000 25.0003 0.1100 3.3000 10500.00
O.i4 1.5 100.0000 1.0000 25.0000 25 .0000 0.1000 0.3000 10500.00
3.3415 100.00013 1.0000 25.0000 25.0000 0.1000 0.3000 105130.00
0.3415 100.0 1300 1.0000 25.0000 25.0000 0.1300 0.3000 10500.00
0.3415 100.0000 [.0000 25.0000 25.0000 0.1000 0.3000 13500.00
0.3415 100.0000 .0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 [00.0000 I .0000 25.0000 75.0000 0.1000 0.3000 10500.013
1 7 3 0 C
2 5 1 0 0-
3 6 2 0
4 8 4 13
5 7 1 0
(, 5 3 0
7 5 2 0 1
8 6 1 1)
- 1 6 4 1)
10 8 2 0 5
11 7 4 1)

1o -
~

_ _ _ _ _ _  - — — . 5 — - — - — 5 — —5——---
- —
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I

~ IIS PAGE ~-s B~sr QUALITY p &C C.A3~*

‘.
& 9

5 
[fl~ [~

? 
1~ 13 14 15 

~~oM oopy~~~~~IsH~~~
TO DOC 

~~~~~~

C.0200 0.OsOO [.0000 40.2000 40.2000 0.0980 0.3000 10400.00
).0200 0.O50~ 1.0000 40.?000 40.2000 0.0980 0.3000 10400.00
1.320] 0.0500 I.OJ0O 40.2000 40.2000 0.0980 0.3000 10400.00
1 7 9 Ii
1 7 9 5 I
3 5 3 7
4 5 3 1
5 6 [2 10 1

t~ [2 B
7 2 II 5

‘~ 2 8 4
) 6 9 10 I

10 6 9 5 I
11 2 5 6
1. 2 1
15 [2 7 11
14 12 7 P I
15 8 3 7
16 8 3 4
It ’ 8 24 12 3% 12 [2
S 7 8 1 10 11 12
1 127.500 —7.06 % 7.543 1 1 1
2 127.sOO —o .931 —7.543 ~ 1
5 127.500 7.06% 7.543 1 1 L
4 127.500 6 .9 37  —7 .543 1 1 1
S bo. sOO — 1 . 4 0 1  9.855 1 1
s, 66.500 —9 .?3a —9.85, 1 1 1
7 66.500 ‘.401 9.855 1 1 1
P 66.500 ‘).23 3 -9.855 1 1 1

qq.son —~).13’, 8.604 1 1 1
11 99.-’00 —7.99’. —8 .604 1 1 1
I I  99 .S00 i .li 8.604 1 1 1

-S

- .5 ----—------- .5 - , - -

— - , .. :_ ._ - .p- - - - - •~ .- - —
- - .-
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1? 99.500 7 . 9 9, 1 — 3 .e134 I 1 1
‘S 0.5 0.5 .5 0.5 3.5 0.5 3.5 0.5

0.5 .5 0.5
4
9 10 II I?
) 0.-i 0.0 -0.140

10 0.0 0.0 -0.140
1 1 0.C 0.0 —0.140
12 0.0 0.0 —0.140
36 14 14 37 7w-’
18 2 ~ ~ GE IS BEST QUALITY pB.L-Ofl
19 2 3 7 413 ~~IS PA 

2101)00 _-.. ‘~~~

2o 4 41 4? 4.> 46
21 4 43 44 47 48
2/ 2 49 51
2 3  2 50 5?
24 2 5-3 54

~~ 2 56 57
26 2 55 58
27 4 s9 613 63 64 

-

28 4 61 62 ~~~~‘ 66
20 2 67 69

2 68 70
41 2 7 1 72
0.1415 100.0000 1.0000 25.0000 25.0003 0.13013 0.3000 10500.00
0.0415 100.3000 1.0000 2~i.0000 25.0000 0.1000 0.3000 10500.00
0.3415 100.0000 1.0000 25.0000 25.0000 0.1000 0.3000 10500.00
U.~~415 100.0000 1.0000 25.0000 25.O0.i ’D 0.1300 3.3000 10500.00
0.0415 i- 00.0000 [.0000 25.0000 /5.0003 0.1)00 3.3000 105-00.00
0.5415 100.000~ 1.0000 15.0000 25.000-3 0.1300 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.0000 0.1300 0.3000 10500.00
C.3415 [00.3000 1.0000 25.0000 25.000) 0.1000 0.3000 10500.00
0.0415 100.0000 1.0000 ?s.0000 /5.0030 0.1)00 0.3000 10500.00
0.3415 100.13000 1.0000 25.0000 25.0000 0.1300 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.000C 0.1000 3.3000 10500.00
0.3415 [00.0000 ~.00O 0 25.0000 25.01300 0.1000 0.3000 10500.00
0.0415 [00.0000 1.0000 25.0000 25.0003 0.1000 0.3000 10500.013
0.0415 100.0000 1.0000 25.0000 25.0000 0.1300 0.3000 10500.00

57 LI 3 0
3d 9 1 -

3’) 10 2
42 12 4
41 11 - 1
42 9 3
4 3  13 2 -
44 10 1
45 [0 4
46 12 2
47 11 4
‘.t 12 3

3 1 0 —i
‘JO 1 2 0 - l
51 2 4 0 -I
52 4 3 13 - n
‘~3 3 1 3 —I
54 4 1 — 1
55 7 11
56 5- 9

6 10
5’: 8 12 -

5)  7 1

- 
- ‘65

- - —.- S-—-—S--—— -—-— —--. — - 5— ‘5
.5 , • ,  .5-. _7____ 
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GE IS BEST QUALITY PB~~TI~~

to 
~~~~~~~~~~~ ~~~Q ~

_ ••
~~

~ 11
~~~~ 11 ~

~ LO U ,
~

6’) 10 12 0 +1

~J 12 L I ~-, +;
!1 II [0 0 .1

~~ 12 9 0 +1
16 3 1 [7 52

~ ~ 17 ~~ [ 1  20
33 4 21 22 ~ % 24
4’, 8 25 26 ?~ /~ 29 30 4L 3/
1.0200 0.OSoo - 1.0003 4C.2000 40.2003 0.0980 0.3000 10400.00
0.0200 0.0500 1.0000 40.2000 40.200 ) 0.0980 0.300C 10400.00

0.05013 (.0000 40.2000 40.200) 0.0)80 0.3000 10400.00
17 : 11 7
i l~ 5 [~ 13
I) 1 3 11

C) 3
/1 13 8 6
/2 [0 8 1?
2 3  1? 2 4
24 1/ 2 10
~~~) L0 5 6
/1. 10 13
2 7  2 9 t O

2 ~) I
8 U 7

4~ 8 11 12
31 1? 3 II
3? 12 1 -4
12 8 24 12 3% 12 12 .

1 2 3 4 ‘ 6 7 8
i 173.5-00 —5 .30- . 5.800 1 1 1
.-‘ 17.3.500 —s .20 —5.800 1 1 1
3 173.500 ~•3Q) 3.800 1 1 1
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44 4 95 96 9.) 10’) B’RU~ OUFI 1W3A[1SH~D 210 DOQ
45 4 ‘37 ‘48 101 102
46 2 103 105
47 2 104 lOb
4~ 2 107 108
0.13415 100.01300 i.0000 2~~.0000 i5-.01303 0.1000 0.3000 10500.00
0.0415 100.0000 [.0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 100.0000 1.0003 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.0003 0.1000 0.3000 10500.00
0.0415- [00.0000 1.0000 ?5.0000 25.0000 0.1100 0.3000 10500.00
0.3415 100.0000 1.0000 25.0000 25.0003 0.1000 0.3000 10500.00
L..0415 100.0000 1.0000 25.0000 25.0000 0.1000 0.3000 10500.00
0.0415 [00.~~00fl 1.0000 ?S.000C 25.0000 0.1000 0.3000 10500.00
fl.~~415 100.0000 I .0000 25.0000 /5.0000 0.1000 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.000-) 0.1000 0.3000 10500.00
u.3415 [00.0000 ‘ .0000 25.0000 ~~ .0000 0.1000 0.3000 10500.00
0.0415 100.13000 1.0000 15.0000 25.000) 0.1000 0.3000 10500.00
0.0415 100.0000 1.0000 25.0000 25.0000 0.1300 0.3000 10500.00
73 11
7’. 9 1
is 10 2
71, 12 6
7I 11 1
78 1 3
7-) 9 2
80 10 1
81 10 4
82 12 2
83 11 4
84 12
Eli 3 1 0 — 1
86 1 2 0 — [
87 2 4 0 —1
88 4 3 0 -

P.1 3 2 0 — 1
90 4 1 0 — 1
11 7 11
92 5 9 -

93 6 10
94 8 12
15 7 ‘1 -
96 5 11 

-

‘17 5- [0
90 6 9
9’) 6 12
[00 8 10

7 12
102 8 11
103 11 9 13 .1
104 9 tO 13 +1
L’s 10 12 0 ‘I
1Sf. 12 IL 0 +1
1’31 11 10 0 •1
lOP. 12 ‘

~ 0 +1
16 3 3 13 4C
49 4 33 34 3 ’ 36
5’) 4 3~7 30 3 ’  40
5-1 8 41 4? 4 4  44 45 46 47  4 8
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0.0200 0.0500 (.0000 40.2000 40.2000 0.0180 0.3000 10400.00
0.0200 0.0500 1.0000 40.2000 40.2000 0.0380 0.3000 10400.00
1.0200 0.05013 .0000 40.2000 40.2000 0.0080 0.3000 10400.00
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I
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1 1 1
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D.2. Listiri~ of the Program DIMC O

I IFSSO S JOB ( ,30,30,20011,’01 NTOUC’,TIME—25 JOB 49
I *MESSAGEL P L E A S E  INT ER PR ET E MY OUTPUT Pu NCHED CARDS
1/ EXEC FORTCLG,REGICN I5OK,TIME 25
/ / FORT .SYSIN DO *

INTEGER BNC,SN,CONSI ,CONS2,CONS3,CON S4,CONS5,CONS9,C0N58,PN ,SNN
DIMENS ION NJ (1CI,NBJ (10),NCB (10),NCC(1O),NBWI (IO),N8W2 ( 1OI,N8W3(IO

1) ,NILJ (10)
DIME~’~SI0N NM (5C),NG (501,NW (50 ),MEB (50),MEF (50)
DIMENSION 11Y4 3)

C
C INPUT SOME CON TROL INF0RMATIC~ FOR ALL SUBSTRUC TURES
C

READ (5,323NM,NSU,ND*M,NLC, NV,NCC,BNC,NR W ,NPH,NSD, I TE,NBLJ,NDF’T
IL INK , Ct. CM

R E A D ( 5 , 3 2 )  ITY I  1 ) , I T Y ( 2 ) ,  I T Y ( 3 )
C
C CONT ROL INFORM ATIONS FOR EACH SUBSTRUCTURE -

C
IET=3
K K O
00 30 Kz1,NSU
REAO (5,323NJ( ,NBJ~ K ),NCBtK),NIt(l (~~,M3WIIK ),NBW2IK),N8W3tK),NILJ (
2K)

32 F O R MA T U6 I 5 )
DC 31 J~~1,IET
IFUTY (J ).EQ.0IGO TO 31
K K= KK + I
R E A D (5 ,  3 2 ) N M ( K K )  , N G ( K K ) , N W ( K K ) , M E B ( K K ) , M E F ( K K I

31 CaNT IN’J E
30 CONTINUE-

C
C - IN IT IALI ZED SOME VARIABLE S
C

~G&I~~—999
KK ~~0
CONSLa L - 

-

CON S2~ 2
CONS3Z3
CONS 4~ 4CON S5~ 5CON S9~ 9
CONS8’8

C
C CALCULAT ION OF ALL SUBSCRIPTS USED IN OIM E NSION STATEMENTS
C

On I I=1 ,NSU
00 1 J = 1 , I E T
IF( IT Y L J ) . E Q . O ) G O  TO 1
KKzKK +1
IF ING (KK ).GT.NGU)NGU~ NG (K K l

I C ON T I N J E ,-
~
,

5
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KKU NSU*L TE
I3BJL=— 999
NCIL =— 999
NCBL =—999
N L J =N B L J

NU 33=0
NGG~ 0
~.TE~~0
NC (=0
NSE O
M8=—999
K3DUP I
P,,JKK=0
NC ! 1=0
K K O
00 2 !=I,NSU
IF C NFIJ ( I) • GT .N BJL ) NBJL=NBJ (I
IF (NIC ( I I.GT.NCLL )NC ILZNIC ( II
IF(NCB ( I ).GT.NCBL )NC BL=NCB ( I)
IF (N LI J (I).GT .NLJ)NLJ zNI LJ (I)
M J3 ZN U3 IN13 W3 (I I
IF (N8W311).GT.NU33)NU33zNBW3( I)
DO 1000 Jz1,IET
IF (ITY IJ ).EQ.0)GO TO 1000
KK KK I’ I
I GGzNGG+NG ( I)
GO TOI1OCI,1002,1003),J

IDO L NTF=NTE- .NM (KK)
IF INTE .GT .M8)M8=~9TE
GO TO 1000

1002 PCF NC E +NM (KK)
IF! NCE.GT.M8)MA NCE
GO TO 1000

1003 I.~SEzNS E +NM (KK)
IF ! PISE . CT . P’8) MR :NSE

1000 C O N T I N U E  -

K3DUP=K3D (Jp+u~4J (t )
PaJKK NJK K+NJ (I)
IF (N IC ( I) .GT .NCII INC I I~~N IC (I)

2 CONTINUE
NMTZNTF+NCE+NSE
K 3EX=IITE
IF (NCE.GT.K3EX )K3EX2NC E
IF (NSE .GT.K3FX)K3EXzp45E
SN=2 *NN
1108=2*SN
PN~ 2*SN
IC I =NC I I
IF (NV .GT .K1 )KI=NV
K2ZNU 3 I— 

-

IF (NSD .GT .K2)K2 :NSQ
K3OUP K3OUP *SN
K 3 K  30’JP
IF (NPH.GT.K3 )K3—N P II
IF (K3FX .GT .K3)K3*K3FX
K4~ NIT
IF (NPH.GT .K4 )K4~ NP H THIS PAGIISBESTQUALITYPI~L~TLC~~MK5aBNC Th0a0oPx,—~s1m1TODiIQ —l—~~~~~~

.—•-
-

IF ( NC IL .GT • KS) K5—NC IL
K6L NE3 W
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IF ( NU3 . CT • Kb 1K 6= NIJI
K66=NBW
IF (NU33 .GT.K 66 1K66=NU33
K7 NCBI,NLC
IF (NSD. GT .K7)K 7=NSD
K9 NC 81
IF(NSD.GT.K9)K9 NSO
K1OSNC IL
IF (NS0.GT.K10) K10=NSD
K11 NV
IF(NPH .GT .KI1)K1 I=NPH
!F(NCC.GT.Kl1) KlI=NCC
LEN -999
1101= 0
DC 11 KA I,NSU
00 11 I=1 ,ITE
1101 1 101+1
IF ! MEF ! 11 01) .G T .LFN ) L E N — M E F I I L O  I)

11 CONTINUE
K118=IEN
IF( K11.GT .K118 )K118=K11
K12 3
IF (NLC .GT .KI21K I2 NLC
K13 N M T
IF! NPH .GT.KI3)K13 NPH
K20:N M T -

IF (NCC .GT.K201 K2O NCC
IF! MSO.GT.K20) K2O NSD
K2 1 ITE
K22=NOMT
K26M R
IF! NV .GT .K2 6)K26=NV
1102=3*NTE+27*NCE+12*NSE
I IO3 NTE +NCE+2 1*NSE
I 104 6*NTE+45*NCE+21*NSE
I 1O5z6~~PITE.9*NCE.,6*NSE
!LO6 N TE
IF (NJKK .GT .1106) I106=NJK K
IIO7=NC I!
~tJS:NS!J
LF (CONS2 .GT .NUS) NU S=CONS2
IPOAM N DA M +1
IETC=NV* E PDAM

C
C TO AVO ID SUBSCRIPT EQUAL ZERO 

S

C
I 130 -N OAM
IF (NOAM.EQ .OII 100=NOAM+1
IF (LINK.EQ.0)L INK=I
IF(NC I I .EQ.O)NCI 1=1
LF (K22 .E~3.0)K22= 1
IF ! NC IL . EQ .0 1 NC ! L=1
IF (NU3 .EQ .0 )NU 3Z I
SPIN-SN
IF (EPDAM.GT .SNN)SNN=IPOAM
IF(NTF .FQ.O )NTFzI
IF! N CE • EQ .0 INC
IF (PISE .EQ.O)NSE—1

C
C BEGIN TO PUNCi-4 AL L DIMENSION ST ATEME NT S ON CARDS
C

T~~wJtT’t CTIC~~
BL

~~

- S -
- -
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I

WRITE ! 5,86)
bRII E I-S,81 )

IT F! 6, 82 1
WRITE l b ,40)BNC ,NLC ,NGU,KKU , IL !M ,CONS2,NV ,I ET
W R IIEI6 ,41)CONS1 ,II!M ,1108 ,!ET ,NBJ L ,NSJ,LINK,CONS2 ,NLJ ,IE T
W R ITF ( 6,42)CONS2, IPOAM
b~R 1 T E l - 6,83)
W R LTF (6,84)
W RfTE (6, ’,3)NS~I ,KKU,KKU,NSU,NSL,NSU,KKU
WR !TF( 6,44)CONS1 ,NSU,NSU ,NSU,PSU,NSU,KKIJ,K KU
WR [TF (5,45)CON S9,CONS9,CONS9,CONS9,CONS3 ,CONS9,CONS9,CONS9,$(20,CON

15 59
WR!TE (6,46)CONS1 ,CONS9 ,CON S9
WRJTE (6,47)NGLJ,KKIJ,M8, K21,NGU ,kKtJ,1102
(,RITE(6,48)CONSI,1L03,tI,04,IET,M8,K21,M8,K21,M8
wP1TF (6,49)CON S2,K21,NGU,K I(U,?~8,K21,I105 ,I (T,IET

~dRI T E ( 6, 50 )CONS3 , MR , K21
WR !TE (6,51)CONS1,CCJNSI,IPOAM, !PDAM,IPDAM,IPDAM, IPDAM
WRITF ( 6, 52 )CON S1,K22, IPOAM, K2 2, KKU ,I100, NSU, C POAM
WRITEI6,53)NSO ,CONSB,NGU,KKU,PSD,NCC
UR IT El 6, 54 ICON Si, CONS1 ,CONS1, CONSI ,CONS 1. , CONSI
wRITE ! 6 ,55)NG’J,KK’J , BNC
(,RITF ( 6,56)NCIL,NLC,NSU,M8,K2i,NGU,KKLJ ,M8,KkIJ,NGU
WR ITE ( 6, 57 )CON Si, KKU
hR I T E ( c ~,58) NSO ,NSU,NSD,NSU,NLC
WRITI (6,59)NGU,KKU,NGU,KKU ,NGL,KKU ,KI,K2,NCIL,NSU

~R1TE (6,6O1 CONSI,NV
WRITII6 ,61)NCIL,NCRL,NSU,Nr.IL,NLC,NSU,BNC,NBw,BNC ,NIC
WRITE(6,62)M8,K21,MTE,NLC,NC E ,NLC,CONS4,NSE,NLC,CONS3
wRITE I 6,63)CONSI,NV,NUS,NPH,Me,K21,K3
WRITF (6,64)1106,NS !J,NPH,NPH,K4,MV,NV
IR !TEI 6 , 65 )K’S, K66, KS ,K7, BNC , K9, NC II, NU3 , NSU
b.RITE (6,66)K10 ,K9, KL1, K1 2, KIiO , K 12,K 11 ,K26
WR I I El 6, 67 ICON SI, (13, MO , NSU , NChL ,N StJ
IR I T E  (6 ,68)PGG,NSO
hRITE(6,69)NCC ,COMS2,NCC ,COMS2 ,CON S2 ,CI)MSL ,CONSI, 5MM
idRITE(6, 70) CONS2,CON S2,COMS2 ,C ONS2,CONS2 ,CONS2
wRI TE! 6, 171) CE IC, !PDAM , I POAM
baR !TF( 6, 85)
WRITE (7,86) -

ba RLTE (7,81) 
-

WRIT E! 7,82)
ba R I T E (7 ,40)BNC ,NLC , NGIJ,KKU, IL IM,CONS2 ,NV, I CT
WR ITE(7 ,41)C0N51,ILIM,I108,IEI,NRJL,N5U,LINK,CONSZ,NLJ,IET
wR ITE (7 ,42 )CONS2 ,IPDAM
IaRITE( 7,83)
WR I TE( 7 , 84)
bIK !TE( 7 ,43)NS IJ ,KKU ,KKI J,N SU ,NSU ,NSU ,KKU
W RI TE (7 ,44)CON SI ,N5U ,N SU,N SU, I$lJ ,NSU ,KKU ,KKU
W RI TF ( 7,45)CONS9,CONS9 ,CONS9 ,CONS9,CONS 9,CQNS 9,CONS 9,CONS9 , K2O ,CON

159
WR IT El 7, 46)CONS1 ,CON S9,C QNS9
WR ITE (7 ,47)NGU ,KW3 J ,M8,K21 ,NGU,KKU,110 2
WR ITE (7,48 )CONSI,I 1)3 ,1104, !ET,M8 ,K21,MR ,K21,M8
WR ITEl 7 ,49 )CONS2 ,K2 1,NGU ,l~KU ,P8 ,K2 I,I1O5 ,IET ,IET
WRITE ! 7,50 )CONS3,M 8 ,K21
W R ITE (7 ,51 )CIy 451,C ON SL ,IPDAM , IPDAM, IPDAM,! PDAM, IPDAM
wR ITE 1 7, 52 ICON Si, K22 , jPt)AM , U 2, KK’J ,I100 , NSU , IPDAM
W RIT E! 7,53 )NSD,COM SR ,MGu,KKU ,PS0,NCC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~t R I T E ( 7 ,55$NGJ, KK II,BNC 
/~~~~7
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( WR ITE (7,5b)NC1[,NIC,NSU,M8,K21,NGU,KKu ,M8 ,KKU,NGU
WRL TE (7,57)CONS1 ,x K’J
baR ITE (7,58)NSD ,NStJ ,lSD ,NSU,MLC
WRI TE (7,59)NGU,KKU,NGU,K ~ u,NGU,KKu ,K1,K2,NCIL,N5u
WRITE(7,60) C01~S1,NV
WR ITE (7,61)NCII ,NC 8L, NSIJ,NC IL ,NLC ,N5U,BNC,NBW,BNC ,NLC
WRLTE (7 ,62)M8,K21,MTE,MLC ,NCE,NLC,CQNS4,NSE,NLC,CONS3
WRIT E (7,63)CONSI,NV,PUS,NPH ,M8,K2t,K3
WR !TE( 7, 64)! 106, NSU , NPH, MPH ,K 4,NV, NV
WR!TE(7,65)IC5,K66,K5,K7,BNC ,Kc,Nclt ,MJ3,NSU
W R I T E !  7,661K10,K9,K11,K12, K112,K12 ,I(I1,I(26
wR IT E l 7  , 67 ICON Si, 1(1 3 , P18, NSU, NCF3 L ,NSU
WRITE! 7,68)NGG,NSr)
W PITE I7,69)NCC ,CONS2,NCC,CONS2,CONS2,CONSI,CQNSI,SNN
wRITE (7,7O ) CONS2,CONS2,CONS2,CONS2,CONS2, CONS2
WR ITFI7 ,171 )IFTC ,IPOAM , I P D A M
wRITE ! 7, 851

L 

3wR ITE (7 ,87)
WRITE ! 7,84)
WRITE (7 ,43P4SU,XKU,KKtJ,MSU,NSL,NSU,KK’J
W RITE ! 7,44)CONSI ,NSU, NSU,NSU ,PSU,NSU,KK ’J,KKU
WRITE (7,85)
WRITE ! 7,88)
WR ITE! 7,81)
WRITE ! 7, 82)
WRITE ! 7,83)
W RITE ! 7,45ICONS9,C5JNS9,CONS9,CONS9 ,CONS9 ,CONS 9,CONS9,C(JNS9,K20,CON
159
WR ITE! 7,46)CONSI,C0NS’~,CONS 9
WRITE(7, 47)t~4GU,KKU,M8,K2I,NGU,KKU ,IjO2
WMI TE I7 ,68 ICONS! , 1103, 1104, CE T, M8, K2 1, M~ ~l( 21, M8
W R I T F (7,49)CON S2,K21,MGU,IcKU,W8 ,K21, (105,EET,LET
wRIT F! 7, 50 ICON S3 , MR , 1(21
WR ITE (7,56)NCIL,NLC ,NSU, M8,K21,NGU,KK (J,MR,KKU,NGU
WP ITE ( 7,57 )CONSI,KKU
WR ITE (7,62)M8,K21,NTE,NLC,NCE,MLC ,CONS4,NSE,NLC,CONS3
wRITE ! 7, 63 ICON S1,N V, NUS, NPH , M 8, K21 ,K3
baR (TE( 7,64) 1106,NSU ,NPH,NPH,K4,NV, NV
WPITE (7,66)K10,K9,K11,K12, K116, K12,K1i, K26
WRITE (7,67)CONSI,K13,M8,NSIJ,NCFjL,NS’J
WRITE (7,85)
WRITE ! 7,891
WRITE! 7,811
WRI TE ( 7,82)
W R ITE (7,831 

S

WRITE -I 7,84)
WRC TE (7,43INSU,KKU,KKU ,NSU,NSU,NSU,K KU
WR ITE (7,44ICONSI,NSU,NSU,NSU,NSU,NSU,IcKU,KKU
WRITE l7-,45)CONSO,CONS9,CONS 9,CUNS9,CONS9 ,COPES9,CONS9,CJNS9,K20,CON
‘Sq
WRITE ! 7,46ICON S1 ,CONS9 ,CON S9
WRI TE (7 ,47)NGU ,KKU , M 8,K21,NGU ,KKU, 1102
W R I T E !  7,48)CONSI,1103,1104,LET,M8,K21,M8,K21,M8
W R ITE ( 7 ,49ICON S2 ,K2 1,N GI J ,KKI J ,WI1,K21,110 5 ,IE T, IET
W R (IF ! 7, 50 )CON 53 , M 8 , 1(21
W RI TE (7 ,51 )CON SI,C ONS I,I POAM,I POAM ,LPOAM, IPOAM, IPOAM
wRITE( 7,52 )CONS 1,K22, IPOAM , I(22 ,KKtJ ,RO0 ,N SU ,IPDAM
W PI TE (7 ,56INC CL ,N LC, N SU , M 8,K21 ,NGU ,KKU ,M 8 ,KK IJ ,NGU
w$ITE!7 ,57 )CONS I ,KKU
WRI T F( 7,58 )NSO,NSU, N SO ,N SU,N LC
WR I YE ! 7,59)NG (J ,KKU , NOU,K KU ,NG1J,KK( J ,K 1,1(2 ,NCII . ,NSU

WI3 PAGE IS BEST QUALITY FEM~T C ~BS~~4
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WR IT€(7,60 ) C tJN S1 ,NV
WR ITF (7,61)NCIL,NCBL,NSU,NCIL,NLC ,NSU,BNC,NBW,BNC ,NLC
WRITE (7,62)M8 ,K21,NTE,NLC,NCE,NLC,CONS4,NSE,NLC,CONS3
WR ITF ( 7, 63 1 CON Si ,NV, NUS, NPH , M8, K21 ,K3
WR I TE! 7,65) 1(5, 1(66 ,K5 ,K7, BNC , KS, NC IL , NU3, NSU
W R ITE (7 ,661K10 ,K9,K1I,K12 , K11 8 ,K12 ,K11 ,K26
WR ITE (7,67ICONS1,K13, M8,NSU,NCBL,NSU
WRITE (7,71)NCC,CONS2,NCC,CONS2,CONS2,CONSI,CONS1,SNN
WRITE! 7,70) CONS2,CONS2,CONS2,C ONS2,CONS2,CONS2
WRITE! 7,85 1
WRITE (7,90 )
WRITE !  7, 81)
WRITE (7,82)
WRITE ! 1,83)
WRITE!7,45)CON S9,CONS9,COl4S9,CONS9,CONS9,CONS9 ,CON$9,CONS9 ,K23,C(JN

IS S9

WR1TE (7 ,46)CONS1,CONS9,CONS9
WRITE! 7,47 ) NGIJ ,KKU, M8,K2 1,NG U ,KKU, 1102
WRITE(7 ,48)CONS1,1103,1104,IET,M8,K21,M8,K21,M8
WRITE! 7,491C0N 52,K2 1 ,NGU,KKt J,M8 ,K21 ,I105,IET ,IET
WRITE !7 ,50)CON S3 ,M8, K21
W R I T E (7,62)M8,)C21,NTE,NLC,NC E ,NLC,CONS4,NSE,NLC,C0N53
WRITE ! 7,63)CONSI,NV,NUS,NPH,M8,K21,K3
W R I T E  (7 , 85)
WR ITE ( 7,91)
WR ITE (7,81)
WRITE( 7,65)KS,K66,K5,KT,BNC,Kq,NCII,NJ3,NSU
WRITE! 7,85)
WRITE (7,92)
WRITE (7 ,81)
WRITE! 7,65 1K5, K66,K5,K7,BNC,K 9,NC I t,NLJ3,NSU
baR ITE ( 7, 85
W R I T E !  7,94)
WRITE (7,81 I
WRITE! 7,82)
WRITE! 7,831
WRIT E l i  ,84)
WRITE! 7,43)NSU,KKIJ,KKIJ,NSIJ,NSL,NSU,KKU
WRITE (7,44 ICONS1 ,NSU,NSU,NSU, t~SU,NSU ,KKLJ,KKU
WR ITE ! 7,45)CQNS9,CONS9 ,CCNS9,CONS9,CQNS9,CONS9,CONS9,CQNS9,K20 ,CCP4
1S9
W RITE ! 7,46 )CONS I ,CONS9 ,CONSO
WRITE (7 ,47)P!GIJ,KKIJ,M8,K21,NGU,KKU,1102
WRI1E (7,48)C0N51,1103,I104,CEI,M8,K21,M8,K21,M8
WRI TE (7 ,49)CON SZ ,K21,NGU,KKU ,P8 ,K21 ,1105,IET ,IET
WRI TEI 7,501C0Pd53,M8, K2 1 -

IT s I? , 51)CONSL,CONSI , IPOAM, IPDAM, I POAM, I POAM , IPOAM
4l$ T~~( 7.52)CON SI,K22 , IPDAM ,K2 2,KKU ,I i00,NSU ,IPDAM
.alTs f 1 S4ICONSI ,CONSI ,CONSI ,CONSI,CONS1,CIJN SI

II 47 ,‘9 INGU ,KKU ,NGU,KKU ,NGU,KKU ,K),K2,NCCL,NSU

~~ IT I a ? ,’ J I  coNs: .Nv
..~~ ‘4 7.e7IN ~ ,IZ1 ,NTE ,NLC ,NCE ,NLC,CONS4 ,NSE,NLC ,CONS3 S

-,M% ’.’,(C,CrW4S2,CONS2 ,CONSI,CONSI,SNN
. 1 8
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WRITE (7,84)
WRITE !7,43)N5U,KKU, KKU,NS!J ,PI5U,NSU,KKLJ
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
WRITE (7,45)CONS9,CONS9,CONS9,CONS9,CONS9,CCNS9,CONS9,CjNSq,K20,CON

I S9
WRITE! 7,46)CONS1,CONS9,CONS9
%IR ITE(1 ,47) NGU , 1(1W, P’8 , 1(2 1, NGU ,KKU , 1102
WR ITE (7,48ICONSI,1103,1I04,IET, M8,K21,M8,K21,M8
WR ITEl7,49)C0NS2,K21,NGU,KKti,I~R,K21,I1O5,IET,IET
WRITE! 7,50)CON S3,M8,K21
WRITE(7,54)CONSI,CONSI,CONSI,CONSI,CONS1,CONSL
WRI TE (7,56)NCIL,NIC,NSU,M8,K21,NGU,KKU ,M8,KKU,NGU
WRITE! 7,57)CONS1,KKIJ
WRLTE!7,66)KIO,K9,K11,K12,K11 8,K12,KI1,K26
WR ITF ( 7, 67) CON Si, 1 (13, M8, NSIJ, NCBI, NSU
WRITE(7,69)NCC,CONS2,NCC,CONS2,CONS2 ,CONSI,CONSI,SNN
WR ITE! 7,85)
WRITE! 7,96)
WRITE (7,81)
WRITE ! 7,82)
WRITE! 7, 83)
WRIT E(7,84)
WR ITF (7,43)NSU ,~’KU,KKU,NSU,I’1SL,NSU,KKU
WRITE (7,44I CONS1,NSU,NSU,NSU,I’SU,NSU,KKU,KKU
WRITE (7,45)CON S9,CONS9,CONS9,CCNS9,CONS9 ,CCNS9,CONS9,CONS9,K20,CON

1 S9
WRITE ( 7,46)CONSI ,CONS9,COI459
WRITE! 7,47)NGU ,K1W, M8,K21,NGU,KKU,1102
WIkITE (7,48ICONSI,1103,1104,IET,M8,K21,M9,l(21,M8

- ba R I T E ( 7 , 49)C0N S2 ,1(2 1,NGU ,KKU,~~8,K21, 1105, lET,  LET
W R I T E ( 7,50)CON S3,M-8,K21
WRITE (7,51)CONS1,COMSI,IPOAM , (POAM, IPQAM,ZPDAM,JPDAM
WR ITFI 7,52 )CONSL, K22 ,CPOAM ,K22 ,KKU ,I100,N5IJ,IPOAM
WRITE (7,56)NCIL,NLC,NSU, M8,l(21,NGU,KKU ,M8,KKIJ,NGU
WR ITE ( 7,57)CONSI, KK U
WRITEI7, 61)NCIL,NCBL,NSU ,NCIL,NLC ,NSU,BNC,IBW ,6p4C,PILC
b u a R l T E ( 7 ,6 21 M 8, K 2 1 , NT E , N L C , N C E, N IC ,C O N S 4, N 5 E, NL C , C(3 N 53
hR ITF( 7, 63 ) CON Si, NV, NUS, NPH ,M 8, 1(21 , 1(3
WR ITE! 7, 64) 1106, NStJ , NPH, MPH ,K 4, MV, NV
WRITE! 7,65)K5,K66,K5,K7,BNC ,Kq ,NCII,N IJ3,NSu
WRITE (7,66)K10,K9,K11,K12,K118,K12,KII, K26
WR ITE ! 7,67 )CONS1,K13,M8, NS’J,NCBL,NSU
WRITE!7,85)
WR ITE (7 ,97)
W R ITE (7 ,81)
WRITE ! 7,82)
WRITE ! 7,83)
WR ITE (7,84)

• WR 1TE (7,43)NSU,KKU,KKU,NSU,NSL .~,NSU,KK lJ
WRITE (7,44)CONSI,NSU,NSU,NSU,PSU,p15U,KKuJ,KK1J
WRITE !7,45)CONS),CIINS9,CONS9 ,CIJNS9,CONS9 ,CONS 9,CONS9,CONS9,K2O,CON

I S9
W R I T E ( 7 ,4 6 I C O N SI , CO N S9 , C ON S9
WRITE (7,47INGU ,KKU ,M8,K21,NGU,KKLJ,I102
WRITE (7,48)CONSI,1103,1104,LET,M8, K21,M8,K21,MB
WRITE!7,49)CONS2,K21,NGU,KKtJ ,b’R ,K21,1105,IET,1ET
WRITF (7,SOICON S3,M8,K21
WRITE !? , 51) CONS1,C ONS 1, IPOAM, (P DAM , [P041, IPDAM, IPOAM
WRITE ! 7, 52 )CONS1,K22, IPOAM, 1 (2 2, 1(1W ,IiOO , NSIJ , I PDAM
WR ITE(7,531N5D,CONS8,NGU,KK 1J,PSD,NCC
WR ITE (7,55)NGU,KKU,BNC 
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WRITE ! 7, 56 INCIL,NLC ,NSU,M8 ,K2 i,NGU ,KKU , 148, KKU, NGU
WRITE ( 7,57 ICONSI , KK IJ
WRITE ( 7,58)NSO ,NSU, NSD,NSU,NLC
WRITE (7,59)NGU,KKU,NGU,KKU,NGU,KKIJ ,K1,K2,NCIL,NSU
wRITE !7,60) CQNSL,NV
WR ITE (7,61)NCII,NCBL,NSU,NCIL,NLC,MSU,RNC ,NBW,BNC ,NLC
WR ITE (7,b2)I~8,K21,NTE,NLC,NCE,NLC,CONS4,NSE,NLC,CONS3
WR ITE ! 7, 63 1 CON S1,N V, NUS, NPH , N 8, 1(21 ,K3
W RI TE (7  , 64) 1106, NSU , NPH, MPH ,K 4, NV, NV

ITE ( 7, 6 5) K5, 1(66, 1(5 ,K7, BNC , KS, NCII, MJ3, NSU
WRITE (7,66)K1O,K9,$(11,K12,K118,K12,KII,K26
WRITE! 7,67 )CONS1 ,K13,M8, NSU, NCBL,NSU
WRITE! 7,85)
W R I T E !  7,98)
WR ITE (7,81)
WRITE ! 7,82)
WRZTE (7,83 ) -

WRITE! 7,84)
WRITE !?, 53 )P45D,CONSB ,NGU ,KKU, FsSD,NCC
WRITE !7,58)NSD,N SU, NSD,NSU,NLC
WRITF (7,61)NCIL,NCBI,MSU,NCIL,NLC ,MSU,BMC,MBW,BNC,NLC

~vRITE(7,62)M8,K21,NTE,NLC,NC E ,NLC,Ct3N54,NSE,NLC,CON53
WRITE! 7,63 ICON Si, NV, NUS, NPH ,M 8, 1(21,1(3
WR (TEd 7, 64) 1106, NSU , NPH, NPH,K 4, NV, NV
WR ITE (7,65)K5,K66,K5,K7,BNC,K9,NCII,NtJ3,NSU
WRITE! 7,661K10, K9 ,K11 ,K12, K I1e ,K12 ,KL1 ,K2 6
W RITE ( 7,67)COMSI,Kt 3,M 8,NSU ,NCBL,NSU
baR (TEl 7, 85)
WRCTE(7,99) 

-

WRITE (7 ,81)
W RIT E ! 7,82 )
WRITE!?, 83)
WRITE!? ,841
WR 1TE (7,43)NSU,KKU,KKU,N5U,NSL.,N5tJ,KKU
wRITE (7,44)CON SL,NSIJ,NSU,NSU,NSU,NSU,KKIJ,KKU
WRITE ! 7,45) CON 59,CONSS,CONS9, CONS9 ,CONS9 ,CCNS9, CONS9,CONS9, K20,CON
1S9
WRITE! 7 ,46 )CONSI ,CONS9,CONS9
WRITE ! ?,47)NGU ,KKU , M8,k2I,NGLI,KKU, 1102
WRITE !7,48)CONSI,1103,I104,IET,M8,K21,M8,K21,M8
W R ITE( 7, 49)CON S2,K21 ,NGU,KKU ,~~8,K21 , 1105, LET, lET
WRITE! 7,50)CON S3,M8,K21
WRITE(7,53)NSD,CONS8,NGU,KKU,PSD,NCC
WRITE I7 ,56)P4CIL,NLC,NSU,M8,K21,NGIJ,KKU,M8,KI (IJ,NGU
WRITE! 7, 57 )CON SI, K K U
W RITE ! 7,58)NSD ,NSU,NSD ,NSU,NLC
WR ITE! 7,59INGU ,KKU, NGU, KKU ,NGU ,KKU ,Ki,K2 ,NCIL ,NSU
WRIT E !7 ,aO ) CO Pa SI,NV
W R ITE (7 ,61)NCIL ,NCBL ,NSU ,NCIL,NLC ,NSU,BNC ,N8W ,BNC ,NLC
W RI TE!7, 62 )M8,K21 ,NTE,MLC ,NC E ,NLC,CONS4,NSE ,NLC,CONS3
WRITE! 7,63)COMSI,NV ,NUS,NPH, M8,K21,K3
WR IT(!7,64)I1O6,N5U ,NPII,NPH,K4,NV,IW
W R ITE!7 ,65 )K5 ,K66,K5,K7,BNC ,KS, N C II ,NU3,NS U
WRITE (7,6 6)K10,K9 ,K11 ,K12,K 11 8 ,K12 ,K11,K26
WR IT ((7,67)CONS I,K13,M 8,NSU,NC I3L,N SU
W R ITE( 7 ,68)NGG ,NSD

5, •u1 I~3ALITY rL~~~ 
-
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WR ITE (7,82 1
wKITE!7 ,83)
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( WRLTEI7,59 )NGU,KKU,NGU,KKU,NGI- ,KKI I ,K1,K2 ,NCIL,NSU
WRITE!7,60) CONSI,NV
WRITE! 7,62)M8,K21,NTE,NLC ,NC E ,NLC ,CONS4,NSE,NIC,CONS3
WRITE ! 7, 63 ICON 51,N V, NUS, NP!-! ,M 8, 1(21 ,K3
WRITE (7,64)I106,NSuJ,NPH ,NPH,K4,NV,NV
WRITE (?,66)K10,K9,KIi,K12,K118,K12,Kil,K26
WRITE ! 7,67 ICON Si ,K1 3,148, NSU,NCB L ,NSU
WRITE! 7, 85)
WR I TEl 7,301)
W R I T E !  7,81)
WRITE! 7,82)
W R IT E ! 7 , 8 3 )
WRITE (7,62)N8,K21,NTE,NLC,NCE,NLC,CONS4,NSE,NLC,CONS3
WRITE! 7, 63 )CON Si ,N V, NUS, NPH , N 8, (21 .1(3
WRITE!7,66)1106,NSU ,NPH,NPI-4,K-4,NV ,NV
wRITE (7,66)K10 ,X9,KIl,K12, K118,K12,K11,K26
WR ITE (7,67ICONSI, K13,M8,NSU,NCBL,NSU
WRITE! 7,85)
WRITE! 7,302)
WRITE! 7,81)
WRITE ( 7,82)
WRITE ! 7,83)
WR (TEI7,59)NGU,KKU,NGU,KKU,NGL,KKU ,K1,K2,NCIL,NS1J
WRITE! 7,60) CONS i,NV
WRITE (7,62)MB,K21,NTE,NLC,NCE,NIC,CONS4,NSE,NLC ,CONS3
b1RITE (7,63)CONSI,NV ,NUS,NPH,M 8,K21,K3
WRiTE! 7, 64) 1106 ,NSU ,NPH, NPH , (-4, NV, NV
WRITE (7,65)K5,K66,K5,K7,BNC,KS,NCII,N1J3,NSIJ
WR ITE !7,661K10,K9,K11,K12,K118,K12,KL1,K26
WRITE !7,67)CONSI,K13,M8,NSU,NCBL,N5 (J
b~RITE (7,85)
WR ITE !7,303)
W R ITE! 7,81)
WR IT E( 7, bflM8, 1(21, NTE, NLC, NCE ,NLC, CONS4 , NSE ,NLC ,CONS3
WRITE ! 7,63)COMSI,PIV,NUS,NPH,M8,K21,K3
WRITE (7,66)KI0,K9,K1l,K12,K118,K12,Kli,K26
W R ITEI 7 ,67)CONS1,Xi3,M8,NS’J,NCF~L,NSU
WR 1TE (7,85)
WRITE! 7,304)
WRiTE ! 7,81)
WRITE 17,82)
WRITE! 7,83)
WRITE! 7,84)
WRITE !7,43)NSU,KKU,K KU,NSU,NSL,N5(J,KKIJ
wRITE! 7,44 ICON SI, NSU, NSU ,NSU ,NSU ,NSU ,KKU, (KU
WRITE (?,59)NGU,KKU,NGU,KKU,NGLJ,KKU ,Kl,K2,NCIL,NSU
baRITE (7,60)CONSI,MV S

WR ITE !7,611)NCIL,NCBL,NSU,NCIL,NLC ,NSU,BNC,N8W,BNC ,NLC
a WRLTE (7,72)K5,K66,K5,K7,BNC,KS,NCII,N!J3

WRITE! 7,73)CON SI,NSU
WPITE !7,6661K10,K9,KiI,K12,K118,K 12,K11,K2 f,
W RIT E !7 ,677) CONSI ,K1 3 ,M8 , NSU ,PIC BL, NSU
WRITE !?, 74)NCC ,COP1S2 ,NCC,C1)NS2,COMS2 ,CUNSI ,CCNS1, 5MM
WRITE! 7,75)CONS2,CONS2,CONS2,CONS2,C0N52,CCNS2
WRITE !7,851
WRITE ! 7, 306)
WR ITE (7,811
wRITF (7,761K5, x66, 5,K7 ,BNC,Kq,NcIC,N!J3
WR ITE! 7, 77 ICON S1,N SU
W R IT F! 7, 78) NCC ,CONS2 , NCC ,c0NS 2, CONS2 ,CONS1, CONS 1, SNN
WRITE ! 7,79)CON S2,CONS2,CONS2,CONS2,CIJMS2,CIJNS2
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S 
WR IIE (7,85)

FORMAT PUNCHING STATEMENTS

81 FOR NAT (6X , ’ IMPLICIT REAL *8 ( A — H ,O — Z 1 ’ )
82 FORMAT (6X, ’INTE&ER SIZE,BNC,SN’)
40 FORM AT (6X,’OIMENSION PB! ‘,13, ‘,‘,LZ , ‘),AI PI’ ,13,’ ,‘,12,’ ),DBIN (’,I

13, ’, ‘,12, ’ 1,001’ , 13, ‘ ) ,FACC ( ‘ .12, ’ ),FB(’ I
41 FO RMAT (5X , I I , 13 , ’ ) , B ET A ( ’,12, ’I,CL(’ ,12, ’ I,NZ (’ ,13, ’,’,12, ’1,LINL G

1(’,12 , ’,’,12, ’),NJL !’ ,12, ’),NVV I’ ,I2,’),NEGV (’)
42 FORMA T !SX , (1,12, ’)’)

83 FOKMAT (6X , ’COMMON STEP ,BNC ,SN,NBW ,SIZE ,NLC,NSU ’ )
84 FORMA T !6X , ’COM M OM /V 1/N1,NC I ,NW K,NGK ,MA ,NUL ,NU 2,NU 3 ,ML ,NB,NJK ,NC , IdI

21,IS Q,IQ I’ I
43 FORMA T (6X ,’COMMO N/V 2/NL C (’,[2,’),Nw( ’,12 , ’ ),NG! ’,I2 , ’),NBW I(’ ,12, ’

1I,NBW2 (’,[2,’),NBW3 (’,12,’),NM!’,I2,’),’I
44 FO RMAT (5X, I i , ’NBJ(’ ,[2 , ’J , NJ ( ’ ,I2, ’J ,NCB!’ ,(2, ’ ) ,NEW ( ’ ,12, ’J , IQS! ’

1,12, ’) ,  NEB( • .12, ’), MEF( ‘.12,’ 1’)
45 FOR MAT I6X , ’COMMON/P1/B 1l’ ,12, ’,’,12, ’ ) ,B 2( ’ ,12, ’,’,12, ’) ,B3 !’ ,12, ’

1, ‘, (2,1 ),ESF!’ ,12, ‘, ‘, 12, ’ ) ,NA ! ‘ , 14,’) ,NII!’ .12 )
46 FORMAT !5X,Ii,’),NJ1(’,12,’),NJ2(’,12,’)’)
47 FORMAT (6X,’COM PQN/P2/XNU (J(’,I3,•,’,12,’),ELL (’,13,’,’,12,’),RUI’,I

13, ‘, ‘, 12,’ ), STRESS! ‘ , 14, ‘1 , TC SM! ‘I
48 FORMAT (SX,L1,j4, ’),TRCSSP (’,14,’),XCOST (’,12.’1,ICSS (’,14,’,’,12,’

I), ISAC ( ‘, 14, ‘, ‘, 12,’ 1, INDC (’, 14
49 FORMAT !5X,[1,’,’,I2,’),IGRT (’,13,’,’,12,’),IGRE (’,14,’,’,12,’),NNO

id ‘,15 ,’ ),LLN( ‘.12, ’), 1TY ( ‘,[2,’), 1CSSM( • I
50 FORMAT! SX, 11,14, ’ ,‘,12, ’ I’)
51 F ORM AT (6X ,’CQM MUN/P3/EVECI’.13,’,’,12,’),RRF(’,12,’),ROLIM(’,12,’1

I,RSL ( ‘,12,’) ,R SU( ‘.12,’) ,RLOAD ( ‘,12,’)’)
52 FflRMAT (5X,Il,’,RE0UC (’,13,’I, ?~OOF (’,I2,’),NDM(’,l3,’),NBDAM !’,I2,’1,’, 12, ‘ ),KIIDAN( ‘, 12, ‘ ,‘ .12, ’ I’)
53 FORMAT (6x, ’COI4MOM/p4/IIIF!’,13,’,’,12,’),NGV (’,I3,’,’,12 ,’),1t40(’,1

13, ’ ),N~)ISP! ‘.13, ’) ’  I
54 FORMA T (6X, ’CQMM Qr4/P5/yK ! ’,13 , ’),YM (’,(3,’J,SK (’,13, ’),5M (’,13, ’),E

JY ! ‘.13, ’) ,SG! ’ ,13, ‘ I ’)
55 FORMA T(6x , ’COMM ON /Rt /BL (’,13 , ’,’,12, ’),DLIB( ’,13, ’)’)
56 FORMA T !6x, ’COMMON/R2 /p I (’,I2, ’,’,12, ’,’,12 , ’),RR( ’,14, ’,’,[2,’1,E (

1 ,13 , ’ , ‘.12, ’) ,MN ( ‘,14,’,’, 12,’ 1,PIOM I ‘.13, ‘, • I
57 FORMA T !5x ,I1,12, ’)’)
58 FORMA T (6x,’CIJMMQN /R4/IIL !’,(3,’,’,12,’),KLC !’,13, ’),IOK (’ ,12,’),NO

1(’,12, ’ )‘ I
59 FORMAT (6X,’COMMOPIIR5/8(’,13,’,’,12,’hSL!’ ,13, ,’,12,’),SUI ’,13,’,

1’ ,12, ’ I ,DPB( ‘ , (3, ‘,‘,13,’ 1,01 IN! ‘.12,’,’, 12, ’)’ I
60 FO RMATI 5x,  11,’ ,SS( ’ ,13, ’ ) ’ )
61 FO RMAT !6x , ’COMM0NIAI/Q! ’ ,12, ’,’,I3,’,’,I2, ’) ,Z I( ’ ,12, ’,’,12,’,’,12

~~~,1)  ,C( • , L3,~ .1 ,13,a I, ZB( •, 13, ’,’, 12, ’)~~
)

611 FO RMAT !6X, ’CQMNON/4 1/G(’ ,12, ’,’ ,I3, ’,’,12, ’),lJ !’ ,12, ’,’,12, ’,’,12
1,’) ,Cl’ , 13, ‘,‘ , 13, ’ ) ,ZB( ‘, 13, ‘, ‘, 12, ’ I’)

62 FOR MAT !6X , ’COM NON/A3 IBR ’,14, ’,’,12, ’ ) ,TR SF! ’ ,14, ’,’,I2, ’) ,CST F!’ ,
112, p I 12, , , 12. • ) , SSPF( I , 12, ’, , 12,1 , I , 12,’I, • J

63 FO RMAT (5X ,1 i , ’Z ! ’ ,I3, ’,’,12, ’ ),DZE ( ’ ,13, ’) ,MP(’ ,14, ’,’, 12,’ ),NDI’ ,
115, ’) ’)

64 FOR MAT 46 X , ’COM MON/#4/x ! ’ ,14, ’ ,’,I2, ’) ,DLP( ’,13, ’) ,DL PH( ’,13, ’) ,T (’
I,I4,’ ) ,W N( ’ ,13, ’ ) ,ROl’ ,13, ’ ) ’ 1

65 FO RMAT (6X , ’COM MON/A5/ 0 ( ’ ,13, ’ ,’ ,I3, ’ l,QSI’ ,13, ’,’,13, ’) ,A2 ! ,13, ’,
1’ ,13, ’ 1.01(11’, 12, ’.’, 12, ’) ,Kl IIJBW( ‘,I2, ’) ’

66 FOR MAT (6X , ’CO MMQN/46/ O PZ (’ ,13,’ ,’,I3, ’ ) , ZZ ( ’ ,I3,’,’,12, ’) ,BE( ’ ,I4,
11,1,12, 1) ,W ( I , 13, ’ I ,H! ‘ , 14, ’ ) ,VV! ‘ I

666 fQRM AT (6~ ,’COM~ ON/A6/Dpl !’ ,I3,’, ,I3, ’ ) , Z Z l’ ,I3, ’,’,I2, ’) ,8El’ ,I4,
1’ .’, ( 2. ‘1, Fl’ , 13,1) ,Hl ‘.14, ’ I ,VV ( ‘ I
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6? FOR MAT ! 5X , 11 ,14, ’ I ,Y ( ‘,I4, ’, ‘ ,12 , ’ I, NZC ( ‘, 13, ’, , I 2, • )‘ I
~., 1? FORMAT! 5X, 11,14, ’) ,A 1’ ,14,’, ~ ,1 2,’ I,N1CI ‘ , 13, ’, ‘ , 12, ’ I’ I
68 FORMAT (6X,’COMMON/A7/OPXI’,13, , ‘,13, ’)’3
69 FORMA T (6x , I COMM ON /C 1 /X E IG !a ,13 , I ,s ,12, • ) ,YXE IG( I ,I 3, .,,,12 , a ), wS( .

1 ,12, ’), DM( ‘,13 , ’,’, 13, ’), [ET( ‘.12, ’)’)
70 FORMA T !5X , ’S/C 3/ QQK (’,12, ’,’ ,12, ’),QQM (’, 12, ’,’,12, ’),QA I ’ ,12 , ’,’

1,12, ’)’)
71 FORMAT ( 6X, ’COMMON /C 1/XELG ! ’,I3, ’,’,12, ’),vX (IG!’,13 , ’,’,I2, ’),wS (’

1,12,’), DM 1 ‘.13,’,’, 13, ’ ) ,Z ETA ! ’  , 12, ’ )‘
72 FORMAT !6X , ’COM MON /A5/XC I(’ ,13 , ,’,13, ’),4144S2!’,13, ’,’,13, ’),XM!’ ,

113,’ ,‘ , 13,’ ),Dl~I(’, 12, ‘, ‘, 12, ‘1,1(1 IUB’J
73 FORMAT (5X,II, ’W!’,12,’)’)
74 FORNAT!6X, ’COMMON/Ci /X(’,13, ’,’,12,’),Y(’,13,’,’,12,’),W! ,12,’),D

114 ! ‘.13, ’,’, 13, ’), IETA ( ‘.12, ’) ‘I
75 FORMAT (5X, ’$/C 3/ QQK !’,12,’,’,12,’ ),00M!’,I2, ’, ,I2,’),Q!’,12,’,’,

112, ’)’)
76 FORMAT !6X, ’COMMON /A5/XCL (’ ,13 ,’,’,13, ’ ) ,AMAS2 !’ ,13, ’,’, 13, ’ ),ZM!’,

113, ’,’ , (3, ’ ),OKI (’ ,12, ’, ‘ , 12, • I, .~ [uj~~’
77 FORMAT (5X, I1,’W (’ ,I2,’ )‘ I
78 FOPMAT (6X,’COMMON/C1/Z (’,1 3,’,’.12,’),Y(’,13,’,’,I2,’),W(’,12, ’1,D

iN!’ ,I3, ’,’,13, ’ I, IE TA( ‘ , 12, a ) I
79 FORMAT (SX , ’S/C 3/ XK( ’ ,I2, ’,’,12 ,’),XM( ’,I2 ,’,’, 12, ’ ),P(’,12 , ’,’,12

1, ‘ I’ I
171 FORM A T (6X, COM ~ ON/C4/ETC (a ,14,h 1 , TE 1 (I ,12 , 1 ),TE!1 ,I2 , 1 a )
85 FORMAT (6X, I*** *********ts*************~ a*** * *****s* *** * * *sss* * * * *s  I
86 FORMAT(6X, ’$$$$$ MAIN’ )
87 F 0RMAT (6x, ’$$sls VARI ’ )
88 FORMAT (6X, ’$S$$$ ELESTF ’1
89 FORNAT(6X , ’$$S$S ST IFFM ’)
90 FORMAT!6X, ’$$$St RECALL’ )
91 F O RM A T ( 6 X , ’SS$S$ OECUPP’)

92 FORMA T( 6X, ’$$$$S SOLDUP ’ )
94 FORMAT(6 X, ’$S$~~$ M KYS ’ )
95 FORMAT IoX , ’$cScS DEFRE Q ’I
96 FORM 4T (6X , ’$$$$~ ZBZ IEF’ )
97 FORMAT (6X , ’$$S$$ CONST ’I
98 FO RNAT !6X, ’S$1S~ A B S MA X ’ )
99 FORMAT (6X , ’$$$$$ GENC ’)
300 FORMAT (6X , ’$S5$$ DELBE’ )
301 F O RMAT !6X ,’$$$$$ DESVV’)
302 FORM A T (6X, ’$$$$S SOD ’)
303 FORMAT (6X, ’$$$~~S SOLVEL’ )
304 FORNAT !6X,’S$$$$ SLJBSP’)
306 FORMAT!6X, ’$$S$$ JACOBI’

IDIMZBNC*NLC +NGU*KKU+IIIM*CONS2+NV-1IET+ILIM+1108+IETfMBJL*NSUI-LINK
i* C O N S 2I NL J+ IE T  *IP D AM

1V2x 9*NSU+5*KKU -

1P1z4*8143*9+K20
1P2*3*NGU*KKU’~M8*1 (2i+IIO2+1103+1104+IETf5*M8*K2i+II05+2*IET
1P3~~1,6*I P0AM+2*K22+KKU* I100+P~SU*IPDAM
1P4*NSO*8+NGU*KKU4NSD+NCC
1P5= 6
IR 1 .NGU*KKU +BNC
1R2.NCIL*NLC*N SU+M8*K21* 1+2*NCU*KKU+N8*KKU
1R4~~NSDSNSU +NSD+NSlJ+NLC
~R 5~ 3*NGU*K(U~~~1*K2 iNC 1L*NSU +IW
LA 1aNClL *NC8L *NSU.NCf L*NLC*N SU +8NC *N8W-I~8NC*NLC
1A3a2*M8*K21 +NTF*NIC*1+4*NCE*ILC+NSE*NLC*3,NV*NUS-IsNPH+K 3
IA 4aI106*NSU+?*NPH+K4+2*NV

IA 6.K10*K9+K11*K12,K118*K124.K11+K26,K134M8*NSU4NCBI*NSU
6/
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1A7=NGG*NS (~
IC I=2* NCC*2+3+SNN
1C3= 12
1C4= 1ETC +2’ IPOAM
MEMO= IDIN I-1V2 +1P1+IP2+1P3$1P4+IP5+IRI 1R2+ [R4$IR51-IAiI .1A3 ..IA4iIAS .

11A6+IA 7+ IC I+ 1C 3 +1C4
WRITE!6,33)MENO

33 FORMAT(6X ,’TOTAL MEMORIES USEC ‘,t6)
WRITE (6,200)

200 FORMAT (LOX, ’SUCESSFUL RUN’ )
S TO P
END

//GO.SYSIN Of)
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LIST OF SYMBOLS

B a subscript used to indicate quantities assiciated with boun-
dary coordinates

b a vector of design variables

bL lower bound on b

bU upper bound on b

c(a) a matrix defined in Equation 2.4-11

a matrix defined in Equation 2.4—12

c~~-~ a matrix defined in Equation 2.4—4

D total number of design variables -

d superscript for design variabel constraint

total number of damage condition

e superscript for eigenvalue constraint

FB a vector of effective boundary forces for the entire structure

f natural frequency (Hz) -

G(a) a matrix defined in Equation 2.4—18 -

H a matrix defined in Equation 2.5—12

I a subscript used to indicate quantities associated with inter-

ior coordinate

Ii moment of inertia of the jth member -

3 cost function defined by Equation 2.3—12

K(b) stiffness matrix for the entire structure; (N x N) -

KB boundary stiffness matrix for the entire structure; (n x n)

KBB , I(BI\ submatrices of K( b)
KIBP K11J

-

L total number of substructures

length or surface area of the jth member in the jth group

equivalent length of the ~th member

M(b) mass matrix for the entire structure; (N x N)

m total number of interior degrees of freedom 
- 

S

m (r) number of interior degrees of freedom for the rth substructure

N total number of degrees of freedom 
- 

- - 

-
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n total number of boundary degrees of freedom

n(r) number of boundary degrees of freedom for the rth substructure

~ (r) 
a vector of member forces for the rth substructure

r superscript for rth substructure

r cost function reduction ratio, needed in calculating the step

size

S(b) a vector of externally applied loads

SB a subvector of S associated with the boundary degrees of free—

dom -

- 
a subvector of S associated with the interior degrees of free-

dom -

s superscript for superscript for stress and displacement con-

straints

W weighting matrix -

coefficient of weighting matrix associated with jth design

variable -

multiplier associated with W

x1, x2 , x3 cartesian coordinates

y~~~ eigenvector associated with Equation 2.2—16 
-

z~~~ - a vector of nodal displacements for the entire structure

a vector of allowable nodal displacements for the entire

structure
a vector of boundary displacements for the entire structure

- ~~~~~~~~~ a vector of interior displacements for the entire structure - 
- 

: 
-

6b a vector of small changes of design variable b

óz~~~ a vector of small changes in the vector z1
(ci) -SZB - 

a vector of small changes in the vector

6b 1, ôb2 - defined in Equations 2.5—9 and 2.5—10

ci a superscript used to denote a damage condition

positive constant used to calculate the moment of inertia

~(r) a Boolean transformation matrix for the rth substructure

an allowable stress

- 
- 184
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calculated stress

material density of members of the ith group
Lagrange multiplier vector

2 components of ji

ii step size used in Equation 2.5—8

eigenvalues associated with Equation 2.2—16

~,s(ci) ~ d 
vector constraint functions used in Equation 2.5—6

scalar frequency constraint function used in Equation 2.5—6

A i:, XE adjoint matrices obtained from Equation 2.4—28

~~~~~ ~
J(ct)

I ‘ B adjoint matrices obtained from Equations 2.4—28, 2.4—29,

s(ci) 
~
s(a 2.4—24 and 2.4—25

A
B ‘ I

~~ 
~~~(ci) 

matrices whose columns represent sensitivity vectors defined

A
d ~~ (a) j  in Equations 2.4—27, 2.4—33 , 2.4—21 and 2.4—19 .

ABBREV IATION S

CST constant strain triangular elements

NLC number of loading conditions

FSODPS fail—safe design problem with substructuring

SSP symmetric shear panel
SPSP symmetric pure shear panel

TP(r) number of element types In the r~
1
~ substrt~cture

SOS structural optimization with substruct-ures

DOF degrees of freedom
DIMCO Dimension Computer

185
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