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CHAPTER 1
INTRODUCTION
1.1. Purpose and Scope of Study

This report presents a systematic design approach that accounts for pro-
jected structural damage that may be inflicted during the life of a structure.
This is called "fail-safe structural design."

Definition 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 specified 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 satisfies 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 its construction.

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 effi-
cient. This allows the designer to consider a large number of damage condi-
tions that may occur in large practical siructures, 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
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without substructuring, 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
substructuring concept is first presented. The method is then applied to
aircraft structures, such as a truss representation of the helicopter tail
boom that was previously optimized by a similar method without substructuring.
Optimum designs without substructuring that are obtained by using the compu-
ter code of Ref. 1 are given in Appendix A. Results obtained with the sub-
structuring formulation are then compared with the previous results.
The optimal design algorithm takes into account 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 design value and
if required, can be kept fixed throughout or for a few iterations of the
optimization process

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

1.2. 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
related to optimal design of fail-safe 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
substructuring 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




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 displacements, 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 develgped 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 algorithm, so they

are summarized here.

2.2. Structural Analysis by Substructuring

2.2.1. Static Analysis
The equilibrium equation (state equation) in terms of displacements,

for a given damaged condition a, is given as [4]:

k(@ py () o (N y) §2.2-1)

where

K(a)(b)

NxN structural stiffness matrix

S(u)(b) = vector of N effective nodal loads on the structure

z(a)

state variable vector of N nodal displacements

Q
]

a superscript used to represent a damaged condition;

for convenience o=0 represents the undamaged struc-

ture.

number of degrees of freedom of the structure

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:




Kég) (?)_ zéaj‘ Séa)
= (2.2-1)
Kig) K;?) | \.z;a) Sia)
where =

B,I = subscripts refering to boundary and interior quan-
tities for all substructures

zéa)eRn = a vector of boundary displacements for the entire
structure

n = boundary degrees of freedom for the entire struc-
ture

zia)eRm = a vector of interior displacements for the entire
structure

m = interior degrees of freedom for the entire struc-
ture

Kgh > K31 @

= gsubmatrices of K (b)
(@ (@)
IB > LI

g (@)

B = a vector of externally applied loads associated
with the boundary degrees of freedom

S;a) = a vector of externally applied loads associated
with the interior degrees of freedom

(a) (a)

Submatrices such ad B Ké%), SB , have compatible dimensions and will be

understood to be functions of the design variable vector b.

()
I

The interior displacements z are first eliminated from Equation 2.2-2

and the following reduced equation is obtained

Ké“)zé“) = Fé"‘) (2.2-3)

where

(a) _ p(a) (a),(a)

Kg Kea + Kgs @ (2.2-4)
T
(@) _ o(a) (a) .(a)
Py =857 ¥4 sI“ (2.2-5)
-1
) o (a) (a)
Q = [KII] KIB (2.2-6)
8




Here, Kéa) is a boundary stiffness matrix for the entire structure and Fé“) R"
is the vector of effective boundary forces. Efficient numerical procedures

(a)
IT
The boundary stiffness K

and then to solve for Q(a)(mxn) in Equation 2.2-6.
(o) (o)

B and the effective boundary force vector FB

are used to decompose K

are synthesized by considering contributions from all substructures. For this
purpose, the equilibrium equation for a substructure, which is considered as

an isolated free-body, is also expressed in the partitioned form

(r ) K(r,a) z(r,a) S(r,a)
KeB B
= @297
(r a) (r a) z(r,a) S(r,a)
KiB Ee1 1 i

where the superscript r refers to the rth substructure and subscripts B and I

(r,a)

refer to boundary and interior quantities. The vector S represcnts loads

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
t

coordinates of the r = substructure, respectively. It may be noted that

L
m =) m(r)
r=1
where L is the total number of substructures. Dimensions of various matrices

" K;; ) i Gt ded), B (r Y g tmteYede)), K (r S 3% el se V)

(r,a) m(r).

, and 27 and S From the second line of

(r o) . [ (r, a] [ (r,a) Ki;’“) zér,a)] (2.2-8)

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

N (r,0)

Equation 2.2-7,

obtains:
L Kér,a) zér,a) 3 Fér.a) (2.2-9)
where
(r - KBB’J) + Ké;.a) Q(r,a) (2.2-10)
L (r a) s(r,a) o Q(r,a) (r,a) £2.3-13)
(r,a) [ (r, a)] (r a) (2.2-12)

O e e e e o e — ——
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The (n(r) x n(r)) boundary stiffness matrix Kér,a) and the (n(r) x 1) effec-
tive boundary force vector Fgr’“) for each substructure are computed from
Equations 2.2-10 and 2.2-11, respectively. Finally, KB and FB are assembled

according to the equations

-

15
Kéa) _ B(r)TKgr,a)B(r) (2.2-13)
r=1
(15 S = MU ) L Ly ‘
B w8 ) B e (2.2-14)
r=1
where B(r) is a Boolean transformation matrix of dimension (n(r) x n).

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

digplacements zéa) 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

P(r,a) - g (r,0 (2.2-15)

where p(r’a) (r!a)

iS a vector Of member fQ‘E(‘_eS,K
r,a
Z( ’ )

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(a)(b) and z(a) in Equation 2.2-1 as matrices whose jth columns repre-
sent quantities associated with the jth loading condition.

2.,2.2 Frequency Analysis

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

eigenvalue proglem

where
M(u)(b) = (NxN) structural mass matrix
(a)

y = an eigenvector'
C(a) = an eigenvalue :

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 [9,10] 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

i —— = -
.

R



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-
timum design algorithm, becuase they are not efficient.

A technique, based on minimization of the Rayleigh Quotient

L@@ (@

R(a)(y(a)) g -
y(a) M(a)y(a)

(2.2-17)

has been discussed and used successfully by researchers such as Fox and Ka-
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 obtain a solution 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 eigenvectors have been suggested
[12,13], 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 rapidly 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




~—

The method 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

Ko =MoQ (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:

(0)

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

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

Step 2. Compute Y(O)= MX(O), and solve for i(l)from
i = (@ (2.2-19)
Step 3. Compute Q(l) = Mi(l). Calculate the following(q x q)matrices
T o . e
=3P @ 5oz @ (2.2-20)

Step 4. Solve for all eigenvalues and eigenvectors of the reduced eigen-
value problem
Kos=MoQ (2.2-21)
where 3 is a (q x q) matrix of reduced eigenvectors and Q 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(D - ¥ ®, ¥ gD 5 (2.2-22)

Step 6. Check for convergence of eigenvalues. If all eigewnvalue changes
are within a specified tolerance, then stop the iterative process. Otherwise
return to Step 1 Vith X(O) = X(l) and Y(O) = Y(l). After convergence, the
first p columns of X(l) 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 can use the
substructuring procedure to solve for i(l) 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 that the two equations are similar,
so the substructuring approach used to solve Equation 2.2-1 can also be used
to solve Equation 2.2-19. Accordingly, matrices X(l)and Y(O) in Equation

2.2-19 are partitioned into boundary and interior parts as

1) = 5 (0 5
X 1) Y = Y(O) (2.2-23)

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

Xél) from the equation

Bxél) (0) QTY§°) (2.2-24)

where matrices KB and Q are defined in Equations 2.2-4 and 2.2-6, respectively.
(1)

The interior displacements X are computed, as before, substructure-wise.

th substructure

—r(l) (r) r(O) (r)-r(l)
(2.2-25)

where matrices K and Q are defined earlier in this section. Note that

For the r

the superscript o 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 (FSODPS)

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 47 WM, T | (2.3-1)

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

displacements
Ml sl S (2.3-2)
(a) _(a) (a) (a) ,(a) "
By Bz =8 =K g (2.3-3),
the eigenvalue problem
(@) @ @ (@ (@ (2.3-4)
13
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and satisfies the constraints

e 2P, e i
D %) <0 (2.3-6)
:
| ¢)e(ot) (C(a)) <0 (2.3-7)

forgq= 0,1,2,...,d. Here ng) and Kgl) 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, zé“), and zia). For example, the displacement constraint at boundary

(@) (@)
B ;i A

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

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

(@) ()
B I

depend on all the parameters b, z , and z . 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
b 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 (c_z L0 o = allowable lowest eigenvalue) which may be re-
d lated to the fundamental frequency of the structure (frequency f = g/ 2m
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 .




space formulation since it permits one to take advantage of the form of struc-
tural equations to carry out the design sensitivity analysis very efficiently
[15,16].

In order to show the advantage of the substructuring formulation 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 (r=1,2,3) 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-
(r,a)
II

and Q(r-a). Thus the substructuring formulation of the fail-safe optimal

structures that have no damaged members do not require calculation of K

structural 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 b 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

» C(a)) be a general function that may represent the

Let y (b, zéa), zfa)

cost function or any constraint function for the ath damage condition (@ = 0
% represents the undamaged structure). When the design is changed by a small
amount §b, the displacements zgf) and z{*) and the eigenvalue £ @) will also
change by small amounts Gzéa), nga), and GC(G) due to the well posed nature
of the structural analysis problem. Let §Z represent a first order change in
the function y. Taking b, zéa). z{“), and C(a) as independent variables, §y
1 is given as
e R L i e R o e S IR R D

@ 0B TR T W
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TABLE 2.1.

Without substructuring

Generate and decompose

K (72,21)

Generate and decompose

K (72,21)

COMPARISON OF CALCULATIONS
WITH AND WITHOUT SUBSTRUCTURING

With substructuring

For undamaged structure

Generate and decompose

Kéo)(36,12)

» Kp

(1,0)

I

» K11

(2,

each of dimension (12,12).

Generate from Equation 2.2-12

Q(l,O), Q(Z

,0)

Q

dimension (12,24)

For each damaged condition

17

(3,0),

Generate and decompose

k§* (36,12, ¥

Calculate Q

(2,0

(2

;I

» %) (12,

(12,24)

0) (3,0):
» Kip’
each of

12)

v
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where the derivatives

Ll ay 2y oY
zéq) Bz§a) a;(“)

are computed at the previously known values of b, zéa), z%a) and c(a). The

problem is now to express
3y (a) _ 3y (a) 3y (a)
—— 02 . 0z . 8¢
5z (@) B 5z () I 6c(°)
B I
in terms of &b, so that §y in Equation 2.4-1 is expressed as

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

3u(b, z(“) b), )

§b
b
First consider the term

oY (a)
= (a)
B

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

tity by premultiplying Equation 2.3-3 by the transpose of an adjoint variable
vector A( )(m X n):

[(a)] (a) (a) [(a)] [(a) (a) zéa)] (2.4-2)
(a)

Taking the first variation of this identy in b, zZp s and z§a), one rearranges

to obtain

T
(a) , () (a) (@) (@) (a) (o) (2.4-3)
[ ] [ = AI ] [C2 §b - IB <Sz ]

where symmetry of K has been used and the matrix C( o) is given as

2
o 5, (a) ( )
a) _ e s a) (a) o | a) (o
3 5 "% [IB %g ] 3b [Kn 3 =
If one now selects XIQ to satisfy the adjoint equation
T
g@ @) _
Ki1 I (a) (2.4-5)
I

then Equations 2.4-3 and 2.4-5 yield
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T
_oy (a) _ (o) (a) g(® (a) b
32(0‘) GzI = [)\I C2 §b - IB dzB (2.4-6)
1

Equation 2.4-6 may be substituted into Equation 2.4-1 to obtain

T
sy = [Bb + )\(Q) (“)] 8b +L—"’— Aia) Kg;-] azé“)
3

2@

To obtain an expression for the second term of Equation 2.4-7 in terms of
§b, define an identity by introducing another adjoint variable vector A(a) in

Equation 2.3-2 as follows:

T T
(a) (a) (o) _ (a) (o)
[AB ] il g [AB ] Te (2.4-8)

(a)

Taking the first variation of this identity in b and zp ', one obtains

T (a)
[(G) (u)] 5z (u) {( )] [ 3 {K(u) z(a)ﬂ b (2.4-9)
‘8 B

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

T T
() ,(a) (o) _ (a) (o) !
| Ag ] Sag ™ = 'AB l c'"’8b (2.4-10)

where

T
c(® _ Cia) + Q@ cé“) (2.4-11)
(@ 2 55° 2 [y @ (@) (o)
a o [0} (o 8 o
‘4 T'ﬁ [ 3 "3 ] 'ab[ ] Semte)
(a)

and Q is defined in Equation 2.2-6. Now, select A to be solution of the
adjoint equation

Kéa) (o) _ __xfa_) Ké(;) A (@) (2.4-13)

Then Equatidns 2.4-10 and 2.4-13 yield

T
r__w_ (a) D] @, ;@) o)
L= T Emi ‘g 6b (2.4-14)
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(@) _ (@

where KBI B has been used. Equation 2.4-14 is now substituted into Equa-

tion 2.4-7 to obtain

T T
il (a) " (o) (a) " (o) 3y (a)
Sy [Bb + )\I 02 + AB C b + gc(a) 9z
Now one must treat the expression

(2.4-15)

_Jﬂﬂ__gc(“)

5z (@)
The design sensitivity analysis of the eigenvalue C(a) 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(“)and

M(a) are symmetric, one obtains the following expression for 5C(a):

T
y(a) 2 [K(a)y(a) F ;(O‘)M(“)y(“)] &b
(a) _ ab (2.4-16)
§tg = T
y(a) M(ct)y(m)
Substituting this expression for Gc(a) in Equation 2.4-15, one obtains
(@
sy = G Sb (2.4-17)
where
(o 528 L el " A
6 s S0, AT 4B hat ¥ E (2.4-18)
and
LN OO I CO R COM ) (ai] T 2
e(0) _ 3b e : Y8 (2.4-19)
NOMMOREO!

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

(o) is the required design sensitivity vector.
2.4.2. Design Sensitivity Matrices for the FSODPS

an eigenvalue. The vector G

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
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T
§¢% = £ b - (2.4-20)
) T -d

5¢s = Ad §b 3 Ad i 9—% (2.4—21)
s T

§¢% = £ 6 (2.4-22)

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

violated constraints. Matrices A° and /F 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 sensitivity

vector. Similarly, the matrix i¥ stores sensitivity vectors obtained from

Equation 2.4-19 for violated frequency constraints for all damage conditions.
The matrix A° can be easily obtained by following the approach of the

previous section:

)"

T T
A LB ot ) glal yala) (2.4-23)
ab 2 T B
a=0,1,...d
Matrices Ai(a) and A;<u) are solutions of the following adjoint equations:
T
~s(a)
(@) ,s(a) _ 3¢°
KII XI = : @ (2.4-24)
z
T
~ T T
T -~
(@) s(@) _ 3ge(a) (@7 2% (2.4-25)
B ‘

= ———— + Q
B (a) (a)
BzI azI
a=0,1,...d
Similarly a first order change in the cost function is expressed as
T
s1= 1 éb (2.4-26)

where AJ is the design sensitivity vector for the cost function of Equation

2.3-1. This sensitivity vector is obtained from Equation 2.4-18 as

T T T

J _ 3J (2)",3(@) @) ,J(a) | J(a)

Iy 5 + 02 AI + C AB + A (2.4-27)
Here, the vector AJ(a) is obtaineq from Equation 2.4-19 by replacing-iy%;y

b o
by ail) . Adjoint vectors XJ(G) and AJ(a) are solutions of
ac a I B
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A < = ¥ e

T
(a) J(a) 2J
KII )\I = *‘-m (2.4-28)
0z
I
T
(@) ,J(a) _ 3J () _33
Ky Ay 9@ ks az§“) e
B

If the cost function represents weight of the structure, then J is a func-
T

3b
p» and & for the ath gamage condition (for example

tion of b only and AJ is simply given as . If the cost function depends on

other variables such as ZB’ z
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. Optimal Design Algorithm for the FSODPS

Restrictions are now placed on the linearized constraint functions. It
is required that the design change 5b be computed in such a manner that 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

£ &b <ag® (2.5-1)
T

A sb <ad? (2.5-2)

eT ~e

£ b < (2.5-3)

where Aés, A&d, A&e are desired corrections in constraint violations. 1If a
constraint ¢, <0 is e- active (that is, ¢, > -€), then A$i e, M
Constraints of Equations 2.5-1 to 2.5-3 have similar forms, so they can

be written in a compact form as

i sb < Ad

(2.5-4)
where
r= (F R ) (2.5-5)
T T | T
5% = | 25® »° A&e] (2.5-6)

The reduced problem of computing an optimum design change &b can now
be stated as follows: Find §b to minimize the cost function of Equations

2.4-26 subject to the constraint of Equation 2.5-4 and a step size constraint
de Wb <€2 (2.5-7)
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where W is a positive definite weighting matrix and £ is a small number. The
matrix W (usually diagonal) is used to assign weights to the various components
of §b 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]:

§b = =Sl ah (2.5-8)
§6t = W Y & wth (2.5-9)
T (2.5-10)
#lutin?] = (28wt 55 4§ (2.5-11)
Bw & WA {2,5-12}
=l /) u? (2.5-13)

where n > 0 is a step size to be chosen by the designer and py > 0 is a Lagrange
multiplier vector. The method of step size selection is the same as used in
References 1-3, 14; 17.

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

Step 1. At the jth design point b(j) and under oth damaged condition (if o >

r,C!)
B
substructure. Decompose each K%&*“) and cal-

d, go to Step 11), generate matrices K§§’“) and Ki for each substructure.

Note superscript r denotes rth
culate the matrix Q(r,a) from Equation 2.2-12 . Store decomposed part of the
matrix K%%*“) and the matrix Q(r’a) for later calculations. Calculate the
boundary stiffness matrix Kér) and the effective boundary load vector Fér)
from Equations 2.2-13 and 2.2-14, respectively. Decompose the matrix (r) and
store it for later use.

Step 2. Calculate boundary displacements zgr) from Equation 2.3-2 and inter-
ior displacements zgr,a) for each substructure from Equation 2.2-8.

Step 3. Calculate the lowest eigenvalue and the corresponding eigenvector
from Equation 2.2-16,

Step 4. Compute adjoint vectors

J(a) J(a)
AI ’ AB
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from Equations 2.4-28 to 2.4-29, respectively. Assemble the matrix pJ of Equa-
tion 2.4-27.

Step 5. Check the frequency constraint of Equation 2.3-7. If it is violated,
then compute ela) o Equation 2.4-19 and put A = —5?.
Step 6. Check constraints of Equations 2.3-5 and form the vector &5(“). Calcu-
late the sensitivity information

ag”ls(a) : a&s(a) ' 35S(a)

S OB O

Also, calculate A$s(a)_

s(r,a)

I for each substructure from Equation 2.4-24. Note

Step 7. Calculate A
K§§’a) and

a~s(u)
(r,a)
BzI
are completely uncoupled [3]. Also, calculate the matrix Az(a) from Equation
2.4-25.
Step 8. Calculate the matrices c{a) and C;il)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® of Equation 2.4-23.

Step 10. If a Z.E; 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 Ad of Equation 2.4-21. Also, compute A$d.

Step 12. Finally, assemble the matrix A and A& of Equations 2.5-5 and 2.5-6,
respectively.

Step 13. Compute ul and u2 from Equation 2.5-11. Choose a step size n and
compute the Lagrange multiplier vector u from Equation 2.5-13.

Step 14. Check the sign of each component of py. If any component of u is neg-
ative, remove corresponding rows from AT and A¢ and return to Step 13.

Step 15. Compute Gbl, 6b2, and §b from Equations 2.5-9, 2.5-10 and 2.5-8, re-
spectively. Let

pI*D) _ @) 4 g

L]

+1
S | ()
Step 16. If all constraints are satisfied and

T
|job]} = fent wantyt/?
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is sufficiently small [17], terminate the process.

1 with b(j+1) as the best available design, and set o

25

Otherwise, return to Step
= 0.
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CHAPTER 3
DISCUSSION OF THE METHOD AND COMPUTATIONAL CONSIDERATIONS
3.1. Introduction

The method for fail-safe optimal structural design with substructuring 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
€-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~
rithm 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 dimension 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" [3,14] is used

in order to eliminate redundent constraints. The ith constraint is

¢1 <0
where ¢i'is defined as
(i) for the ith stress constraint
() _ max . s(a) (@) (o),
21 a,4,k “*1gk (Pr 25 ¢ I )]

\

L3
(ii)  for displacement constraint of the ith degree of freedom and ath dam-

age condition
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Here
a=0,1,2,...,d
j=1,2,...,NMG
k= 1,2,00.,808
NMG

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 (&) are boundary displacements zéa)

, interior dis-
placements for each substructure z§r'“), and element stresses. Computation

of these response quantities requires generation of the boundary stiffness ma-
trix (a)’ interior stiffness matrices K%r’a), and matrices Q(r'“). 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 K§§’“) and

Q(r’a)

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

)

generation and decomposition of K%;’a and computation of Q(r'a) are not re-
quired. The remaining éomputations 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 Chapters2 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

TPgr) Ncgk) NM(i)

Jb) = § 0, zij b, (4.1-1)
r=1 k=1 i=1 j=1
where:
Py = material density of members in the ith group,
bi = cross-sectional area or thickness of members in the ith group,

%33 = length or surface area of the §th member in the ith group,
TR(r) = number of element types in the rth substructure,

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

NM(1)

number of members in the ith group.
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Since the cost function depends only on design variables, the vector /\J of
Equation 2.4-27 is simply %ﬁ; .

In the following presentation, the superscript o 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 satisfy 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

(6€) for a structural element in a general state of stress is given as

¢ fi 2 2 2
o '[-E{("u"’zz) + (0yy=043) + (039-0y,)

/2
+ 6(01§+02§+03§)}]1 (4.1-2)

where oij (i,j = 1,2,3) are stress components at the point of interest (xl,xz,x3)
in the domain @ of the element. For CST or SSP/SPSP elements, Equation 4.1-2

reduces to
2.1/2

c
12)

. S
o = (011+022-011 Gypt 30 (4.1-3)

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

ber is written as
-
Sl l . i
¢i —l oa l 1.0 < 0 (4.1-4)

where ci 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 o is chosen
as follows:
F (i) for members in tension, o2 = °a+’ where °a+ is an allowable tensile
- stress for the member
(ii) for members in compression, o2 = min(oa-, ob), where oa- > 0 and
ob > 0 are allowable compressive and critical buckling stresses
for the member, respectively.
The stresses ca+ and o2 are specified by the designer, whereas ob depends

on the Euler buckling load and is given as
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m EI
) (4.1-5)
i 12 b
ii
where E, Qi, bi’ and Ii are modulus of elasticity, length, cross-sectional

area, and moment of inertia of the ith member, respectively. In the present
work, it is assumed that the moment of inertia of a truss member can be ex-
pressed as

I, = a, b, (4.1-6)

where 51 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

b
o; = eibi (4.1-7)
where
N nzﬁlai
91 =T (4.1-8)
i

If the constraint of Equation 4.2-4 is violated, then

C
2% = - l"—a , - 1.0] (4.1-9)
o

-

The displacement constraint of Section 3.2 for a typical degree of

freedom is expressed as

z,
7z | ~L] -1.0 <0 (4.1-10)
h| z;

where z, and za are the calculated and allowable displacements, respectively.

j 3

If thig constraint is violated for a displacement component, then

z
8% = - —td -1.0 (4.1-11)
h z?
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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® is assembled at this stage.

The constraint of Equation 2.5-3 is imposed only on the lowest eigenvalue
of the structure (g = (2nf)2). Using the method presented in Section 2.2.2
the lowest eigenvalue ¢ and the associated eigenvector y are obtained. Thus,

the eigenvalue constraint is written as
$%(z) = 1.0 - ¢/gy <0 (4.1-12)

where ;0 is related to a resonant frequency of the structure. If this con-
straint is violated, then

- ; ~e
24% = - (1.0 - t/gy) and L WA % (4.1-13)

9T %o
Finally, the design variable constraint ¢d(b) of Equation 2.5-2 is con-

sidered. For a typical design variable it is expressed as

L U
b, <b, <by (4.1.14)

i
where bi and bg are the lower and:upper bounds on the ith 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

$(b) = 1.0 - X <0 (4.1-15)

el
e

and

(ii) Upper bound design variable constraint

b

¢‘il(b) = -1.0 <0 (4.1-16)

el
(=1 [N

If a constraint of Equation 4.1-15 is violated, then
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S b

A¢d e 110 = - (4.1-17)
i bL

i
and
& .
3B = [0,..., 0,-—1',0,...,0-' (4.1-18)
bi -

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
S0S4 (Structural Optimization by Substructures 4). A general flow diagram
for the program is given in Figuf; 4.1.

Computational aspects of multiple loading conditions, design variable
linking, the worst constraint violation concept, the e-active constraint con-
cept, and normalization of constraints have been incorporated in the program
[3,4,18,19]. 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 crder to obtain a reasonable starting design for the algorithm, a
stress-ratio design is made in the computer code. In this concept, member
areas for TRUSS elementsand 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 of the iterative process.
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READ INPUT DATA

i

COMPUTE MEMBER LENGTHS,
DIRECTION COSINES, AND
ELEMENT STIFFNESS MATRICES

ISa?E? bi s °

FOR EACH SUBSTRUCTURE COMPUTE
K%i’“). DECOMPOSE AND STORE IT.
ALS0, coMPUTE Q‘***) AND STORE IT.

.

COMPUTE THE BOUNDARY STIFFNESS
MATRIX K%“), AND EFFECTIVE FORCE
VECTOR F3* (BY SUMMING THE CONTRI-
BUTIONS FROM EACH SUBSTRUCTURE).

DECOMPOSE Kéa) AND STORE IT.

Figure 4.1. Flow Diagram for the Computer Program S0S4
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*

COMPUTE EIGENVALUE C(a) . CHECK

(a)

VIOLATION OF ¢ AND COMPUTE

SENSITIVITY INFORMATION

.

SOLVE FOR BOUNDARY DISPLACEMENTS

*
CHECK VIOLATIONS OF z;“) AND
< (o)
CoMPUTE 2% —
5 (a)
i

v

FOR EACH SUBSTRUCTURE, COMPUTE

INTERIOR DISPLACEMENTS z%r’a) AND

MEMBER FORCES p™*®), CHECK VIOL-
* *
ATIONS OF z§r’“) , Y

STRESS), AND BUCKLING* CONSTRAINTS.
ai(“) 35(“) 59 (®)
’ s AND —i———~.
ob (a) (r,a)
Kz, u) dzp 0z
COMPUTE AI *>>7, IF REQUIRED.

COMPUTE

Figure 4.1. (cont.) Flow Diagram for the Computer Program SOS4.
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COMPUTE MATRIX xé“), IF REQUIRED 1

COMPUTE MATRICES cé“) anp ¢,

ASSEMBLE THE MATRIX AS.

™o 10 E::]
A 1
B

I |

CHECK DESIGN VARIABLE CONSTRAINTS*. {

COMPUTE THE MATRIX Ad.

J[ | ]

COMPUTE THE VECTOR g—i_]) » CALCULATE

THE OPTIMUM DESIGN CHANGE b, AND

pyr 3D -

89) 4+ o,

l 1
IS CONVERGENCE YES @
CRITERION SATISFIED

NO

SET a = 0, AND

GO TO A

Figure 4.1. (cont.) Flow Diagram for the Computer Program SO0S4.
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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 n is calculated in the program based on a desired reduction
in the cost function when all constraints are satisfied [3,14]. Thus, if

r is a desired cost function reduction ratio, then the step size is given as
¢
n = EJ/(AJ AJ) (4.2-1)
The weighting coefficients Wi are calculated, as in Ref. 3, as

W =aaTJi‘7’1 (4.2-2)
where Gi is a weighting multiplier. It is noted here that selection of the
parameters T and Wi 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 ﬁi
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.l. 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 gog4:
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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. Finally, results for the tail-boom obtained with and without substructur-

ing are compared.
4.3.1 Open Truss Helicopter Tail-Boom

A complete description of the structure, such as member arrangement, global
coordinate axes, loading data, definition of 6 damage conditions and other de-
sign data are given in Appendix 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. Substructures 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 corres-
pond to boundary nodes 9-12, 5-12, and 1-8 in the overall numbering system,
respectively. Member connectivity is given in Table 4.1. Design variable
linking is used, as shown in Table 4.2.

In this example, a starting design of 1.0 1n2. for all members of the

structure is used. Optimum designs for two cases are obtained using the com-
puter program SO0S4. These are Cases 1 and V of Appendix A. For Case I, no
damage is considered and for Case V, six damage conditions are imposed. The

final designs, cost function, number of active constraints, ||6b1|| at optimum,
max imum ||5bl||, 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 Substructuring: 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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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 j|| Number | Node i |Node j Number , Node i | Node j
[ 1 7 U A 1 g 73 11 3
2 5 1 38 . v S R 74 9 1
3 6 2 39 10 2 75 10 .
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
f 11 7 4 47 11 4 83 11 4
L 12 8 3 48 12 3 84 12 3
, 13 3 1 49 3 1 85 3 1
j 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 1 54 4 1 90 4 1
l 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 b 64 8 10 100 8 10
29 11 8 65 7 12 101 7 12
30 12 2 66 8 11 102 8 11
31 5 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 10 107 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 Number Area, in2, Area, inz.
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 1 CASE V
Number Number Area, ine. Area, ine.
27 68,70 0.1835 0.0922
28 71,72 0.0415 0.0836
29 74,75 0.2322 0.2673
30 13,76, 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 | . 0.5%71
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 0.2031 | 0.1508
42 107,108 0.0415 | 0.1155
Weight in lbs. | 106.0 { 161.55
Average CPU/iter. {
in sec. 5.65 43.50
(IBM 370-158)
No. of Active Constr. 12 9
at opt. i :
[|6bl|] at opt. 4.37 6.9
1861 53.92 53.8
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TABLE 4.3. CRITICAL CONSTRAINTS AT OPTIMUM (OPEN TRUSS TAIL-BOOM)

CASE 1: Without damage

+ Displacement in the x, direction at nodes 1 and 3 of the

3rd gubstructure

- 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
- Frequency constraint under damage conditions 2 and 6

- Displacement in the Xy direction at node 1 of the 3Td

substructure under damage conditions 2,3,4 and 5

- Displacement in the x, direction at node 3 of the 3rd

substructure under damage conditions 2,3, and 5

* Max. violation is 0.09% at optimum
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; TABLE 4.4. COMPARISON OF RESULTS OBTAINED WITH AND WITHOUT SUBSTRUCTURING
| FOR OPEN TRUSS HELICOPTER TAIL-BOOM
)
;
P
CASE 1 CASE V
Optimum | CPU Time per Optimum| CPU Time per Computer Core
Weight | design iteration || Weight|design iteration| Requirements
Without
Sabstructuriig 105.6 4.0 161.1 26.7 280 K
YAEN . 106.0 5.65 161.7 | 43.5 276 K
Substructuring
t
2
b
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computer programs SO0S4 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 elementwise.
Thus, if the Subspace Iteration method takes approximately 5 cycles to converge
to the eigenvalue solution for a structure, then the mass matrix is computed

10 times in the program S0S4, as compared to only once in the program of Ref. 1.
When six damage conditions are imposed, the mass matrix is calculated 70 times
in the program S0S4, 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 S0S4.
However, for the two approaches, there 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 for a case of the open truss heli-
copter tail-boom with six damage conditions imposed. The program SO0S4 took
13.0 sec. per design iteration, whereas the program of Ref. 1 took 14.2 sec.
per design iteration. Thus, the program based on the substructuring formul-

ation is more efficient as compared to a program without substructuring form-
ulation.

4.3.2 Closed Helicopter Tail-Boom

In this example, th2 same helicopter tail-boom structure as discussed in
Section 4.3.1, is considered. The tail-boom is modeled as a closed structure
that is obtained by using a skin cover on the 108 member truss of Figure 2.1.
Design ca'a 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-
inum) 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, yield stress = 67 ksi, working stress = 40.2 ksi,
and the material weight density = 0.098 1bs/in3.
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TABLE 4.5. CST ELEMENT CONNECTIVITY FOR CLOSED HELICOPTER TATIL-BOOM
Member
Number Node i Node j 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 o
7 2 8 6 5
8 2 8 4 9
9 6 9 10 4
10 6 9 5 @
11 2 5 6 3
12 2 5 T
13 12 7 11
14 12 7 8
15 8 3 7
16 8 3 4
17 5 11 7
18 5 11 9
19 9 3 11
20 9 3 1
21 10 8 S
22 10 8 12 €
23 12 2 4 oo
24 12 2 10 3
25 10 5 6 g
26 10 5 9 &
27 2 9 10 _g
28 2 9 1 3
29 8 11 7
30 8 11 12
31 12 3 11
32 ! 12 3 4
33 5 11 7
34 5 11 5
35 | 9 3 11
36 | 9 3 i
37 10 8 6
38 10 8 i,
39 12 2 2 =
40 12 2 10 g
41 10 5 6 3
42 10 5 9 g
43 2 9 10 &
44 2 9 1 @
£
45 8 11 73
46 8 11 12
47 12 3 11
48 12 3 4
45
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The structure is divided into three substructures for the computer program
S0S4. Data for the three substructures are the same as discussed in Section
4.3.1, except that skin elements must be included in all substructures. The
starting design for the structure is taken as 0.10 inz. for the truss elements
and 0.04 in. for the CST elements. Lower and upper bounds 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.

Optimum solutions for Cases I and V of Appendix A are again obtained using
the program S0S4. 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 Table 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 tail-
boom structures. 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-
cilude that the closed tail-boom is considerably more efficient in carrying
loads. -

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

open tail-boom, since the closed tail-boom has more members and design variables

than the open tail-boom.
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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 1ter. [|At 30th Iter] conditions)
1 2,3 0.0554 0.0415 0.0847
2 1,4 0.0542 0.0415 0.1498
3 5,6,9,10 0.0415 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 0.0415 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
47
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TABLE 4.6 Cont'd
Design Variable Member CASE I CASE V
Number Number (without damage) (with 6 damage
At 10th Tter. At 30th Iter. conditions)
27 68,70 0.0415 0.0415 0.0415
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 0.0415
32 79,80,83,84 0.0553 0.0415 0.0429
33 85,87 0.0415 0.0415 0.0415
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 0.0415 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
51 (CST) 41-48 0.02 0.02 0.0373
Weight in 1bs. . 45.82 44,53 77.81
e
Ztozpii;t;e constrs. 34 48 35
[166 | |ope. 158.8 77.63 253.8
[ 166 | pax 321.9 321.9 434.3
48
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TABLE 4.7. CRITICAL CONSTRAINTS AT OPTIMUM (CLOSED TAIL—BOOM)

CASE I: Without damage W

(i) Results obtained after 10 design iterations (1l stress-

ratio design cycle initially)

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) i

+ Displacement of nodes 1 and 3 in the X, direction of

the 3Td substructure

+ Lower bound on design variable numbers: 1-34, 36-42,
50, 51

+ Max. violation is 0.317
CASE V: With 6 damage conditions (results are obtained after 38
design iterations with no stress-ratio design initially)

* Displacement of nodes 1 and 3 in the X, direction of
the 3Y¥d substructure under damage conditions 2, &,
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 4

« 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 FREQUENCY = 29 HZ.)

Natural Frequencies (inHz,)

(Open tail~boom)

(Closed tail-boom)

CASE I: Without damage

3351

CASE V: With 6 damage

43.91, 30.69, 28.999,

conditions 44,39, 46,93, 44.07,
28.999
CASE I: Without damage 53.28

CASE V: With 6 damage
conditions

56.01, 36.68, 36.44,
60.64, 62.39, 60.84,

34.55
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TABLE 4.9. COMPARISON OF OPTIMUM RESULTS OBTAINED WITH SUBSTRUCTURING
FOR OPEN AND CLOSED TAIL-BOOM STRUCTURES
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CASE 1 CASE V
Dp t imum CPU Time per bptimum PU Time per
Weight, 1bs. Pesign Iter. [Weight, lbs. [Design Iter.
open 106.0 5.65 161.7 43.5
Tail-Boom
Closed
4 5 . 52.0
TaiT-Bao 44 .5 7.66 77.8
v
o
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CHAPTER 5
DISCUSSION, 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
substructuring are discussed.

A modified 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-
eration.

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 given 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
designed so that it is able to withstand more damage than the open tail-boom.
However, there is a trade-off between the open and the closed tail-boom 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 sﬁrface area that is vulnerable to damage. In comparison, the open
tail-boom is less succeptable 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-offs should be more thouroughly analyzed be-
fore a decision is made to go ahead with either an open or a closed tail-boom.

There are several areas of research that need to be investigated to fully
utilize potential of the optimal design method developed for fail-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. 1In the
present work, damage to parts of the structure 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 finite 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.

r : 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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FAIL-SAFE DESIGN OF AN OPEN TRUSS
HELICOPTER TAIL-BOOM WITHOUT SUBSTRUCTURING
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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 truss type structure is considered. Accor-
dingly, the structure shown in Figure A.l1 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 definitions
for the truss are given in Table A.l.

The problem is to minimize the total weight of the structure and at the
same time to ensure that member stress, nodal displacement, 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 = 7Rt and A = 2nRt, 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 = EAz. Therefore, a I/A2 is given as R/4wt. If

R/t is conservatively selected as 12 to 14, then a = 1.0. This value of a is
used in calculations.

Design data for the structure 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 ksi) for the material used. This working stress corresponds
to a safety factor of roughly 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

57




— sl

Axs x3
H——F——6521b
, 54.4°
- & S / o - 4 -J__, TAILBOOM
7 jq x2CENTERLINE

p'--"—99.5"‘-—'1

560 Ib
e——————173.5"
221.5"
258.0"
r—-23.9"—j
— | l0.6"
sk
24.75" 11.6"
| | ¥
f ' — 104"
| -23.5"%
\ BASE OF END OF
| TAILBOOM TAILBOOM

Figure A.1. Geometry of Helicopter Tail-Boom

58




X
? ¢ 0 ;
3,4 7.8
11,12 15,16 19,20 23,24 27 28
HKP<D<P<PB
X
7.1 21, 25,26
33.5"——‘-—33"—-—!——33"—~—-28" 24"-—L221—
b 99.5" 74"
TOP VIEW
B
LAY 201 13,15 17,19 21,23 55,27
—
W\Z /22é42628 .
18,20 . '
FRONT VIEW
*3 4\"3
190 # 140 # 1.4903 1.4903
3 His 25 27/
1.6918 1.6918
xz A’-xz
1.3658 13658
14 16 26 28
140 # 140 # 1.4903  1.4903
LOADS AT LOADS AT
SECTION A SECTION B

Figure A.2. Arrangement of Members for Open Truss Tail-Boom

59

R o ——— - ——— - - y —

sl Gl ecnrs ===

—

e




N/ ,./
/] 7
12\~
.
/
1l ! @
! ,’*n
l *2
y 5
]

® >

@

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.

NV WLWN =

Member Numbers

Figure A.3. Member Numbering for the First Panel

60

——a

S

i e e e Bl il o



TABLE A.1
MEMBER LOCATIONS FOR OPEN TRISH WELICOPTER TAJL BOOM
Member End Member End Member End

Nodes Nodes Nodes

b 3 3 7 37 11 15 73 19 23
2 1 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
S 3 5 41 11 13 77 19 21
6 I 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 5S4 16 13 90 24 21
19 7 11 55 15 19 91 23 27
20 S 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 10 64 16 18 100 24 26
29 7 12 65 15 20 101 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 TAIL BOOM

A: Data Common to complete as well as damaged structures

Material $ 2024-T3 Aluminum Alloy
Modulus of Elasticity = 10.5 x 10> ksi
Stress limits = % 25.0 ksi

Material density = 0.1 1blin.3

Moment of inertia $ I= EAZ; @ =1.0
Displacement limits = % 0,50 in.

Lower limit on cross- = 0.0415 1n.2

Sectional area
Upper limit on cross- = None

Sectional area

B: Loading Data
Number of loading conditions

one

Loading for complete structure :

Load Component (kips) in direction
Node Number
X, Xy X3

13 0.0 0.0 -0.140
14 o.o 0.0 -o- 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 structure = 29 Hz
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1n.2 which corresponds to a tube with 0.50 in. outside diameter and 0.028 in.
wall 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 1: Complete structure with no damage.

Case II: Complete structure with damage conditions 1 to 6 imposed and
the structural load and natural frequency requirements for dam-

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

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

for damaged structures are 80% of the normal conditions.

Case 1IV: Same as Case II except load and natural frequency requirements

for damaged structures are 90% of the normal conditions.

Case V: Complete and damaged structures required to perform for full
set of normal conditions.
Optimum 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

2 as cross-sectional area for all members of the tail-boom.

process with 1.0 m
Comparing the results for 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 conditions there is essentially no penalty

on the weight of the structure. However, there is some redistribution
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TABLE A.3. DAMAGE CONDITION DEFINITIONS AND FREQUENCY LIMITS

Damage Member (s) Node(s) % Reduction
Condition Damagcd Damaged in Area
1 211,25,28,32,33, 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
64
TRk oS —




g

v

o i  ———

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 design for Case II, there are large constraint violations.
This indicates that the structure constucted from the solution of Case I would
fail catastrophically if any of the damage conditions defined in Table A.3
occured, even after the load and the natural frequency requirements were re-
duced to two-thirds of the normal conditions. On the other hand, if a tail-
boom is constructed from the final areas for Case 11, 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 I1I, IV, and V are also given in Table A.4.

They indicate that there is a substantial penalty on the weight of the struc-
ture as the load carrying and natural 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 design variables (that
is 42 types of sections) are used. This number is perhaps too large. There-
fore tail-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-sectional areas and members
5-12, 17 and 18 have same cross-sectional areas. The tail-
boom is designed 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 reduced to 4 with 2 design
variables for first three bays and 2 design variables for the
last three bays. For the first three bays, all longerons,

vertical and croege 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-
plete and damaged structures are required to perform for full

set of normal conditions.
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OPTIMUM DESIGNS FOR CASES I TO V OF THE TAIL-BOOM STRUCTURE

Design

| Variable
1
2

3

© o N o U &

10

2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

TABLE A.4.

Member Final Cross-Sectional Areas (1n.%)~__,__1
| 2 Numbers Case 1 Case 11 Case II1 Case IV | Case V |
253 1.3750 | 1.415 1.6930 2.2810 3.0250
1,4 1.3710 | 1.424 1.6440 2.1220 2.7880
5,6,9,10 0.1375 | 0.1391 0.2094 0.2427 0.2684
758,10, 12 0.1395 | 0.1544 0.1464 0.1589 0.2266
13,15 0.0415 | 0.0415 0.0415 0.0726 0.0998
14,16 0.0821 | 0.0809 0.1374 0.1700 0.1589
17,18 0.0415 | 0.0415 | 0.1777 0.3187 | 0.3168
20,21 1.2420 | 1.2610 1.3870 1.7060 2.2440
19,22 1.2390 | 1.2600 1.2400 1.5770 2.0930
23,24,27,28 0.1741 | 0.1593 0.1751 0.2161 0.3964
25,26,29,30 0.1649 | 0.1864 0.3504 0.3981 0.4220
31,33 0.0415 | 0.0415 0.0479 0.0415 0.0477
32,34 0.1002 | 0.1034 0.1948 0.1972 0.1522
35,36 0.0415 | 0.0498 0.0909 0.1035 0.1231
38,39 1.0290 | 1.02Z 1.0550 1.1060 1.3060
37,40 1.0280 | 1.0070 1.0040 1.070 1.2700
41,42,45,46 0.2110 | 0.1990 0.2301 0.2585 0.3404
43,44,47,48 0.2295 | 0.2513 0.2464 0.2738 0.2894
49,51 0.0415 | 0.0415 0.0498 0.0818 0.0928
50,52 0.1371 | 0.1315 0.1228 0.0962 0.0899
53,54 0.0415 | 0.0415 0.0451 0.0773 0.0897
56,57 0.8221 | 0.8218 0.8237 0.8759 0.9313
55,58 0.8226 | 0.8020 0.8179 0.9044 0.9761
59,60,63,64 0.2365 | 0.2316 0.3045 0.3733 | 0.4043
61,62,65,66 0.2587 | 0.2425 0.1891 0.1508 0.1583
67,69 0.0415 | 0.0415 0.0415 0.0753 0.0902
68,70 0.1575 | 0.1372 0.1715 0.1230 0.1078
71,72 0.0415 | 0.0503 0.1283 0.1745 0.1714




The optimal designs for the last two cases are also obtained using the
same computer code [1] and by starting from uniform cross-sectional areas
of 1.0 in.? 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 substantial 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 variables 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 caseé, 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 theloptimum is highly dependent on proper se-
lection of the stép size parameter n. 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
iterations, 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

3T

GWOBA §b (A.1)
Now substituting for Gwo = —?wo.(where T is a specified reduction ratio and
wo is the current value of the cost function) and for §b = -ndbl from Equation
2.5-8 (where §b2 is assumed to zero; that is all constraints are assumed to be
satisfied) into Equation 2.4-26, one obtains

n= ?wO/AJTG bl (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.)
[ e ¥ % o Ol Y TR
Design Member - Final Cross-Sectional Areas (in.”) |
Yariable S Numbers Case 1 Case 11 Case TITI 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 79,80,813,84 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
38 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 0.13327
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 CPU/Iter. in sec.
on TBM 370-158(C) 4.0 24.0 26.4 26.7 26.7
Number of Active
Constraints at Opt. 12 AN X i 5
[1sbl}] at opt. 2.8 0.70 3.78 3.72 3.49
[{6b1]] 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 2
Variable 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/cycle in sec. on IBM 370-158 (G) 26.8
Number of Active Constraints at Opt. 5

|16bM] at opt. 6.1

lléblll max. 89.7
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TABLE A.6.

OPTIMAL DESIGN FOR CASE VII OF HELICOPTER TAIL~-BOOM

i

Design 2
Variable 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
|66 || at opt. 0.035
anti ] s 155.1
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Case

Case

Case

TABLE A.7.
CRITICAL CONSTRAINTS AT OPTIMUM

I

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

2
on design variable numbers 5, 7, 12, 14, 19, 21, 26, 28, 33, and 35.

I

Case

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 buckling constraint for
members 18, 36, 71 are tight under damage conditions 6, 1, and 5,
respectively.

II1

Case [

Displacement in the x, direction at node 25 under damage conditions

1, 2, 4, 5 and 6, displacement in the Xy direction at node 27 under damage
conditions 1, 2, 5 and 6, and lower bound on design variables 5 and 26.

1V

Case

Displacement in the Xy direction at node 25 under damage conditions 1,

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

conditions, 1, 2, 3, and 5, frequenci 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.

\'

Displacement in the X, direction at node 25 under damage conditions 2, 3,
4 and 5, displacement in the Xy 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.

VI

Case

Displacement in the Xy direction at nodes 25 and 27 under damage condi-
tions 4 and 5, and frequency under damage condition 2.
VII

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

2
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 [0, co 1| case 11| case ITI| case 1v ][ case V| case VI [ case vII
0% 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 o 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
b - 22.42 | 23.85 26.10 | 29.00 |29.41 | 29.42

* Complete Structure
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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.
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The computer program for fail-safe structural optimazation with 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.1l. Notation and General Expressions
= length of SSP or SPSP element
height of SSP or SPSP element

m o &
]

= modulus of elasticity
p = material mass density
Ql,ml,n1 = direction cosines of the local Xy axis in the global coordinate
system
i,v,w = displacements in local coordinate system
X]sXyy Xy = global coordinate_system
il,iz,i3 = local coordinate system

£ = strain components in local coordinate system

11°%22°%12

911°%22°%12
t = thickness of SSP or SPSP element

= gtress components in local coordinate system

© = aspect ratio of SSP or SPSP element (0 = %)
¥ = vector of nodal displacement in local coordinate system
B = strain-displacement relation matrix
& = stress-displacement relation matrices in datum and local coor-
dinate systems, respectively
D = stress-strain relation matrix
k,i = 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 function that depends on il,iz,i3
V = volume of the finite element
A general expression for the element stiffness matrix in the local coor-

dinate system is given as [4]:

k =/ BTDBAV (B.1-1)
v
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The element stiffness matrix relative to a global coordinate system can be

obtained using B and k matrices as follows [4].

i :
k = B k8 (B.1-2)
A general expression for the element mass matrix in the local coordinate

system is given as [4]:

i N NV (B.1-3)
The mass matrix m relative to a global coordinate system can be obtained
according to the fcllowing prescription [4]:

m= 8B (B.1-4)

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 [4]:

(1-¢) 0 0 £ 0 0
N = 0 (1-¢) 0 0 £ 0 (B.2-1)
0 0 (1-¢) 0 0 £

where & = xl/L. Using Equation B.1-1, the stiffness matrix for the truss ele-

ment is given as:

f2 0 0 -1 0 0
0 0
+ AE
s o biligion ¥ (B.2-2)
symmetric 0 0
0 0
b Sl
Using Equation B.1-3, mass matrix for the truss element is given as:
21 I
i = LAL 3 3 (B.2-3)
6 1 21
3 3
where I, is a 3x3 identity matrix. It is shown in Ref. 4 that the mass matrix

3
i for the truss element is invariant under any rotation of the coordinate sys-

tem, so m = m for the truss element.
It can be easily shown that the stiffness matrix for the truss element
relative to a global coordinate system can be expressed as:

k = (4E18"8 (B.2-4)
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Figure B.1l.

A General Truss Element
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where the row vector R is given as:

w0 v = - B
B ‘21 my ny 21 m nlﬁ (B.2-5)
=il
B.3. Isotropic Constant Strain Triangular (CST) Element
This element resists only in-plane stresses, 011, 022, and 012. 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 coordinate systems is shown in Figure B.2. The displacement field for

the CST element that satisfies the conditions of constant strain is given as:

u = clx1 + CyXy + c3
c, %k, + c.k, +c (B.3-1)
471 572 6
Using the following displacement boundary conditions in Equation B.3-1, the

i}:

constants c_,C c, can be easily solved:

1°C9° S
e T a ool = ~
u(xl,xz) =i, v(xl,xz) = I,
W, 1L e W0 0 T
u(xl,xz) = P v(xl,xz) - o (B.3-2)
e DI SradleFer o
u(xl,x3) = i, v(xl,xz) - Eg
Here the superscript on il and iz refers to the nodal point of the finite ele-

ment (refer to Figure B.2). Substituting c ...c6, calculated from boun-

1’C2"
dary conditions B.3-2, one

obtains U and Vv in terms of il,i ';6 as follows.

e —

PIREE
(s - b)%, - h(x, - b) - 0 AT r. A
1 2 ; !
0 ,(S - b)%; - h(x, - b) r,
a ) -s(i1 - h) + h()"(2 - s). . 0 g r, i
. . bz '-s(x1 h)0+ h(x2 h) :4
i 1 ) 5
t 5 J L%

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:

e ———

e ——————

i €11 } Uiy
€ = £22 = v,2 2 BE
812 u,2 o v,1
- <.
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Figure B.2.

Isotropic Constant Strain Triangular (CST) Element
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Substituting Equation B.3-3 into Equation B.3-4, one can identify the matrix

B as:
: a3
(s-b) 0 -s 0 b 0
1
B = h 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 Hooke's
law:
o = De (B.3-6)
h g = rc o o - dDi i
where il - 22 12 an is given as
G,
1 v 0
E
D = i 1 0 (B.3-7)
T e (- )2

Therefore substituting for e from Equation B.3-4 into Equation B.3-6, one can
obtain stresses in terms of nodal displacements El,fz,...i6.

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.1l-1. Integrating over the volume of

the element in Equation B.1l-1, the element stiffness matris is given as:

k = k" + k° (B.3-8)

where k" is the stiffness matrix relative to normal stresses that is given as:

(b—S)Z ) tri i
ymmetric
v(b-s)h b
2
12“ - Et (b S)S Vh: S : (3.3—9)
2bh(l - v%) | ~vh(b-s) -h -vhs h 2
-(b-s)b -vhb -sb vhb b
i 0 0 0 0 0 0J
and k® is the stiffness matrix relative to shear stress that is given as:
T K2 -
2 Symmetric ! »
(b-s)h (b-s) :
-h? -(b-s)h h2 |
R 0 ot nincession ' sl e o2 }(3.3-10)
4bh(1 + v)
0 0 0 0 0
2
w =hb -(b-s)b hb -sb 0 b J

| - e e i - — e —
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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.1--3. Carrying out the indicated integration, one obtains:

m* 0 0
m= 0 m¥* 0 (B.3-11)
0 0 m¥*
where m* is given as:
2 1 1
S B 2 1 (B.3-12)
1 il 2

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=m. In or-
der to transform the element stiffness matrix relative to a global coordinate
system, one needs to define a matrix B for the CST element and then use Equa-

tion B.1-2 to obtain k. The matrix B is given as:

R 0 0
B = 0 R 0 (B.3-13)
0 R
where matrix R is given as:
21 m, n, 1
R = (B.3-13)
oo SERE.

where 21, m, n and 22, m,, n, are direction cosines of the X axis (that is,

1
the line 4-1) and the Xy axis (that is, the line 1-2) relative to a global

coordinate system X 9% and x,. These direction cosines are given as:

2 3
- 2ol 2
i oy g i %2 ey
2 b > Wy b " By b
e (x1 - xl) - 312 2 (x2 - xz) ?TZ i (x3 - x3) - sn,
1 h . h | h
82




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:
cll(xl,xz) = ok, + oy &
- = \ =
022(xl,x2) 0.0 ; (B.4-1)
019 (Fs%y) = oy J
where al,az,aB are constants, and 7) the displacement boundary conditions are:
‘
i(0,b/2) = fl
ti(a,b/2) = fs
¥(0,b/2) = fz
© (B.4-2)
v(a,b/2) = iA
and
ﬁ(il,O) = 0.0 J

The local to global coordinate transformation for nodal displacements is ex-

pressed as:

¥ = Br (B.4-3)
where
r 3
;21 m1 0 0 0 0
) 0 1 0 0" 0 (B.4-4)
IR i :
f 0 0 0 ll my 0
1‘0 0 0 0 0 1]
. 5 T
= s 's B.4-
r {rl £, B, Of, } ( 5) L
and
) R 5 )t
¥ 3 Ty Fpu¥s S (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:

I'u(xl,xz) 2 A11 0
V(xy,%)) Ay oY)
where
o2 s Th o
S S5 ST B Ky
% o e
> __ﬁ-'-x1+\)x2"ﬁ
21 b ab ba ,
oo s
B3 fu 25yt

A 0 i
13 :
2 5 (B.4-7)
e ST B RS
&
2k,
ab
%
e T - v
29 1 . (B.4-8)

From Equation B.4-7 the shape function for the SSP element can be readily

identified.
B.3-4 as:
€ = Br
where
€ {e € € }T
3L =22 ~ 12
and
[ 2%
o o
ab
2vk
X 2
B = s 0
1 x|
L b a

The stress-strain relation for plane
law of Equation B.3-6.
in Equation B.3-6

the stress-displacement relation as:

where

The matrix D

stress is given by the generalized Hooke's

is given in Equation B.3-7.
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The strain displacement relations are obtained using Equation

(B.4-9)
(B.4.10)
2% ]
_2 0
ab
2v22
e - 0 (B.4-11)
1 1
b a

Substituting

the values of strains in terms of displacements, one obtains

(B.4-12)

e ————




f , 2x2 A 2x2 g
ab ab
C=E 0 0 0 0 (B.4-13)
1 -1 1 1
2(1+Vv)b 2(1+v)a 2(1+v)b 2(1+v)a

In the global coordinate system, the stress-displacement relation is:
6 = Cr (B.4-14)

where

CB (B.4-15)

c

The element stiffness matrix in the local coordinate system is:

k =/ BDBAV = ¢/ BTDBds (B.4-16)
v s
Thus, one obtains:
i
[ 2a+v) 3 4 _ 2w o, 3
0 0
3
3 -3 -2
A = 0 ¥
12(1+v) : (B.4-17)
<208 4 3y a3 24 4 34 3
0 0
3 3
3 - = 3 =
9 o 0

Finally, the Von Mises equivalent stress o€ for this element is given as:

& w (02
11

For calculating the maximum value of o¢ from Equation B.4-18 the following ex-

+300)" (B.4-18)

pressions for oll and 012 are used (from Equation B.4-12):

= .E‘ * e "
93 =3 @3- %) (B.4-19)
and
=, A 1 /s 1 ~
12 = FT+y ‘a Fy I v§ Ey i) (B.4-20)

The element mass matrix in the local coordinate system is obtained by
substituting for N from Equation B.4-7 into Equation B.1-3. The elements of
the symmetric (4x4) mass matrix are:

86




ov’t fo, ve, e, v?
11 3 6 10 100

my =g

m, =j§2—t (e* + v) - 14

Mg = pbezt [% - %37 £ 1\62] (B.4-21)
)y = ghggg ) Wyy = My, My, =Mp,/2

Mgy = My 5 Mg, = Wy, , W, =@,

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: 91 T 0, Opy = o, 012 = a5 where oy is a constant.
The element stiffness matrix is then given as:
C] -1 ] 1
: . 1 i o
k = ‘4(El+\)) 1 (C] 1 0 (B.5-1)
0 -1 0 1
1 1
‘ 1 TR 1 o |
The stress state is
o = Cr (B.5-2)
0 0 0 0
T E 0 0 0 0 (B.5-3)
2 I S TR
b a b a
J L5
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USER'S MANUAL FOR COMPUTER PROGRAMS
S0S4 AND DIMCO
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C.1l Introduction

In this appendix, use of the computer program S0S4, (Structural Optimiza-
tion by Substructures) for optimal design of structural and mechanical systems
that can be idealized using Truss, CST and SSP elements, is Qescribed. 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 COMMON/VZ/ (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 K{*) for the entire structure and Kég’“) for each substructure. It
used subroutine RECALL for generating element mass and stiffness matrices in
the global coordinate system. It then uses subroutine DECUPP for decomposing
upper band of matrices Kg;’a) (in case elements connecting interior nodes of
the rth substructure are damaged) and Kﬁ“). The matrix Q(r,a) is also compu-
ted in the subroutine STIFFM. The decomposed matrices Kéa) and K%i’a) 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
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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(*) 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 wheh 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 u. 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 substructuring technique, 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 statements 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/output data organization for the computer program SO0S4.
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C.2.1. 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 for 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.
4 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.2.2.1. Data Common to All Substructures:
1. NUNIT, NN, NSU, NDAM, NLC, NV, NCC, BNC, NBW, NPH, NSD, ISPSP - FOR-
MAT (16I5).
NUNIT = Code number for type of unit used; NUNIT = O for U.S. - Bri-
tish Units, and NUNIT = 1 for SI units.
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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
S0S4 considers SSP elements, otherwise (ISPSP.NE.O) SPSP ele-
ments.

2. 1IfFs, IDV, IFR, IBUK, IDIS, IBDIS, IPS, IPD, IPC, JUSTW, IAUTO - 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 ra value of 1 and frequency con-
straint is to be imposed, théﬁ 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

JUSTW

IAUTO

(*)s

]

]

Code number for printing stress and displacement constraint
violations under each damaged condition.

Either 0 or 1:

If IDV = 0 and JUSTW = 0, then the program skips frequency
analysis and design sensitivity analysis of the frequency

constraint.

If IDV = 0 and JUSTW = 1, then the program calculates and
prints the eigensolution. 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.
1; dimplies 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 will be ignored. For example, if IBUK = 0, then

buckling constraints will be ignored.

3. ILIM, ITRS, LNSV, LCON, (ITY(I) = 1,3), IWMM - FORMAT (16I5)

ILIM

ITRS

LNSV

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.

Number of times the stép 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
specified number of design cycles. This is done to obtain

a finer convergence of the algorithm.

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(1) =

ITY(2) =
ITY(3) =

IWMM

4. DF, RIT,

DF

RIT

RIN

RL

EP

STP1

| — - — —————

4 if plane (6 if space) truss elements are present; other-
wise 0.

9 if CST elements are present; otherwise 0.

6 if SSP elements are present; otherwise O.

(0, generates weighting matrix (see Chapter 4)

1, sets weighting matrix equal to identity matrix.

RIN, RL, EP, STP1l, STP2 - FORMAT (8F10.4).

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.
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.
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.

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 RL = 0.01 and LNSV = 2,

A small number for checking e-active constraints. A value
of 0.02 to 0.0001 (2% to 0.01%) has been used in many calcu-
lations.

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(1), I = 1,3), RF, CONL, FORMAT (8F10.3).
FACC(I)*= Multiplier associated with weighting matrix (refer to Ch. 4).
FACC(1): 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-

m2te, 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 A¢ = -1.0 for any

Aé < -1.0. Generally, a large value is used for this parame-
ter; a value of -100 is recommended.

6. ERRl, ERR2, ERR3, ERR4, ERR5 - FORMAT(5E16.7)

ERR1 = Error criteria used for checking convergence of eigenvalues
in the Subspace Iteration method. A value of 0.100E-Q5
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 0.100E-02

i if a convergence of 0.1 percent is sought.

ERR3 = Constraint violation telerance in percent at the optimum

t 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, ERR3,
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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 { 8-10.

11-12.

ERRS = Error criterion used in checking zero elements in Gaussian
elimination procedure. A value of 0.100E-05 has been used
in the present computations.

(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.

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 (I5, 3F10.2).

This set of cards provides information about design variable linking

of members across the substructure boundaries.

11. LINK - FORMAT (1I5)

LINK = Number of design variables linking across substructure
boundaries.

12? LINLG(I,1), 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.

* If LINK = 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), NIC(r), NBW1(r), NBW2(r), NBW3(r) - FORMAT

p (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 Ké;) including the diagonal.
NBW3(r)* = Upper bandwidth of the matrix Ki;) including the diagonal.

* These parameters for the stiffness matrix are explained in Figure C.1.
14. NzZ(I,K); I = 1,NB - FORMAT (16I5); NB = NBJ(r).
This set of data cards contains information about interconnection
between boundary nodes in the overall and the substructural numbering

th substructure is

systems. The number of boundary nodes for the r
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 5 boundary nodes, then they will be numbered
1, 2, 3, 4 and 5 in the substructural or local boundary node number-
ing system. 1n the overall system, let these nodes correspond to
nodes 10, 11, 12, 13 and 14. Then for this data set, the number 10,
i 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 (I5, 3F10.3,3I5).
J = Nodal number

X(J,r) X Y. 2 (or X1 %o x3) coordinates of the Jth node in

Y(J,r) = { the global Cartesian coordinate system

ZJ,r) Units: inches (metres).

The remaining integers are the code numbers for this node. Each node
has its degrees of freedom, that is, displacements in coordinate di-

rections x,, 1 = 1 to NN. If displacement along a particular coor-

i’
dinate axis is allowed then that code number is assigned a value of 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 x3—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) = O.
16. DLIM(I,r): I = 1,NIC(r) - FORMAT (8F10.3)

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.2.2.1(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.2.2.1 (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 NLJ = O.

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 rth substructure and
pth type of element (cummulative). For each type of elemeats (truss, CST,
SSP/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.

Number of design variables (NW(r) < NG(r)). If cross-

sectional area of each member of rth substructure is to be

NW(p)

considered as a design variable, then NM(r) = NG(r) = NW(r).
If NW(r) < NG(r), then only the first NW(r) groups are con-

sidered as design variables.

MEB(p) = Number of the first element.

MEF (p)

Number of the last element.

e ————
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21.

22.

J, L, (MN(N+M, p), M = 1, L) - FORMAT (16I5)

(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 NG(p) and are placed in an ascending order
of group number.

J = Group number.

L Number of elements in the Jth group.

(MN(N+M, p), M = 1, L) = element numbers of the Jth group.
BL(J,p), BU(J,p), ALP(J,p), SL(J,p), SU(I,p), RO(J), XNUU(J,p),
E(J,p) - FORMAT (8F10.3).

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

(say Jth).

BL(J,p)* = Lower iimit 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 Ei for each truss element of the group. This
is needed for computing the moment of inertia of an ele-
ment, Ii = Ei bi. For CST and SSP elements, any value
may be used.

SL(J,p) = Compressive stress limit in kips per square inch (New-
ton/mz); punched as a positive number.

SU(J,p) = Tensile stress limit in kips per square inch (Newton/
m2); punched as a positive number.

RO(J) = Specific weight of the material in pounds per cubic

inch (Newton/mz).
XNUU(J,p) = Poisson's ratio of the material.

E(J,p) = Modulus of elasticity of the material in kips per square

inch (Newton/mz).

*For truss elements: inch2 (metrez); for CST and SSP elements: inch

(metre).
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23. M8, Jp, JQ, JR, MPC(M8,p) - FORMAT (16I5) .
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

JqQ = 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. TInput 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 NDAM = 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-
fining the frequency limit, displacement limits, stress limits and
applied load for the Ith damage condition. Each card contains the
following information for the Ith damage condition:

RRF(I) = Multiplier for lower bound on natural frequency.

RDLIM(I) = Multiplier for admissible displacements.

RSL(TI) = 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 rth damage condition are READ in

the following order:
DO o r = 1, NSU
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25. READ KIIDAM(r,I) - FORMAT (16I5)
D¢ a p =1, 3 (TRUSS, CST, SSP/SPSP)
IF (ITY(p).EQ.0) GO TO a (see #3)
26. READ N - FORMAT (1615).
IF (N.EQ.0) GO TO a.
27. READ NDM(J), J= 1, N
28. READ REDUC(J), J =1, N
o 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
KIIDAM(r,I) damage.
# 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 (16I5) ).
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) = 4 These 6 numbers can be punched on one data card
. (FORMAT (16I5)),
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(1) = 0.100 These numbers can be punched on one data card
REDU?(Z) = 0.400 (FORMAT (8F10.3)).
REDUC(6) = 0.200
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C.2.2.4,
29.

30.
31.

Other Input Data:
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 5E16.7.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) need to be in the following form:

; Total number of boun-
BNC E dary DOF for the com-
BNC plete structure.
BNC+1 Total number of inter-
NIC(1) S ior DOF for substruc-
éNC+NIC(1) ture 1.
XEiG(J,I) =
BNCHNIC(1)+1 Total number of inter-
NIC(2) : ior DOF for substruc-
éNC+NIC(1)+NIC(2) ture 2.
BNCHNIC(1)+NIC(2)+1| NCC is the total number
NIC(rth) E of DOF for the complete
ﬁCC structure.

The last two input data sets (#30 and #31) are READ in the fcllowing
order:

DO o r = 1, NSU

DOap=1, 3

IF (ITY(p).EQ.0) GO TO o (see #3)

READ B(I,p), I=1, NG(p) - FORMAT (8F10.3)
READ IGRT (I,P), I=1, NG(p) - FORMAT (1615)
o CONTINUE

Input data set number 30 contains starting valued of design variables
(cross-sectional area in 1nch2 (metrez) 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 31deiines status of the design variable (DV)

grouping.

f-l, implies that DV is linked to DV of previous sub-

structure

IGRT(I,p) ={ O, 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 = O,
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, NCI(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.

DIMENSION PB(BNC,NLC), ALP(NGU,KKU), DBIN(ILIM,2), OO(NV), FACC(3),

FB(ILIM), BETA(2*SN), CL(3), NZ(NBJL,NSU), LINLG(LINK,2)
NJL(NLJ, NVV(3), NEGV(NDAM+l)

COMMON/V2/ NIC(NSU), NW(KKU), NG(KKU), NBW1(NSU), NBW2(NSU, NBW3(NSU),
NM(KKU), NBJ(NSU), NJ(NSU), NCB(NSU), NEW(NSU), IQS(NSU),
MEB (KKU), MEF (KKU)

COMMON/P1/ B1(9,9), B2(9,9), B3(9,9), ESF(9,9), NA(MAX(NM,9)), NI1(9),
NJ1(9), NJ2(9)
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COMMON/P2/

COMMON/P3/

COMMON/P4/
COMMON/P5/
COMMON/R1/
COMMON/R2/

COMMON/R4/
COMMON/R5/

COMMON/A1/
COMMON/A3/

COMMON/A4/
COMMON/A5/
COMMON/ A6/

COMMON/A7/
COMMON/C1/
COMMON/C3/
COMMON/C4 /

where
NBJL =

NCIL -

NCBL -

NU3 -

NGU -

—— - ———

XNUU(NGU,KKU), ELL(M8,K21), BU(NGU,KKU), STRESS(NTE*3+NCE*27+
NSE*12), TCSM(NTE+NCE+NSE*21), TRCSSP(NTE*6+NCE*45+NSE*21),
XCOST(3), ICSS(M8,K21), ISAC(M8,K21), INDC(M8,K21), IGRT(NGU,
KKU), IGRE(M8,K21), NNDC(NTE*6+NCE*9+NSE*6), LLN(3), ITY(3),
ICSSM(M8,K21)

EVEC(NCC,NDAM+1), RRF(NDAM+1), RDLIM(NDAM+1), RSL(NDAM+1), RSU
(NDAM+1), RLOAD(NDAM+1), REDUC(K22), NDOF(NDAM+1), NDM(K22),
NBDAM (KKU, NDAM) , KIIDAM(NSU,NDAM+1)

INF(NSD,8), NGV(NGU,KKU), INO(NSD), NDISP(NCC)
YK(NCC), YM(NCC), SK(NCC), SM(NCC), EY(NCC), SG(NCC)
BL(NGU,KKU), DLIB(BNC)

PI(NCIL,NLC,NSU), RR(M8,K21), E(NGU,KKU), MN(M8,KKU), MON(NGU,
KKU), MN(M8,KKU), NOM(NGU,KKU)

IIL(NSD,NSU), KLC(NSD), IOK(NSU), NO(NLC)

B(NGU,KKU), SL(NGU,KKU), SU(NGU,KKU), DPB(K1l, K2), DLIM(NCIL,NSU),
SS(NV)

Q(NCIL,NCBL,NSU), ZI(NCIL,NLC,NSU), C(BNC,NBW), SB(BNC,NLC)

BR(M8,K21), TRSF(NTE,NLC), CSTF(NCE,NLC,4), SSPF(NSE,NLC,3),
Z(NV,NSU), SZE(NPH), MP(M8,K21), ND(K3)

X(maxo(NJ(r),NTE),NSU), DLP(NPH), DLPH(NPH, T(K&4), WM(NV, RO(NV)
D(K5,K6), DS(K5,K7), A2(BNC,K9), DKI(NCI,NU3), KITUBW(NSU)

DPZ(K10,K9), ZZ(K11l,K12), BE(K11l,K12), W(K1l), H(K26), VV(K13),
Y (M8,NSU), NZC(NCBL,NSU)

DPX (NGG,NSD)

XEIG(NCC,2), yxeig(NCC,2), WS(2), DM(1,1), IET(NDAM+1)
QQK(2,2), QQM(2,2), QA(2,2)

ETC(NV*IPDAM), TEI(IPDAM), TE(IPDAM)

max {NBJ(r)}
r

max {NIC(r)} r = 1 to NSU
r

max {NCB(r)}
r

NSU
y  NBW3(r)
r=1
maximum number of groups for any type of finite element in a sub-

structure
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KKU = NSU*K21
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=1
IPDAM = NDAM+1 %
PN = 2*SN , SN = 2*NN
K1 = max(NV,NCIL) , K2 = max (NSD,NU3) ‘
NSU
K3 = max NPH, SN* J NJ(I) ;
I=1
K4 = max NPH,NM
K5 = max(NCIL,BNC , K6 = max(NU3,NBW)
K7 = max(NSD,NCBL + NLC) , K9 = max(NSD,NCBL)
K10 = max(NSD,NCIL) , K1l = max(NPH,NV)
K12 = max(NLC,3) K13 = max(NPH,NM) '
K21 = number of finite elements used
K22 = total number of damaged members under all damage conditions
K26 = 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
on a structural design problem. It is cumbersome and time consuming to punch
these cards for each structural design problem. 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 S0S4. 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 DIMCO requires only a few simple input data cards (in integer
FORMAT) as described below:
Card #1 (FORMAT 16I5)

NN & {2, for 2 dimensional structure
3, for 3 dimensional structure
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)
NPH = 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
0, when there is no design variable linking with previous sub-
LINK & structures .
1, when there is (are) design variable(s) linking to previous sub-
structures
ILIM = maximum number of design iterations allowed

Card #2 (FORMAT 16I5)

ITY(1) =1 1f truss elements exist; 0 otherwise
ITY(2) = 1 1if CST elements exist; O otherwise
ITY(3) =1 if SSP/SPSP elements exist; 0 otherwise

Data Set #3 (also refer to Figure C.1 of Appendix C)

(1) Information about the Kth substructure where K=1,2...,NSU (FORMAT
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 Kth substructure

NIC(K) = number of interior DOF of boundary joints for the KtP substructure

NBW1(K) = upper bandwidth of the entire stiffness matrix for the Kt substruc-
ture

NBW2(K) = upper bandwidth of the matrix KBB for the KtP substructure

NBW3(K) = upper bandwidth of the matrix KII for the Kth substructure

NILJ(K) = number of interior loaded joints for the K" substructure

(ii) Information about the Jth type of elements in the Kth substructure

where J=1,2,3 (FORMAT 1615). Omit this data set if ITY(J) = O.

NM(KK) = number of Jth type of elements for the Kth substructure

NG (KK) = number of groups for the Jth type of elements and the Kth substruc-
ture

NW (KK) = number of design variables for the Jth type of elements and the kth
substructure

MEB(KK) = beginning member number of the Jth type of elements for the Kth 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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LISTING OF PROGRAMS S0S4 AND DIMCO
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THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURNISHED TODDG ____—

D.1. Listing of the Program S0S4

/ UXEC FIRTCLG,REGIIN=4% Ky TIME=25
/FIRTSYSIN DO *

£FESSDS JOB (m=——n=—= v30,35092001) 4 'D1l NTDULC* 4 TIME=25
*MESSAGEL PLEASE [4!RPRETE MY OUTPUT PUNCHELC CA2DS

JOB 603

[MPLICIT REAL%B (A-1,0-2)
INTEGCR SIZE #BNC,y 51
DIMENSION P3( 36y L) oALP( L&y 6)DBINC 20y 2),00( SL)eFACC( 3),FBI(
L 20)oDETACL2),C0LC 3V,M20 8y 3)oLINLSL 1y 2)4NJLL &) NVV( 3),NEGVI
2 1)
ZIMMO! STEP¢BNC SV NBWy ST ZL 4 NLC,NSU
CUMMOMN/VL/NL o NCT 9 WK g NGK e MA 9 NUL yNU2 9 NU3 9 ML o NByNJKyNCoNLL,ISQ,1Q1L
COMMDU/ZVZ/NICE 3105w 6)9gNG( 6) ¢NBWL( 3) oNBW2( 3)4NBW3( 3)4NM( 6),
LNBJU 3)eNJ( 3)oNCE( 3)4NEW( 3),1QS( 3),MEB( 6) MEF( 6)
COMMOI/PL/BLE 9,y 9)432(0 39 9)933( 9, 9)yESF( 99 9) 9 VAl 156),NIL( 9
L)eNJLO 2)eNI2( 9)
COMMC I/P2/7XNUU( 14, 6),cLL1108y 2)yiiUl 14, 6) oSTRESS(1620)TCSM(
1 196),TRCSSP(2208B),XCIOST( 3),ICSS( 128, 2),ISAC( 108, 2),INDC( 108
29 2)9I5RTU L4y 6)ILRTL 128y 2)4NNDC( 1080),LLN(L 3),ITY( 3),ICSSMI(
3 168, 2)
COMMC /P 3/CVECH Le 1) eRRAF( TISRDLINMC T) 4RSLE T7)4RSU( T7)oRLOAD( T7)
LyREDUCE 90)o¢NDIF( 7)1 9NOM( 90) yNBDAM{ 64 6)KIIDAM( 3, T7)
COMMON/P4/INF( 50, &) gNGVI( 14, 6),1:0( 50)yNDISP( T72)
COMMON/ZPS/ZYX( 1) YM( L) 9SK( L) oSMU 1)4EY( 1),S5I( 1)
COMMON/RL/BL( 144 6),DLI3( 30)
COMMON/RZ/PT(12y 1, 3)4R( 108y 2)9E( L4, 6)yMN( L10E, 6),NOM( 14,
1 6)
COMMON/R4/TIL( 50y 3)4KLZ( SO),I0K( 3),NO( 1)
COMMON/RS/B( 14y 6)4SLI 14y 6)9SUL L4~ 6)4DPB( 519 50)4DLIM(12,y 3)
14SSC H1) :
COMMON/ZAL/ZQ( L2, 24, 3),21(12y 1y 3)4C( 36y 24),28( 36, 1)
COMMON/A3/BR( 108y 2),TRSF( 108, 1),CSTF!48, 1, 4),SSPF( 1, 1, 3),
120 51y 3),DZE( 60),MP( 108y 2)4ND(l 216) -
COMMON/ZAG/ZX( 108y 3)4ILP( 60)DLPH( 60),T( 156) WML S1),RO( 51)
COMMON/AS/DU 3649 24)9DS( 364 50)9A2( 369 50)+DKI(12436),KITUBW( 3)
COMMON/ZAG/DPZ( 50y 20)42Z( T2y 3)4BE( 108, 3)yW( T2),H( 108),VVI
L 156)sY( 108,y 3)oH/0( 24, 3)
COMMON/AT/DPX( 624 50)
COMMON/CL/XEIG(E T2y 2)9YXCIG( T2y 2)9WS( 2)4DM( 1y L)LIET(C T)
$/C3/7 QQKU 2, 2),Q0M( 2, 2),QAL 2, 2)
COMMOV/CA/ETCL 35T),TEIL T)eTEL T7)
EREREE AR R AR E LR AR R R R R AR R R KRR kR Kk kK

PROGRAM = 'FSSUN' FAIL-SAFC STRUCTURAL CPTIMIZATION WITH
SUBSTRUCTURING

PROGRAMMER - ASHUK !.s GOVIL

OIVISION OF MATERIALS ENSINEERING,

UNIVERSITY DF [0QWA, [OWA CITY, [OWA 52240

AUGUST, 1977

FAIL-SAFEC OPTIMAL JCSIGN OF FINITE LIMENSICNAL MECHANICAL SYSTEMS
SUBJECTEDL TO STATIL LOADINSG
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N T

CONSTRAINTS ON - DI{RECT STRESS/VON MISCS CQUIVALENT STRESS, NODAL*
QI YPLACCMENT, FREQUENCY, AND BUUND" ON DESIGN
VARIABLES

*
*
*
SUBSTRUC TURE FIRMULATION IS USED *
STIFFNCSS MATRIX M: THOD IS USED TO ANALYZE THE STRUCTURE *
VARIQUS MEMRER OF THE STRUCUCTURE MAY BE GRCUPED TOGATHER %
FINITE CLEMENT LIBRARY INCLUDES TRUSSs CSTy, AND SSP/SPSP ELEMENTS*
ALL CALCULATIONS ARc IN DJUBLE PRECISICN *
R KRR R AR R R A r kKRR KRR AR AR KRR R RS R R AR ARk
UPDATED (JUNE 17979)MGUYEN THAI DUC *
JNDER SUPFRVISION JF PRIFe Jeo Se ARURA %
IJPTION OF USING SUCSPACE ITERATION TO SOLVE EIGCN PROBLEM *
VIOLATIONS IN FREwe. & DISPL. OF EACH DAMAGED COMDITION ARE *
INCLUDED IN Tile VITLATED CONSTRAINT SET *
R R R AR R AR EE R E R AR R E R KRR R R AR SRR KRR R ER R AR RS SRR R E
FORMATS-READ STATEMENTS
4 FORMAT(8F10.6)
S5 FORMAT(8F10.3)
8
9

OO0
L B R B R B AR B R I AR IR S

FORMAT(5E16.7)
FORMAT(15,3F10.4,06!5)

10 FORMAT(16I[5)

11 FORMAT(T7F10e.4,F10.2)

C FORMAT-WRITE STATEMENTS

12 FORMAT(3X,*SOME ER‘{R IN KC*)

19 FORMATI(///7/30X%y '%% DCPENIENT STIFFNESS MATRIX %t N=',[5,', K=',]
%24, [DC=',12)

24 FORMAT('1'y,* DATA COMMON TO ALL SUSSTRUCTURES ')

25 FORMAT(//1Xe*SN STRUCTURE NUMBER =',[4/1X,*NSU NO. OF SUBSTRUCTU
LRES ='y{4/1X,'BNC OSVERALL BOUND. DLGREES OF FREEDOM™ =',14/1X,"NBW
2 OVERALL BOUND. UPPER B3AND WIDTH =',[4/1X,*"NLC NO. OF LOADING C
3ONDITIONS =',14/1X, 'NPH  TOTAL NO. OF EXPECTED CONSTR. VIOLATIONS
4=2,14/1X,*NSD NO. OF STRESS & DISPL. CONSTR. VIOLATIONS =*,14)

26 FORMAT(/1X, *IBUr=0 WILL NOT CONSIDER BUCKLING CONSTR =*, [S5/1X,
1 'IDIS=0 WILL NOT CONSIDER DISPL CCNSTR =*, [5/1X, *'IDV=0 WILL NO
2T CONSIDER FREQe CUNSTR =%, I5/1X, *IPD.EN.C WILL NOT PRINT DISPL
ZMATRIX AT EACH CYCLU=',15/1X,'1PS=0 WILL NOT PRINT FORCE AND DISPL
4 MATR[X AT EACH CY.LE=*,15," */1Xy, 'IFS=NO OF TIMES STRESS
*QATIO DESIGN [S KEQUIRED =', IS/1X, *'ITE = NUMBER OF ELEMENT
oTYPE =',15)

27 FORMAT(//1Xy*ILIM=" [MIT JON DCSIGN CYCLES =', I5/1X, 'IPM=SURSP MET
LHOD [TRN LIMIT =', [(S5/1X, *ITRS=NO _F TIMES STEP SIZE REDUCED =%,
2 I5/1Xs °*LNSV=NC U TIMES VARIATION IN COST FUN. REMAIN WITHIN SPE
SCIFICD LIMITS =*415)

28 FORMATI(//1X, (e 'DF IS REQ CHANGE
LIN COST FUN =',L1%.5/1X, *RIT IS RLQ CHANSE IN COST FUN WHCN ALL
2CONSTRS ARE SATISFICD AND ILIM.GT.Ll =',E15.%/1X, *RIN IS REUW CHAN
3GE IN COST FUN WHE'Y ALL CONSTR SATISHIED INITIALLY =*,EL15.5/1X,
4'RL=SPECIFIED VARIATION IN CGST FUN FOR REDUCING STEP SIZE =',E1S5.
55/1X, *EP IS EPCILIN FCR CONSTRAINT CHECKS =',E15.5)

2V FORMAT(//1Xy *ERROR CRITERION-'/1Xe'tRRL EC FOR CONVERGENCE CF EVE
1Ce =37 15.5/71X,*ER2 ET FOR TOLERAUCE IN DELTA 81 NORM AT CPT, =¢
29C15.5/1 %Xy "ERR3  EC FUR TILERANCE I CONSTRS. AT OPT, =',EL5.5/1X,
3'ER4  EC FOR TOLERANCE IN CUST FUNUTION AT OPT. =',E15.5/1Xs'ERRS
4 EC FOR CHECKING 2! R3O ELEMENTS IN 5AUSSe ELIMN. =*,EL15.5)

30 FORMAT(°*O¢*,* #x* DATA FOR INDIVIDUAL SUBSTRUCTURES K=',12)

31 FORMAT( /" 1,2X, "*%= SKI[P DATA 28 THRU 31 AS NDAM=0"')

32 FCRMAT( /' 'y 13,' (REDUC(IB)sI8=LS,LE)")

33 FORMAT(/'0'y2X,* [NVERSE OF WEIGHTING MATRIXe NORMAL IZED WITH MAX.
% ELEMCNT.*)

34 FORMAT (/7% #%x« [AMAGED CONDITION 0. [="902y" %%t

(4
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35 FORMAT(/'1'y*' STRESS AND DISPLACEMENT VIOLATIONS'/*' SIZE MEM/NC K

* Il 35X LDC v L. B8UC 1.0-xXL*/)
36 FORMAT(T44016+TE4,712.5)
37 FORMAT(LXy13,4X,"E! ENVALUL =®,(16.7/8X, " IATURAL FREQUENCY="'

#¥,016.7/8Xs *EIGENVELTOR'/(4(I54C12.4)))

39 FORMAT(®* *x*%FREQUL'CY IS NOT VIOLATED #*%%%¢)

49 FORMAT(® #xx%x FINAL RESPINSES *%*%%V)

45 FORMATI( /L1X, 'STCEP SIZE =',E15.7,15)

46 FURMAT(21342X4EL13e19BI5/(20X4815))

47 FORMAT(//1Xs*SUBSTRCTURE NO. *9215)

48 FORMAT(/1X,*VALUE 2F COST FUNTION =*,EL6.T7y* TRUSS=',EL6.Ty*' CST=?
¥, 6167y " SSP=t,016.77/1X, *VALUES OF DESIGN
IVARIABLES'/ 11Xy *GRei0e® 94X, *AREA® y11 X, *MEMBER NUMBERS?' )

47 FORMAT(*1°*y C*ITCRATION NJ =*,414)

50 FORMAT(//1Xy *COST FUNCTION HISTORY'/(4([54E12.4)))

5L FORMAT( '1'////30X, %% [NPUT DATA ERRUR *x*x')

52 FORMAT(/1X,01%y" FULLY STRESSED DESIGN DESIRED INITIALLY, NO. OF
ITIMES =*,14)

S4 FORMAT( 14,2X,'RL VIOLATED, DV='.[3.2E15.5)

55 FORMAT( [442X.'BU VIOLATED,y DV='4,13,2E15.5)

56 FORMAT(/1X,*TOTAL NG OF ZONSTRAINTS VIOLATEC =¢513)

58 FORMAT( /11Xy *NJD VIOLATION AT THIS [TERATION®)

59 FORMAT( /1X,'ND CDSTRAINT VIOLATED INITIALLY NO OF TIMES=',I5)

60 FORMAT( ' v, vxk%k%x SK[P DATA 17 THRU 20 AS NCI=0 FOR X=%,12)

6L FORMAT(///' fDC=',724%, K=4124%y [I[=24102,"y ITY(IID)=*412,° SKI
¥P DATA 21 THRU 23 IF ITY(IITI)=0."')

67 FIRMAT(/' 'y 13, JUNT Ty NN9NSUZNDAMy NLC 9NV ¢NCC y BNC o NBW o NPH 4 NSDy IS

“pPSp )
o3 FORMAT(/* 'y 13,* [1iS,IDVyIFRyIBUK,IDIS,IBDIS,IPS,IPD,IPC*)
64 FORMAT(/' 'y [34" [ILIMyITRSHLNSV, LCONSICONT (ITY(I)yI=1,ITE)
1y IWMMY)

65 FORMAT(/"* ', . DFeRITSRINJRLIEP4STPL,STP2")
66 FIRMAT(/* *, * (FACT(I) I=1,ITE)4F,CONL"*)
ol FCRMAT(/' 'y 13,° RRF(I)9ROLIM(I)RSLUTL)RSUCL)RLOAD(IN®)

68 FORMAT(/!' ¢, ' TRR1,ZRRZ2HERR3IHERR4,ERRS,FACTOR' )

69 FORMATI(/' ', ' (DLIB(I)sI=1,BNC)"*)

TO FORMAT(/* *y 313, iLJ = (NJL(T),I=14NLJ) = Jy(PB(NsL)yN=1,NN) ---
* FOR ALL NLC.')

TL FORMAT(LLX,"Z2(01,41) [S*y15Xy"22Z(142) 1S'/6X,y'TRANLAVBDA®DELTABL',5
LXy *TRANLAMBDA*DELTAC2' /14X, *=0" 419X, *'=DELPHI")

T2 FORMAT(1442X4EL6e7,TX4EL6.T7) .

73 FORMAT( /11Xy *(CHANST IN COST FUNCTION =',EL15.57/71X,'0B(1)*DB(])
1=',E15.5)

74 FORMAT(/1X,'T(2) 15 TRANDELTABL*DELTAB2=',E16.7//1X,'T(3) IS TRANL
LJ*DELTABL=',E16.7)

75 FORMAT(/1Xs*DELTA 1 NOM HISTORY'/(4(154E12.4)))

76 FORMAT(/1X, "DELTA . NOM HISTORY'/(4(154EL2.4)))

77 FORMAT( /1X,'NUMBE:X OF TIMES COST VARIATION'/1X,'REMAINS WITHIN SP
LECIFIED LIMITS=1,1Y)

78 FORMAT(//1Xs'NO OF TIMES STEP SIZE REDUCED=*4I13/1X,*NEW STEP SIZE
129, EL5. T/1Xy *REQ CHANGE IN COST FUNCTION DF=',4E15.7)

79 FORMAT( *1*,*CONVERSENCE CRITERIA HAS BEEN SATISFIED®)

81 FDRMAT( 3Xy *NV DELTABIL DELTAB2 DELTAB')

82 FORMAT(15y3E14.5)

83 FNRMAT(/* 'y 13,' LINK')

B4 FORMAT(/' 'y 13,' LINLS(I4L)4LINLG(I,2) = SKIP [F LINK=0*)

85 FORMAT( /' ¢y 13,* NJ(K)yNBJI(K) ¢NCB(K)yNIC(K) ¢NEWL(K) 4 NBW2(K)yNBW3
#(K)')

86 FORMAT(/* ¢y [34' (NZ(1yK)el=14NB)")

BT FIRMAT(/* 'y T35,% INgX(JsK) gYUIeK) 92 (JyK) o (NDCIDoI=14NN) - FOR AL
“LONJKT)

¥




88 FORMAT(/' *, [3,' (DLIMUI,K),I=1,NCI)")

89 FORMAT(/' *4313,' NLJ = (NJLIID)sI=1sNLJI) = Jo(PI(NyLyK)gN=L,NN) -
*--= FOR ALL NLC. SKIP 19 AND 20 IF NLJ=0')

70 FORMAT(/*' *, [3,* NM(KK)¢NG(KK) yNWIKK) ¢MCB(KK) MEF(KK)"')

91 FORMAT( /' 13, (BUIyKK) o I=1,MN3K)")

'
[ '
92 FORMAT(/' v, [3,"* (IGRT(I+KK)yI=1,NGK)")
93 FORMAT(/* *, [3," JoLy (MNIN#MyKK) gF=1,L)")
4 FORMAT( /Y v, [, EVEC FOR?')
95 FORMAT(/*',*, 13, L(l.KK’oBU(['KK"ALP(IOKK'oSL(loKK,vSU(loKK).R
¥I(0) o XNUULToKK)9C(I,KK) ")
96 FORMAT(/* *, [3,° M8,JPyJQyJR*)
17 FORMAT(/' vy I3,' K=',129"'y KIIDAM(K,[)="y12)
98 FORMAT(/' ', 13, N - SKIP DATA 30 AND 31 [F N=0')
99 FORMAT(/* vy, [3,* (NDM(IB),I8=LS,LL)")

Ceeee A-DATA COMMON TU ALL SUBSTRUCTURES.

¢ soi

PIS=13.1415927)%%2 (9
CCC=1.0 Qust ‘ﬂz@/
1PM=0 xseﬁs“ 0 WP

ICHEK =0

GG=386400.0 18® ‘L"w‘hl

WRITE(G,24) ﬁ*"

NUMBER =1

ARITE(6,62) NUMBER

NUMBER=MUMBER +1

[TE=3

10001 READ(S5410) NUNITaNI4NSUyNDAMZNLC ¢yNV4NCC ¢ BNC yNBWyNPH,NSD,ISPSP

ARITC(6,410) NUNIT, INyNSUyNDAMyNLC 4 IVyNCC +BNC yNBW,sNPH,NSD, I SPSP
[IF(NUNIT.EQel) G5=1.0

SN=2%N\

NNL=NN-=-1

ARITC(6963) NUMRER

NUMBER=NUMBER+1

17002 READ(SyLOyERR=TTT7) I[FSyIIDVyIFRyIBUK,IDIS,1BDIS,IPS,IPD,IPC,yJUSTW,

21AUTO

ARITE(6,10) IFSeyIDVyIFRyIBUKyIDIS,yIBDIS+IPSoIPD,1PC,JUSTW,
21AUTN

ARITLC(64964) NUMOER

NUMBER=NUMBER +1

10003 READ(S5y 104ERR=T777) [LIMyITRS,LNSV, LCON,ICOMT,
¥(ITY(D) g D=1 ITC )y [WMM
WRITE(6,10) ILIM,ITRSyLNSV, LCON, ICONT,

S (ITY(D) g D=1 ITE )y [WMM
ARITE(6y65) NUMRER
NUMBER =" |UMBER +1

10204 CAD(59114ERR=TT7) DF g RIT,RINJRLEP,STPL,STP?
NRITE(6411) DF g LIToRINYRLYEP¢STPL,STP2
ARITC(6y 66) NUMNER
NUMBER=NUMBER +1
c
c FACC(I) WILL BE US. Y LATER TO GENERATE WEIGHTING MATRIX W
1000% READ(9,11) (FACCUI)oI=1s[TE)RF,CONL

WRITE(GyLL) (FACCUL)o[=14[TC)RF,CONL
ARITE(6,68) NUMRER
NUMBER=NUMBER+1

10006 JCAD(99y84yERR=TT77) . RRL1yEIRZyERRI4ERR4 +ERRS

WRITE(6,8) _RRL4ERRZ2 yERR3 yERR4 yERRS
WRITE(6969) NUMRER
NUMBER=NUMBER+ |
IE
P —————— = — — —
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1NOCT7 READ(Y9y 9+ERR=T77) (DLIB(I),1=1,BNC)
WRITE(G6y11) (DLIB(I),1=1,BNC)
DO 109 I=1,BNC
129 DLIB(L)=1.DO/DLIB(L)

L=9

[=10

ARITC(6470) NUMPER, I oI

NUMBER=NUMBER+3

{ BUUNDARY LOAD,HOWEVLR SHIULD CONSIDER JUST *ACTIVE®'! DOF ONLY

D011l L=1,NLC

D109 [=1,8BNC

1.9 PC(I,L)=0.D0
1N00€ READ(5910,ERR=TTT) iLJ

ARITC(6,10) iLJ
[IF(NLJ.EQ«sD) G2 70 111

10009 READ(2410,ERR=TTT) (NJLOD) o D=1 oliLJ)
ARITE(6,10) (NJLCL) g I=1yNLY)

00110 T=1,NLJ
LE=NN®NJLIT)

L S=LE-NN1
0010 READ(5994ER=TTT) Jy(PB(NyL)yN=LSyLL)
11O ARITE(6,9) Je (PBIN4L) yN=LS,yLL)

111 CONTIYLC
WRITE(6,83) NUMECER
NUMBER=NUMBER+1
Q011 READ(59 LOyERR=TTTIL INK
WITE(6910) LINK
WRITE(6,84) NUMBER
NUMBER=NUMBER+1
IF(LINK.[Q.0) GO TJ 131
NC 130 I=1,LINK
2012 READ(S,10,ERR=TTT) LINLS(I41)4sLINLG(I,2)
130 ARITCE(6,10) LINLG(I41)sLINLG(I,2)
131 LIN=C
LG 13¢ [I=1,ITC
132 NVV(I1)=0

.eees B-DATA FOR [NDIVIDUAL SUBSTRUCTURES

MM=0
LG=0
<K=0
18=0
[9=C
Jg=0
g =0

BEGIN FUOR BIG LCOP 7777

D2 TT7TT K=1,0SU
KIIDAM(Ky L) =1
WRITC(6430) K
NUMBER=13
WRITE(6,85) NUMDER
NUMBER=NUMBER+ |
3013 READ(S5,yL0) NJIK) ¢NUJEKD) 9gNCHBIK) ¢yNICIK) yNBWL(K) yNEW2 (KD ¢NBW3 (K)
WRITE(6E0) NJUEK) 9 IPJ(K) g NCB(K) yNIC(K) ¢ HEWL (K) g NBW2(K) yNBW3(K)

CALL VARI(K)
Pl

o




-000

nol4

10015

140

10016

141

150
10017

-0 0

0018

10019
154
© 155

156

(e EeNe N e

157

160

(2 Xa Xl

WRITE(6,86) NUMBER
NUMBER=NUMBER+1

TO CONVERT BOUNDARY NODES,FROM LCCAL TO CVER ALI NUMBERING SYSTCM

READ(S,104,ERR=7TT) (NZII,4K)4I=1LyNB)
WRITE(6,10) (NZ(T4K),I=1,NB)
WRITE(6,87) NUMBER

NUMBER=NUMBER +1

DO 140 J=1,NJK

LE=NN%J

LS=LE-NN1

READ(S,9,ERR=TTT) J' e X(JgK) g Y(JoK)9Z(JgK) oy (ND(ID) oI=1 S,LE)
WRITE(6G,9) INeX(JeK) o Y(J9K) 9 Z(JeK) y (ND(I)yI=LS,LE)

IF(NCI.CQ.0) 30 TC 156

ARITC(6,88) NUMBER

NUMBER=NUMBER +1

READ(3y L14ERR=TT7) (DLIMUI,K),[=14NCI)
ARITE(6,11) (DLIM(T,K)oI=1oNCIL)
DO 141 I=1sNCI

DLIM(I,K)=1.D0/DLIM(T,K) ¢t
L=18 1S1?$>//’///
1=19 O 50

3 O o WP
WRITE(6987) NUMBER,L oI ‘5g$5 Rk
NUMBCR=NUMDER + 3 ?gﬁ»fﬁass
DD 155 L=1,NLC @13 oot
DO150 I=1,NCI N

PI(I,L,K)=0.D0

READ(5,4 10,ERR=TT77) NLJ
WRITE(6,10) NLJ
IF(NLJ.EQ.O0) GO TO 155

INTERICR LOADy [ DF WILL BE SUBTRALTED BY NCB(K) TC SAVE MEMORY

READ(54 LO,ERR=TTT) (NJL(T) o I=14yNLJ)
ARITE(6410) (NJL(T )9 D=1y NLJ)
DD 154 I=1,NLJ
LE=NN*NJL(I)=NIL

LS=LE-NN1

READ(959 9,ERR=TT7T7) Jo(PI(NyL oK) yN=LS,LE)
WRITE(6,49) Jy(PI(NyLyK)¢N=LS,LE)
CONT INUE

50 TO 167

ARITE(6y60) K

T GENERATE B OGFIN OVER ALL SYSTEM,
HOWEVIER SHOULD CONSIDER JUST °*ACTIVE*R DOF CNLY

D3 160 [=1,NB
L=NZ(IsK)
LI=NN*(L=-1)
[1=NN%([-1)
DO 160 J=1sNN
Li=L1+1
[1=11+1
NZC(T1,K)=L1
CONTINUE

CUMULATIVE RESTRAINT LIST

NJJI=NIK NN
b




T

161

L0020

10021

10022 RCADIS54 11,ERR=TTT7)

1

ICECTE €

179

180

191

J023

193

194
777

THIS PAGE IS BEST QUALITY PRACTICABLY

1=0 FROM COPY ‘
DOL61 J=1,NJJ FURNISHED T0 DDQ

I=ND(J)+I]
ND(J)I=ND(JI)I*=]
(r‘[.EU-NC' Gf\ rp Lf»Z
WRITE(6,412)

SO TO 222

DATA FOR INUIVIDUAL FINITE ELEMENTS.

D3 TT77 I1IIl=L,ITE

NUMBRER=20

IDC=0

WRITE(6461) INC G KelITLITYLLIT)

[FCITY(ITI).EQ.T) 0 TO 7777

KK=KK+1

WRITE(6,490) MUMPER

NUMBER=NUMBER+]

READ(5y 10,ERR=TT7) "IM(KK) ¢yNG(KK) yNW(KK) yMEB(KK) yMEF(KK)
A2ITE(SH, 10) NMIKK) o NGIKK) o NWIKK) sMEB(KK) ¢ MEF (KK)
NGK=NG(KK)

MA=0

N=0

ARITE(L,93) NUMBER

NUMBER=NUMBER+1

L0180 [=14NGK

AEAD(53 LOyERR=TTT) JoLo (MN(N+M,KK)yM=1,L)

ARITE(6G, 1D) JoLo (MN(N+MyKK)gM=1yL)

DI 179 LL=1,L

MA=MA+]

M=MN (MA , KK)

IGRE(M, [TI)=1

N=N+L

NOM( I4KK ) =L

Mo=MERLKK)

MT=MEF(KK)

ARITE(6y95) NUMELR

NUMBER =\JUMBER +1

GO L8l [=1,NGK

BLITISKK) oBUIT yKK) JALP(T yKK)ogSL(IKK),
1SULT KK)RO(T), XUU(T 9 KK) yE(I4KK)

ARITE(b,11) BLIToKK) yOBUIT WKK) yALP(T JKK)oSLITKK),
LSUCT KK ) 4RO(T), XHUUCT g KK) 4E(T 4KK)
SLITyKK)=1.0D00/SL(I,KK)

SULT¢KK)==1,0D0/SU(],KK)

WRIT.(64996) NUMRER

NUMBER=NUMBER+1

CALL ELESTF(MSy [I1s18yKy<KyMEMTo19,1SPSPyNN,yJ8,M8B,10DV,GG)

07 193 [=M6,M7

IGR=IGRE(T,IIT)

RRCOTy TTTI=ROCIGRI*CLL(TIZITT)

[FIIBUK.EQ.0.OR.III.GT.1) GO TO 7777

D) 174 1=1,NGK

LUC=ALP(T,KK)*C ([ ,KK)*P[S

t(IyKK)=1.D00/RUC

CONTINUL ks

END CF CIG LODP 7777

1o

g

2o




oo

[aNaEal

10024

10025

10026

10027

10028

200

201
202

aQaaa

KITDAM(K,IDC).LQ.D - NOT DAMAGED.
KIIDAM(K,IDCY.NC.O - DAMAGED.

IPDAM=NDAM+ |
RRF(1)=1.0 gﬁ‘
RDLIMI1)=1.0 ot -
RSL(1)=1.0 &Qa&
RSU(1)=1.0 5?35
AO0AD(L1)=1.0 hgg* 30
NEGV(1)=0 g&ﬁg 4

NDDF (1) =NCC 1$W‘d°

LS=1

LE=0

IDC=0

IF(NDAM.EQ.O) 50 T. 201

INPUT DAMAGED DISCRIPTION

DO 200 IDC=1,NDAM
ARITE(G, 34) IDC
[=1DC+1

NEGVI(T)=9

NUMBER =24
ARITE(6,67) NUMDER

READ(59 11,CERR=777) RRF(I),ROLIM(L)RSLIL)RSULL) RLCAD(I)
WRITE(6s11) KRF (L) yRDLIM(T) ¢RSL(T) +RSULL) 4RLUADCT)
KK =0

PT 200 K=14NSU

NUMBER=295

READ(S5,10) KIIDAMIK,T)
WRITC(6,9TINUMEER 4K ,KITDAM(K,I)

DO 200 IlI=1,ITC

NUMBER=26

IFCITY(LII).EQ.D) Lo TO 200

KK=KK+ 1

WRITE(64998) NUMBER

NUMBER=NUMBER+)

READ(99 100ERR=TTT)

WRITE(6,10) 'l

NBDAM(KK, IDC ) =N

NEGV(T)=NEGV(I])+N

[F(NEQLC) 30 T 2070

LE=LE+N i

WRITC(6599) NUMARER o
NUMBER=NUMBER+1] !
READUIY s 10sERR=TT77) (NDM(IB) o I8=LSsLL)
WRITL(uy10) (NDM(I8),18=LS,LE)
WNRITE(6y32) NUMDER

READ(S5¢5,ERR=TT7) (REDUC(E8),18=LS,LE)
WRITE(G6,5) (REDUC(IB) 418=LS,LE)
LS=LS+N

CONTINUE

GO T0O 2C2

WRITE(b6,31)

IF(IDV.EQe0 JAND. JUSTW.EQ.O0)GO T} 204
IF(IAUTOEQ.QIGD T 964

AUTOMATIC GENERATIZ'Y OF INPUT EIGEN VECTOR(FOR SUB. SUBSP OPTION)

KU=0
DO 865 [TWO=1,2




A THIS PAGE IS Bgg
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HED T0 pp
' DY) 866 J=1,NCC 0 ——
KU=KU+1

IF{KUEQ.ITWOIXEIG(J, ITWI)=1.00
IFIKUNCITWO)IXEIG(Jy ITWI) =0.D0
366  CONT [NUE
KU=0
I 365 CONTINUL
! G0 TO 204

? : JR USER HAS TN SUPPLY [NPUT EV(FOR SUB. SUBSP OPTION)

764 NUMBLR=29029
WRITE(6,94)NUMEER
DO 803 I[TWO=1,2
, 29029 ICAD(S5,8,ERR=TTT)(X-IG(J, ITWO)yJ=1,NCC)
’ 203 ARITL(6,48) (CEIG(Jy [TWO) 9 J=1yNCC)
206  KK=0
f 0 210 K=1,NSU
| DO 210 [Il=1,ITC
‘ IFCITY(IITI).EQ.Q) 50 TO 210
KK=KK +]
NGK=NGIKK)
NUMP ER =30
WRITE(6491) NUMBER
179030 READIS, 44yERR=TTT) (B(I4KK),1=1,NGK)
NUMBER =NUMBER + 1
ARITE(6, &) (BUT,KK) g I=1,NGK)
ARITE(G,92) NUMBGER
(0031 RCAD(S5,10,ERR=7TT) (IGRT([4KK),I=1,NGK)
ARITE(6410) (IGRT (I yKK)oI=1,NGK)

2 SMALL LOOPS 207 & 208 TO GENERATE DV = FOR COMPLETE STRUCTURE
’ STORED IN [GRT(=-4-),ALSO IGRE(-,-)ICCNTAINS GROUFE =
E IN SUESTRUCTURE KycLEMENT TYPL [II

DO 207 I=1,NGK
IFUIGRTL I,KK)) 206,207,205
205 NVVOITI)=NVV(LIT) el
TGRT( T ,KK)=NVV(III)
GO TC 207
r 206 LIN=LIN#1
| LLL=LINLGILIM,1)
| NGR=LINLGILIN,2)
TGRT( 1,KK)=TGRT(NGR,LLL)
b 207 CONTINUE
| 210 CONT UL
NACL)=NVV(L)
NA(2)=NVV( L) #NVV(2)
KK=0
06 208 K=1,NSU
D) 208 I1I=1,1TE
IFCITY(ITI).E0.0)G1 Tu 208
' KK=KK+|
IFCITT1.EQ.11G0 TO 208
NGK =N (KK )
DO 209 [=14NGK
IFCIGRT (1,KK).EQ.0)CC TO 209
IGRT (I, KK)=IGRT (1,KK)#NACTLT=1)
207 CONTINUE
207 CONT INUL

118
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oo

219
220

221

231

C..oo

232
233

234

(@ B o5 O )

798

oo

CEGIN TO GENERATE VWECISHTING MATRIX

DO 211 [=14NV
AM(1)=0.0D0

KK=0

DO 220 K=1,NSU ?mgstEST
DC 220 111=1,1TE T Py FURMLS
IFCITY(LII).EN.0) 50 TO 220 FROM

KK=KK+1]

M6=MED(KK)

MT=MEF(KK)
DO 219 [=M6M7
TFCTTTEQal) XCT L) =H(T)
MV=IGRT(OIGRC(T,I11),KK)
IF(MV.EQ.0) GO TO 219
JO0(MV)=FACCLIII)
WMIMV)=WM(MV)I#RR(I,II1T)
CONT INUC

CONT INUE

DI 221 1=1,NV

AXL=00(1)

00CI)=WM(I)
AM(T)=WM(])*®AXL
XX=WM(1)

DN 23C [=2,NV
IFIXX.GE.WM(TI)) 50 TC 239D
XX=WM(])

CONT INUC

DO 231 [=1,NV
WM(T)=XX/WMLI])

AM(IL ) STORES [NVERST OF ANEIGHTING MATRIX. NCRMALJZED WITH MAX ELE.

WRITE(O,33)

WRITE(6,10) (NVV(I),I=1,1TC)
ARITE(6,48) (HM(l’y(f\vNV)
IF(IWMM.EQ.O0) LC T 2133

DO 232 1=1,NV

WM(I)=1.000

SUML=0.0

WRITE(648) (WM(I)y[=L4NV)
) 234 [=1.NV

SUML =SUML+00 (I )*WM( 1) *D0(])
ARITE(6,24)

ARITE(6925) SNyNSUyBNTy NEWyNLC ¢yNPH,NSD
WRITE(6,26) [CUKy IDISyIOVaIPDSIPS,IFS,ITE
WRITE(6427) ILIMyIPM,ITRS,LNSV
WAITE(692B)DFyRITHAINyRLYEP

WRITE(6429) ERRL,ERR2,ERIILLERREG4JERR

[YITIALIZE COUMTER"

\NTL=0
ITRN=9
ITR=0
ICv=n
NSV=0
CONT INUE

COST FUNCTION & STCLP SIZE

QUALITY PRACTICASER

WED TODDC  —
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4

r

240

241
242

245

999

007

246

2417
248

neca

256

THIS PAGE IS BEST
FROM COFY FURNIS

DO 240 I=1,ITE
XCOST(I)=0.0

K=0

DO 242 KK=1,NSU

DN 242 111=1,ITE
IFCITY(II[).EQ.O) 0. TO 242
K=K+1

M6=MEB(K)

M7=MEF(K)

DO 241 J=M6,M7
I=IGRLE(J,IIT)
XCOST(III)=XCOSTUIIL)+B(I +K)I¥RR(JWII1)
CONTINUE

COST=9%.0

PO 245 I1=1,I1TC
COST=COST+XCOST(I)*CCC
STEP=(COST®DF)/(CCL=SUML)
STEP=STLP%STP2

CONTINUL

NTL=NTL+1

FOINTL)=COST
DBIN(NTL,1)=0.0D0
DRIN(NTL,2)=0.0N0

PRINTING COST FN. nISTORY

WRITEL6449) NTL

WRITE(6445) STLP

ARITE(6448) COST,(XCIST(I),I=1,43)
[IFINTL.GTSILIM) 50 r0O 22220

PRINTING CURRENT AREAS

K=0

DO 246 [=1,"CC
NDISP(T) =0

DO 248 KK=1,NSU

nC 248 I11=1,ITE
IFCITY(III)EQ.C) ' TD 248
K=K+1

ARITE(6447) KKy III
MA=0

N=NG(K)

DO 247 1=1,N

NGV (19K )=D

J=NOM([,K)
WRITE(OG,46) I.[GRTll.K),3(1.K).(MN(MA#L.K)'Ltl.J)
MA=MA+J

CONTINUE

DO 7008 NFVIO=1,I[PiAM
TEI(NFVIO)=0.D0
TE(NFVIGC)=0.D9

SIZE=)

LxX=0

INCR=D

NORES=0N

11X8=0

13x8=0

14%8=0

) 2%6 [ =1,NV
SS(1)=0.0

< g

QUALITY PRACTICABLE
HED TO DDC Wi




ey —

coc

258

259

883

882

832

884

88%

252
251

879

BEGIN CF BIG LOOP 77788 FREWQ ANAL & CHECK IF FREQ [S(ARE) VICLATED

DD 77788 IDC=1,1PD M
LDC=1DC-1
WRITE(6, 34)LDC
DO 259 [=1,BNC
DD 258 J=1,NBW
Cl1,J1=0.DC
DO 259 L=1,NLC
ZB(1,L)=PR{L,L)*RLSAD(IDZ)
IF(IDV.CQ.0 <AND. JUSTW.EQ.0)GO TO 2550
XRF=RF*RRF( 1DC) oﬂﬂk-
XRFF=(6.2831854%XRi ) *%2 1
1012=0 ‘ﬁbfi*’//
CALL STIFFM(N,K,1DC,11X8,6883,1G12) ﬁ;ﬁ‘
GO TO 892 ﬁﬁsdp
WRITE(6,19)N,K, 1D 5%
50 YO 222 ?gﬁ"
DY 832 [=1,8NC @v° vt
L (] w
DO 832 J=1,NBW
D([nJ)=C(l'J,
\=0
K =0 .
CALL DECUPP(N,NBW,C*C,E884)
GO TO 885
WRITE(6, 19IN,K
G0 TO 222
CONT INUC
DO 850 [=1+BNC
03 850 J=1,NBW
C(l'J)=[)(IQJ) E
CALL SUBSP(NCC,NBW,LCON,ERR1,IDC,13%8)
FREQ=WS( 1)
XL=DSQRT(FREQ)/6.2831853
WRITC(643TINCC,FREU ¢XLy (1 4XEIG(I41),0=1,NCC)
IF(IDV.CQ.0 «AND. JUSTW.NE.OIGO TO 2550
YYM=1.0-(FREQ/XRFF)+EP
IF(ICHEK+EN.1)30 T 2550
IF(YYM.LT.0.0)C0 T. 254
LX=LX#+1
TEI(LX)=(FREQ-XRFF)/XRFF
TE(LX)=DABS( XRF=XL) /XRF
KK =0
DU 251 K=1,NSU
D7 251 [11=1,3 =
IFCITY(II1).EQ.0) LU TO 2u1 i
KK=KK+1
M6=MEH(KK)
M7=MEF(KK)
DO 252 [4=M6,MT
SE(T4oITI)=PRITG,[IT)
CONT INUE
[F({ ICHEK .CQ. 1150 T 2550

TO FIND TRIPLT PRUDUCT Y®M*Y,USE LATER IN SUB. DEFRIQ

CALL MEVEC(NMsNCCyINCylaXB,yl)
FDEN=0.00

D0 879 I=14NCC
FDEN=FOEN4XEIG( T, 1)*YXEIG(I,y1)

¥l




253

2550
551

820

260

270

302

303

304

521

703
237

THIS PAGE IS BEST QUALITY PRACTICABLE
FRuICOfYFUHKUﬁEDIODQQ s

CALL DEFREO(FREN,X2FFyNNyFDEN,NCC)

DO 253 [=1.NV

ETCUTI+INCR)==H(T)

INCR=INCR+NV
IF(UIFR.GT.0)AND.(ITRNLEQ.0Q)) GO T 332
30 TD 2551

NORES=1

WRITE(6,39)

[4X8=[4XB+NEGV( IDC)

CONTINUE

REGIN OF BIG LODP---83 TQ FIND DISPLyEL. FORCEC
CONSTRAINT CHEZK 04 STRESS,DISPL,CONSTRUCT CAP LAMDA MATRIX
=DEJIVATIVE OF VIOLATED ZONSTRAINTS

[FLIDV.cQ.0 .AND. JUSTW.EQ.O)GO TO 8290
S0 TN g2l

CALL STIFFM(NsK,IDZ,11X8y8260,0) i
GO TO 270

WRITE(6919) NyK,yIUL

20 TO 222

DU 302 [=1,8NC

00 302 J=1,MBW

DlIed)= ClI,J)

=0

K =0

CALL DECUPPINyNOW,BCyE3D3)
GO TO 304

WRITE(6y19) NyK

S0 TO 222

CONTI Ut

S0 Te 837

CONTINUL

UG 903 I=1,8NC

D2 903 J=1,NBW

DEIeJd)=ClI4J)

CALL ZOZIEF(IDC,[".PSP,IPS,IPD)
IF(ICHEK cEQ. LI5S0 T 77788

DO 310 [=14NLC

NOCI ) =0

CALL CONST(IDC, [BUK IDISyIBDISoNSD9EPyMVIBUsIVoIPCyNTLyIFS, ISPSP,
1NDAM)

IFl NTL.GTL.IFS) GU r0 311
ARITE(Ly52) NTL,IFS
ITRN=ITRN+1

G0 TC 998

IF(IV.EQ.0)50 TG 77788

CO 331 [=1,0NC

D0 330 J=1,NBYW
D(I+sJ)=C14J)

00 331 J=1,1V
DSUI4J)1=A2(14J)

CALL SOLDUP( IVyNBW,NNC)
ARITE(69311) ((DS(I4d)el=14BNC)oJ=1,1V)

LXX=1]

| A4




}‘ 77788

77789

p 18
33317

31)

3318

OO0
L]
.
]
L]

334

335

336

CALL GENCINSDoNVyLXYX, [BU, IBUK,IV,1IDC)
IF(SIZE.GT. (NSO-NDAM=1))50 TO 77789

CONT14UC

O ;
END OF G1G LOOP 77738 ?k@m“ﬁs&kg)wwc o
CONT INUE o coPt T

IF(ICHEK .EQ. 1) GO TiL 222

IFI(LXeEQeO «AND. SIZE.EQ.0)GO TO 332
IFISIZE.EQ.0 AND. LX.NE.ND)GO TD 33318
WRITE(6,35)

DO 318 I=1,SI17C
WRITE(69y36) I (INF(19J)9yJ=1,48),DLPH(I])
CONT INUL

D3 319 I=1,S!Zt

D0 319 J=1,NV

DPB(Jy 1)=DPX(JgI)

[F(LXeLQe0 «ANDe SIZENE.O)G0 TO 332

ADD CIOLUMNS OF FREC .. VIOLATIONS IN CAP LAMDA MATRIX
ALSO ADD AMOUNT OF FRCQ VIOL IN DELPHI,THEN UPDATED SIZE

INCR=-NV

DI 320 I=1,LX
DLPH(SIZE+I)=TEI(I)
DLP(SIZE+I)=TE(I)
INCR=INCR#NV

DD 320 J=1.NV
DPR(JySIZE+I)=ETC(J+INCR)
SIZE=SIZE+LX

CHECK FQOR DESIGN VARIABLE CONSTRAINTS

[J=SI[/¢

\NDC=9

K=0

DO 334 [=14NV

Z([y1)=0.0

Vv(I1)=0.0

03343 KK=1,NSU

DO 343 I1II=1,ITC
IFCITY(III).EQ.O) 5O TO 343

" WRITE(6,47) KKy Il

K=K+1

LL=0

NGK=NG(K) .
DD 342 [=1,NGK ¢
L=NOM([,K)

MA=[GRT(I,K)

IF(MA.EQ.O0) GO TO 341
IF(SS(MA)EQeleDelReVVIMA).EQel.0O) 50 TO 339
VVI(MA)=1.0

IF(BL(IyK).LE.O.) 50 TC 335

YYM=1.0

IN=BL(I,K)

XL=P([,K)/ZIN

50 TO 336

YYM=0,

IN=1.0

XL=B([,K)

CONT INUC




33eo

o

337

3381

338
339

4o

341
342
343

C...-

Ceooe

344
345

3406

347
c...

IF((YYM+EP)LToXL) 50 TC 337
SIZE=SILE+]
IF(SIZE.LE.NPHIGU Tu 3380
SIZC=SIZE-1

G0 TO 338

NDC=MNDC +1
DLPH(STZLC)=XL-YYM
DLP(SIZE)==-DLPH(SI/L)
ARITL(64954) SILEMA, XL
DZE(NOC ) =-1.D0/ZN
GO TO 332
CONTINUL
IN=CU([,K)
XL=B(I,K)/IN
[F((XL+EP).LT.1.0)
SIZE=SIZE+1]
IF(SIZELE.NPHIGD T 3381
SIZE=SI/E-1

50 TC 338

NDC=NOC +1

DLPH(SIZE)=1.DC-XL
DLP(SIZEY==DLPH(SIZT)
WRITE(6,y55) STZE M\ 4XL
DZE(NDC)=1.D0O/7N

HINDC)=MA

CONTINUE

PN 340 J=1,L

LL=tt+1l

M=MN(LL,K)
Z(MA,1)=2(MA, 1) +RR(My1II)

GO TO 342

LL=LL+L

CONTINUE

CONT INUE

IF(SIZE.CQ.O) 50 T. 347
WRITE(6y56) STLT

COMPUTC DELTA B VECTOR

DPB IS CAP LAMBDA HATRIX (NVeNSD)
IF(IJ.EN.Q0) GO TO 345

00 344 J=1,NV
RIUCJII=DSQRT(WM(J))

DO 344 1=1,1J

DPB(Jy 1)=DPB(J,y [)%R11(J)

CONT THUE

0 TO 339

CALL DELBE(TJ,NDC,iVet34T)
IF(IJ.EQ.N) GO TO 391

00 346 J=1,4NV
XX=1.3D0/R0(J)

D0 346 I=1,1J
DPBUJy [ )=DPB(J, [)%XX

50 10 351

CONT INUL

NO VIOLATION NF CO.STRAINTS
IF(ITRILEQ.D) LC T 348
ARITC(6458)

XL=17

DF=XL

CSTEP=(CLST#XL)/ iCCL*SUML)
STCP=STLP*STP?

GO TC 349

| 24
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FROM COPY FURNISHED TODDC _—




[ 348

C .o
N .

349

350

r l.;oo.o

35¢
353
354
355

3%0
(;....
357

358

359

360

3ol

XL=RIN
NO INITIAL VIOLATIU'.

Reys vy THIS PAGE IS BEST QUALITY PRACTICABLE

WRITE(6,59) ICV
YYM=(COST#XL)/(CCC®SUML)
YYM=YYM%ESTP?2
WRITE(6445) YYM

DO 350 [=1,NV
BE(Io1)==Z(Iy1)&uM(I)
ﬂ[(|.21=0.
W(I)=YYM*BE(I[,1)

CONT INUE

COMPUTAT IONAL CHECKSe.
IF(IJ.CQ.0) GO TO 354
ARITE(6,71)

DO353 [=1,1J
LZ(1,1)=0.9
Z2([+2)=0.0

DC352 J=14NV
ZZUIs1)=22(1,1)4DP(Jy1)%BE(Jy1)
ZZ(142)=22(142)4DPU(Js1)&BC(Jy2)
WRITE(6,T72) ToZZCTa1)422(1,2)
00 355 [=1,5

T(I)=0.0D0

D2356 [=1,NV

FF=1.000/WM(T)

TOL)=T(L)+BE(L, L)*CU(T, 1) *FF
T(2)=T(2)+4BE(1y L)% ([42) %FF
TU4)=T(4)+BE([,2)*0T([,2) *FF
TE3)=T(3)+Z(I, L)% TE(I,1)
DPRBIN(NTL, L)=DSURT(T (1))

DRININTL »2)=DSORTIT(4))

COMPUTE NEW B

IF(SIZE.EQ.0)GJ TU 358

DC 357 I[=1,V
WT)=STEP*BE(TLyL)+PC(1,2)
SUM=0.0

DI 359 [=1,ITC

XCOST(I)=0.0

D2 360 I=1,NV

vVvil)=0.C

LIN=0

K=0

DO 3K4 KK=]1,NSU

DO 364 I1I=1,ITC
IFCITY(III).EQ.D) . TOD 364

K=K+1

N=0

NGK=NG(K)

DG 363 [=1,NGK

L=IGRT(1,K)

IF(L.CQ.0) GO TO 302

IF(VVIL) «EQe1le0) 500 TO 361
SUM=SUM+WIL ) *W(L)

AlT K)=8(T,KI+W(L)
IF(B(TIoK)eLT.BLIIsK)) B(IyK)=BL(I,K)
IF(D(TyK)eGTBUCTKIIB(I,KI=BU(I]4K)

vviL)=1.0

GC TO 362

LIN=LIN+1

LLL=CLINLG(LINyL)

Pl

125
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362

363
364

365

Joe

367

368
369

379

3r2

22220

378
379

NGR=LINLG(LIN,Z2)

B(I,K)=B(NGR,LLL)

NJJ=NOM( [,K)

D2 363 U=l NJJ

N=N+1

M=MN(N,K)

XCOSTY(ITI)=XCOST(IIL)#B(I K)%RR(M,ILI)
CONT INUFE

VALUC=0.002

DO 36% [=1,1TE
VALUE=VALUE+XCOST(1)*CCC
XL=(COST-VALUE) /COHT

WRITE(6,173) XLy SUM

xL=DABS(XL)

ARITE(6,81)

DS 366 [=14MV

ARITEL0y b2) [oOC(iy1)eBE(I42)oW(I)
ARITE(6,T74) T(2),T(3)

ARITE(6,T5) (I4DINCI41)o[=1,NTL)
WRITC(6,76) (IsDIN(I42),I=1,NTL)
WRITE(byS50) (ToFOCT)oI=1,NTL)
IF(ITRLEQ.ITRS) GO 1O 369

IF(XI «GT.RL) G0 TC 368

NSV=NSV+1

WRITC(6,77) NSV

TFINSV=1I NSV) 369,367,367

ITR=[TR+]

DF=STPL%NF

RIT=STP1I*RIT

RL=0«5%RL

STEP=(CUST®DF)/ (CCC%SUML)
STEP=STEP*STP2

WRITC(6,78) [TR4STCP,DF

NSV=0

CONT INUL s
IF((SIZE.EQe0)« AND. (I TRN.EQ.C)) GO TO 998
IF(SIZL.EQ.D) 50 T 371

DC 370 1=1,SI7E

IF(DLP([)5T.ERR3) 50 TO 371
CONT I vUC

IF(DBIN(NTLy 1)eLTeR2) 50 TC 372
CNST=VALUE

ITRN=ITRN+1

50 TU 999

WRITL(6479)

WRITE(6948) VALUE,(XCOST(I)o1=1,3)
ICHEK=1

WRITE(6440)

50 TO 7007

K=0

[IF(IDV.L0.0 +AND. JUSTW.EQ.0)GO TO 379
NJ 378 [=1,2
WRITE(T,8)(XETIG(JIyl)yJ=14NCC)

DN 381 KK=1,NSU

DO 381 II1=1,ITE

IFCITY(ITID)L.EQ.OD) U TO 381

MA=0

K=K¢1

NGK=NGUK )

ARITE(644T) KKy 111

N0 380 I=1,NGK

| Ao
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J=NOMT,K)
WRITE(6y46) [, IGRTU14K) o301 oK) o (MN(HA+L 1K) yL=14J)

380 MA=MA+J
ARITE(T, 4) (B(I,K)yI=1,NGK)
WRITE(7410) (IGRT(L+K)oT=14NGK)

381 CONTINUE PRACTICABLE
60 TC 222 pEsT QUALITY :

TT7 WRITE(6y51) gu1S PAGE 15 20 ep 70 DDC

222 CONTINUL wwﬂi’m‘
CALL EXIT
STOP
END
SUBROUT INE VAR (K) sus
COMMON/V 1/NL4NC o NWK s IGK s MA y NUL ¢ NU2 ,NU3 s M1 s NB/NJKyNCoN11,15Q, IQL
COMMON/V2/NICE 3)oNal 6)oNG( 6) JNBWL( 3) JNBW2( 3)4NEW3( 3),NM( 6,
INCJC 3),NJC 3),NCBU 3),NEW( 3),1QS( 3),MEB( 6) ,MCF( 6)

SRR kR R AR R R E AR KRR KR E R R R R R R Rk ke ek k

C* THIS SUBRROUTINE GECRATES VARIOUS VARIABLES FOR KTH SUBSTRUCTURE *
CRERRRRRRRRERERRRRRERRXEE SR ERRKRERRRERERREERE KRR RRRERRRRERE KRR SR ERRRK
NCI=NIC(K)
NL=NCB(K)

NUL=NBWL1(K)
NU2=NBWZ2 (K)
NU3=NPW3(K)
NB=NBJ(K)
NJK=NJ(K)
NC=NCI+N1
MA=0
RETURN
END
SUBROUTINE ELESTF(M sgIITs189KoyKKyM6MT7,19,1SPSP,NN,JB,M8,IDV,GG) SUB
IMPLICIT REAL%8 (A-11,0-7)
INTEGER SIZEBNC,yS
COMMON STEP,BNC SN, NBWySI ZEJNLC4yNSU
COMMON/PL/BL( 94 9)4B2( 9y 9)4B3( 9, 9)+ESF( 9, 9),NA( 156),NILl( 9
L)oyNJLL 9),NJ2( 9)
COMMON/P2/XNUUL L4y 6)4yELL(L1CEy 2)9tUl 14y 6)ySTRESS(1620),TCSM(
1 156), TRCSSP(2808), XCIOST( 3),ICSS( 108y 2)4o[SAC( 108y 2),INDC( 108
29 2)+IGRTL 14,y 6)43[%RT( 108y 2)4oNNDC( 10801 4LLNC 3),ITY( 3), ICSSM(
3 108, 2)
COMMON/R2/P1(12y Lle 3)4RR( 128y 2)9E( 14y 6)yMN( 1085 6) NOM( 14,
1 6)
COMMON/A3/BR( 108y 2)4TRSF( 108y 1) ,CSTF(48, L,y 4)4SSPF( 1y 1y 3),
1Z( S1ly 3)yDZEL 60),MP( 108, 2)4NDI( 216)
CIMMONZASG/XL LRy 3)4DLPL 60)sDLPHI 60) Tl 156),WM( S1),RO( 51)
COMMON/AG/DPZ( 509 5004221 T2y 3)4BL( 108+ 3)4W( T2)oH( 1081 ¢VVI(
1 L56),Y( 108, 3)eNZZ( 24, 3)
1C FORMAT(1615)
35 FORMAT(*C*y* (EL NC JP Jo JR MP® g 8Xy "L/SA' 49Xy *'LL1"yl2X,"ML"
Lo l2X o "MLl 'ol2Xy"'L2%9 12Xy M2 412Xy 'N2Y /Y V)
36 FCRMAT(LIXsS5[5,TEL1D.%)
ARITE( G,y 35)
03 700 M=Me M7
READ(5,10) MMeJPs JQeJRyMP(M,IIT)
XL=X(JQoK)=X(JP,4K)
YM=Y (JQyK)=Y (JP4K)
IN=Z2(JQ4K)=2(JP,K)
IF(IITILTaL) GO TO 500
[D=3 :
Cesss TRUSS ELEMENT STIFF. MATRRIX.
ELL(My, 1)=DSOQRT(XL=XL+YM&YM+ZN%®ZN)

AT

yov




FL=1l./ELL(M, III)
CL=XL*EL
CM=YMXxEL
CN=IN%*EL
WRITE(6, 36)
CON=E(IGREC(M,y1) KK)*ECL

ESF(1,1)=CL

CSF(1ly2)=CM

ESF(1,3)=CN

Pl(Lly1)=CL*CL

L1(242)=CMECM

H1(3,3)=CN*CN

B1(142)=CL%CM

BL(1l,3)=CL*CN

P1(2,43)=CMECY

IF(IDV.CNR.0) GG TJ 600

CONM=RO( IGRE(My [TI))*ELLIMaI1I)/(6.0%5G0)
B2(1l,11=1.0
IDM=]

G0 TO 599
IF(II1.GT.2)
I1D=9

CST ELCMENT STIFF. MATRIX.
BX=DSORT(XL%XL + YM XYM+ ZN*.ZN)

ESF(2,1)= XL/RX

ESF(2,2)= YM/RX

ESF(2y3)= IN/3X

XL=X(JRyK)=X(JIP,i)

YM=Y(JR,,K)=Y (JP,K)

IN=Z(JRyK)=2(JP,K)
SX=XL®LSF(241)#YME-SF(2,2)¢IN%ESF(2,3)
XL=XL-SX*ESF(2y1])

YM=YM-SX*¥ESF(2,2)

IN=LN=-SX¥ESF(2,3)

HX=DSQAT(XLEXL+ YMEYM+INE/N)
ESF(1y1)=XL/HX

ESF(1y2)=YM/HX

ESF(1ly3)=2ZN/HX

ELL(My 2)=0s5%3X%HK

500 G TO 515

- ARITE(6936) MoJPoJVyJRyMP(MyITT1)9ELLIM2) s ((ESF(JyL)yL=143),J=1,2)

XNU=XNUU(IGRE(M, 2)4KK)

ETA=(1.0-XNU)*0.5

CON=E(IGRE(M2) ¢KK) /([ 1.0=-XNURXNU) *2,0%BX%HX)

EMS=£X-SX

HH=HX*HX

SZ=SX¥SX

BB=B x%BX

PMSS=HMS%BMS

SEMS=SX%BMS

HBMS =HIX*BMS

BBMS=BX%&BMS

Bl(1ly1)=nMSS+ HH®LTA
RLlLy2)=(XNU+ETA)%IBMS
EL(Ly3)=SBMS-HH%ETA

BL(]44) =~HBMS*XNU+AX*SX*ETA
"(1,5)=-BBMS
BL(1ly6)=-HX*BX*ETA

Bl(Z2¢2)= HH{+BMSS*L [A
B1(2y3)= XNU%SX*HX- {BMS*ETA
Bl(2y4)=-HH+SRYS*ETA
BL(2,5)=-8X*HX*XNU

MyJdPyJi g JRyMP (M, IET) CLL(MyL)sCLyCMsCN

THIS PAGE IS BEST QUALITY PRACTICABLR
FROM COPY FURNISHED TODDQ o

P




501

502

504

503

506

C...o

515

BL(246)==BBMS*E TA :
BL(3,3)= SZ+HHEETA BEST QUALTTY PRACTICABLE
HED TO

BL(3,4)==(XNU+E TA) #HX*SX TH1S PAGE IS
BL(3,5)=-SX*BX FROM OOFY
Bl1{3,6)= HXEBX*CTA
BlL(4y4)= HH+SZ*ETA
Bl(4s5)= HX®BX%XNU
Bl(4,6)=-SX*BX*ETA
B1(5,5)= BB

B1(5,6)= 0.0

B1(6,6)= BR*ETA

UG SO0L J=1,6

0O 501 L=1,6
RL(LsJ)=BL(J,L)

D0 502 J=1y6

DO 502 L=1,9
B2(J+L1=0.0

JJ=0

DO 504 LS=14542
LE=LS+1

DO 506 J=1,3

JJ=JJ+L

DO 504 L=1,6
B2(LoJJ)=B2(LyJJ)+ NL(L,LS)I* ESF(LyJ)¢ Bl1(L,LE)* ESF(2,J)
ND 503 J=1,9

DD 503 L=J,9

B1(JyL)=0.0

JJ=0

DY 506 LS=1ly5%,2

LE=LS+1

00 506 J=1,3

JI=Ju+l

DO 506 L=JJy9
BLEJJsL)=BLUJIoL)+L2(LS,L)* ESF(l,J)4B2(LE,L)* ESF(2,J)
IFLIDV.EQ.0) GZ TC 600

CONM=RO( IGRE(My TT11))*ELL(My T1I)/(12.0%GG)
P2(1,1)=1.0

1DM=1

50 TO. 599

SSP CLEMENT STIFF. MATRIX.

10=6

SSPB=DABSIZ(JP,K)+Z(JQyK))
SSPA=DSQORT(XL*XL+YMEYM)

ESF(1,1)=XL/SSPA

CSF(142)=YM/SSPA

ELL(M, 3)=0.5%#SSPA*SSPB

WRITE(6936) MyJPyJ0yJRyMP(MyTTT) ELLIMy3) o ESF(Ly1) ESF(1,2)
XNU=XNUU( IGRE (M, 3),KK)

THETA=SSPA/SSPL

CON=E(IGRE( My3),Kr)/(12.0%(1.0¢XNU))
DCM=ESF(1,42)

DCL=CSF (141)

DCLL =DCL #DCL

DCLM=DCL*DCM

DCMM=DCM*DCM

Z1=2.0¢( 1.04XNU)/Til_ TA
IF(ISPSP.NE.O)Z1=0.0

12=3.0%THETA

S11=21422

S13==21422

$22=3,0/THETA
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599

6lh
600

Bl(ly1)= S11*DCLL
Bl{ly21= SL1*NCLM
Bl(1,3)=-3.0%DCL
BL(1y4)= S13%DCLL
Bl(1l,5)= S13%NCLM
Bllly6)= 3.0%DCL
B1(2,2)= S11*NCMM
Bl1(243)=-3.0%DCM
Bl(2,4)= SL13%DCLM
Bl(2,5)= S13*DIMM
Bl(zy6)= 3.0%DCM
eL1(3,3)= S22
Bl(3,4)=-3.0%NCL
RL(3,5)==3.0%DCM
Bl(3,6)=-522
Bl(4y4)= S11%*DCLL
Rl(4,5)= S11*DCLM
fl(4y6)= 3.0%DCL
BLE5¢5)= SL1*DCMM
AL(5,6)= 3.0%DCM
RL(6.6)= S22
IF(IDV.LQ.0) GC TO 600

CONM=R0O( IGRE(M, I11))%SSP3*SSPB/(6.0%GG)

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COFY FURNLSHED TQ DDQ -

XM11=THCTA/3.0+XNU*THETA/6.0+(THETA%%3)/10.0+0.1 #XNU*XNU/THETA

XM12=-0.2%%( THE TA*THE TA+ XNU)

XM13=THLTA/6.0-XNU* THETA/6.0-(THETA%*%*3)/10.0-0., 1 *XNU*XNU/THETA

XM22=THLTA
P201,1)=DCLL%®XM]11]
b2(1le4)=DCLLEXM13
L2(64,4)=02(1,41)
R2(142)=DCLM%=XM L1
F2(195)=DCLM%EX4]3
B2(2+4)=DCLM%XM"]13
L2(4,5)=DCLM%EXM11
B2(143)=DCL%XM]12
22(196)=DCL%EXM]12
B2(3,4)=-DCLEXXM12
B2(4,6)=-DCLEXM12
B2(242)=+#DCMMEXMLL
B2(2,5)=DCMM%XM] 3
B2(545)=+DCMM%XM] 1
B2(243)=4DCMEXM]12
B2(2y6)=+DCM%EXM 1?2
B2(3,5)=-DCM*XM12
C2(546)=-DCMEXM]12
B2(3,3)=4XM22
B2(346)=XM22%C.5
R2(646)=#XM22
IDM=6

[CSSM(M, II1)=M8

D3 616 J=1,1DM

D0 616 L=1,J
M3=M8+1
TCSM(MB)=CONM=B2(L,J)
ICSS( M, IIT)=18

DO 516 J=1,1D

0 516 L=1,J
[8=19¢+1
TRCSSP(LI8)=CON*BL(L,J)
L=NN*(JP=-1)
[=NN%(JQ-1)

|30
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519

400

801

802

800

Cc.-.

713

T08

’
“weosee

THIS PAGE IS BEST QUALITY PRACTICABLE

N=NNE(JR=1) FRON 0OPY
D0 517 J=1,NN FURMISHED T0 DDC
NA(J)=ND(L+J)
VA(J+NN)=ND( [+J )
IF(TTI.EQ.2) NA(J+ SNI=NI (Ned)
CONT IHUFE

ISAC( M, IT11)=19
IF(ITI.EQ.1) [D=6

DO 519 J=1,1D

19=19+1

NNDC (19 ) =NA( J)

CONT INUE

TFLII1.GT.1) 50 T3 200
DD 400 [=1,3

D0 400 J=1,1
BL(Isd)=B1(Jy1)

DO 801 1=1,3%

H(11=0.C

53 801 J=1,3
HUT)=HU T ) $ESE (Lo )41 (Jol)
INDZ (Mo [11)=48
LUNCITL ) =NN

00 802 J=1,NN

18=48+1
STRESS(4a)=H(J)*COu

G0 TO 700

LF(IIT.GT.2) GO0 Tn 716
LN=3

LLNCTTT)=LN

STRESS MATRIX FOUR 25T ELEMENTS.
CON=CCMN#%2.0

F101o1)=-BMS

BLUL,2) =-HXEXNU
BL(1,3)=-SX
BI(L,4)=-01(1s2)
Hl(lo‘i"—' BX

EL(Ls6)= 0.0
B102,1)=-RMSEXY
B1(2,2)=-HX
102y 3) == SXEXNU

EL(294)= HX

3102,5)= BX®EXNU

BL(246)= 0.0
BLU3,1)=-HX*ETA
P103,2)=~BMS*ETA
M13,3)= HX®ETA
B103,4)=-SX®ETA

B1(345)= 0.0

B1(3,6)= BX®ETA

00 713 1=1,3

D0 713 J=1,9

B2(144120.0

44=0

DO 708 LS=145,2

LE=LS*1

00 708 J=1,3

Jd=JJ+l

D0 708 I=1,3
B200Ledd)=B2( Lo dd) ¢l L([oLSI* ESF(LyJ)¢BLII,LEI*® ESF(24J)
50 10 805

STRESS MATRIX FOR SSP ELEMENTS.
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THIS PAGE IS BEST QUALITY PRACTICABLE
Tlo ET320.5/(1.04X8U) FROM COPY FURNISHED 10 DDQ
CON=E(IGRE(M,II1),KK)
FT13=ET3%CON
AX=]1.0/SSPA
PX=1.0/5SPR
IFCISPSP.EQ.1) GO I 73]
| B2(Ly1)==DCLEAXXCU
' B2(1,2)=-DCM*AX*CO
_ P2(143)= 0.0
) R2(1,4)=-B2(1,1)
B2(1ly5)==82(1,2)
P2(1y6)= 0.0
J=2
731 IF(ISPSP.NE.O)J=1
t2(Jyl)= DCL*ET 3%BX
f20J92)= DCMXELT 3%pX
32(Jy 3)==-CT3I%AX
A2(Jy4)= B2(J,1)
E2(Je5)= B2(Jy2)
FZ(Jv()):"BZ(Joi)
LN=J
! LUNCIIE)=d
CON=1.C
80% INDC(M,II1)=J8
LE=ITY(IILL)
DO 336 [=1,LN
: D7) 336 J=1,LEC
| JE=J8¢l
336 STRESS(JB)I=B2(1,J)¥+CON
T30 COMTINUL
RETURMN
END
SUBRCUTINE STIFFM(.{4KyNDZ,18,%,101)
IMPLICIT RCAL%8 (A~H,0-2)
INTEGER SIZEBC,S'!
COMMON STEP¢BNCZ o SNy NBWy SI ZL ¢ NLC ¢ NSU
COMMON/ZVILI/NLgNC T ¢ NUK ¢ NGKy MA g NUL g NU2 yNU3 g MLy NByNJKyNCyN11,1SQ,IQ1
CIOMMON/ZV2/NICE 3) 5wl 6)9gNG( 6) ¢NBWL( 3)yNBW2( 3)yNGW3( 3),NM( 6),
INBJE 3)y,NJC 3),NCB( 3),MEW( 3),1QS(t 3),MEB( 6)yMEF( 6)
COMMON/PL/BLIL Y9 9)4B2(1 94y 9)483( 94 I)4ESF( 99 9)odAl 156),NIL( 9
r L)yNJI( 9)4NJ2( 9) : i
COMMON/P2/XNUU(L 14y 6)4ELL(108y 2)4BUL 14y 6)VySTRESS(1620), TCSMI(
1 16),1RCSSP(2808), XCOST( 3),ICSS( 108, 2),ISAC( 108, 2),INDC( 108
29 2)4IGRT( 14y 6)[LRE(C 108,y 2)yNNDC( LO080) ,LLNC 3),ITY( 3), ICSSM(
3 108, 2) :
COMMOY/P3/EVECI Ly L)yRAIF( T)HyRDOLIM( T)oRSLL 7)4RSUL T),RLOAD( T)
1yREDUC( 90) 4NDOF( T7)yNDM( 90) 4NBDAM( 64 6)KIIDAM( 3, T7)
COMMON/R2/PI(12y Ly 3)4RRL 108,y 2)et( 14y 6)yMN( 105y 6),NOM( 14,
1 6)
COMMODI/R&G/IILI 50, 3),KLZ( 50),I0K( 3),NO( 1)
CIMMO'I/RS/B( 14,y 6),SLIE L4y 6),SU(L L4, 6)4UPB( S1y 50),0LIM(12, 3)
1,SSC »1)
L COMMON/ZAL/ZQUL2y 24, 3)4321(L2y Ly 3)4C( 365 24)42B( 364 1)
COMMON/A3/RR( LOFLy 2)4TRSF( LO08y L) 4yCSTF(48, 1,y &),SSPF( 1, 1,y 3),
12( 51, 3),0DZE( 60),MP( 108y 2)4ND( 216)
COMMON/ZAS/DL 36,4 24)4DS( 364 50),A2( 36, “0)sDKI(12,36)KITUBW( 3)
COMMON/ZAG/DPZ( 50y 90) 922 T2y 3),8E( 108y 3)eW( T2),H( 108),VVI
L 156),Y( 108y 3)yNZC( 24y 3)
COMMON/ZCL/ZXEIGE T2y 2) o YXEIG( 7249 2) yWS( 2) DML 1y L)L IETA(C T)
$/C3/7 QUK( 24 2),0QQM( 2, 2)4QAL 2, 2)
EREE GRS REE R ERR R AR L R R R R R ARG A R R R Rk Rk kR kR k&
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e g

C*
C*
C
(o
Cx*

u = STORES (E(L)*B(I))/LLI) ( NO. OF MENBERS
DK I STORES  KII  IN BANDED DCCOMPQOSED FORM.
nez STORE®“. KBI IN FuULL
C STORLS KB FOR WHOLE STR [N BANDED FCRM
R e I T Py
10=0
KK=0
[oC=NLC-1
INDEX=101

12

11

13

16

DESCRIPTICN OF VARIABLES

DO 9997 K=1,NSU

THIS PAGE IS BEST QUALITY PRACTICABLE
FBOM OQPY FURNISHED TO DDC ___

CALL VARI(K)

INK(K)=0

0DJ 12 [=1,N1

DO 12 J=1,NI1
A2(1,J)=0.00
IF(NCI.EQ.0) GC TO 15

DO 14 [=1,NCI

NA(T ) =0

DO 11 L=1,NLC
BE(LoL)=PI(I,LyK)%XLOAD(NDC)
DO 13 J=1,NU3
D(1,J)=0.00

DO 14 J=1,4N1
NPZ(1,J4)=0.00
DS(I4,J)=0.00

DC 29 I1!l=1,3
IFCITY(IID).EQ.Q) 5C TO 29
KK=KK+1

MH=MEDB(KK)

MT=M[F(KK)

DO 16 14=M6,MT7

ND(T4)=0

IF(IDC.EG.CQ) 50 TU 18
NDO=NBDAM(KK,IDC)
[FINDD.LCN.O0) GU TO 18

DO LT [4=1,NDP

[8=18+1

NDINDM(TE8))=18

CONTINUE

DY 28 [4=M6,MT7

Z1=1.0

IF(ND(I4)NELO)GO T 202
XX=B(IGRE([4s111)yKK)%Z1
BRO[T4, LIT)=XX

50 T 203
21=1.00-REDQUC(NDI(]I4))
XX=B(IGRE(I44111),KK)%*Z1
BRO[G4y, [LT)=XX
IF(XXtEW0.0)GC0 TO 28

CALL RECALLCITI yLEsLSyLFy INDEXyI4,yXX)
IFINCI«EW.0) GO TC 25

DO 24 J=LS,LE

[J=NNDC(LF+J)

[F(IJ.CQ.0) GO TO 24

IF(IJ«GTNL) 50 TO 21

DO 20 L=LSyLE

IL=NNDC(LF+L)

IF(IL.EQ.O) G0 TO 2u

-
123

%
*
*
*
%
*




Y T TN

20

21

>
[

24

26

&t
2)

(]

OO

5l

444
33

34

36

IF(IL.GTNL.CR.ILLToIJ) GO TC 20
IK=1L=-1J¢!}

IF(IK.GTNU2) GO TO 20
A2(TJyTL)=A2(TJ,IL)+ESF(J,L)
CONT INUL

GO TN 24

[J=1J-N1

0 23 L=LSyLE

IL=NNDC(LF+L)

IF(IL.EQ.O) S0 TO 23
TF(IL.GTNL) G0 TO 22
OS(IJyIL)= DSUIJyIL)- ESF(J,yL)
DPZIJyIL)==DS(TJ,IL)

60 YO 23

[F(KIIDAM(K,NDOC).EN.0) 53O TO 23
IL=IL-N1 :
IF(IL.LTIJ) 50 TO 23
IK=IL-1Jd+1

IF(IK.STJNUY) L0 T8 23
DIIJyIK)I= DIIJSIK)+ESF(JyL)
CONTINUE

CONT INUE

50 1O 28

DO 27 J=LSH»LE

[J=NNDC(LF+J)

IF(IJeEQ.D) GO TO 27

03 26 L=LSyLE

TL=NNDC(LF+L)

IF(IL.CQe OJOReILLTeIJ) GO TO 26
[K=IL-1J+¢1

TFOIK.OTNU2) 50 T 26
A2(1JsIL)=A2(TJIL)+ESF(JyL)
CONT [YUCE

CUNTINUE

CONTINUL

CONT INUE

IF(NCI.EQ.D) SO TU 126
IF(NDC.GT.1) GO TU 35

N=0

CALL DECUPP(MsNU3, (C1,8444)

n CONTAINS DECOMPUSED KII.
WRITE(G6,3L) ((DCT1,0),3=1,NU3),I=1,NCIT}
FORMAT( 3X46E15.5)

30 TO 33

RETURY L

KITUBWIK)=1Q

0 34 J=1yNU3

Tu=J0+1

DU 34 [=1,NCI

DPBII,IQ)= D(TI,J)

DKI(IsIQ)= D(1,J)

S0 T2 42

IF(KIIDAM(K,NDC )sEW.0) 50 TO 39
DO 36 1=1,NCI
NACT ) =1
Ollyl)=1.9
CONT IYUE

=0

TO0 36

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURBISHED TO DD0




37

39

40
42

43
C
C....

48

49
C
€139
s
e e 0o

124

“vs e oo

125
126

127
79)

CALL DECUPP{NyNU3¢Clot444) THIS PAGE IS BEST Qunlﬂmctlcm
IQ=X T TUBW(K) | FROM COPY FURNISHED T0 DDC o™
DO 37 J=1,NU3 X o

10=]10Q+1

D2 37 I=1,NCI
DPB(I,I10)= D(1,J)
GC TO 42
[IQ=KTIUBW(K)

DO 40 J=1,NU3
[1Q=10+1

DO 40 I=1,NCI
D(I,J)=DKI(I,IQ)
DPB( I IQ)=DKI(I,1Q)
00 43 L=1,NLC
J=L+N1

D) 43 I=1,NCI
(1=1.0

[IF(NACT) LEQe1) Z1=0.0
DS(I,J)=BE([,L)%1
PE(I4L)=CS(1,J)

CALL SOLDUP(J, NU3,%CI)

DS CONTAINS Q=-KII#**-]%K[B AND KII*¢t-1%P[%RL0OAD
DO 49 I=1,NCI

ND 48 L=1,N1

QUEIsLoKI=DSCI,L)

DO 49 L=1,NLC

J=L+Nl1

LITIsLoKI=GS(14J)

WRITE(G6, 39) K'((Q(IvJ'K,'[=l’NCl,'J=l’Nl’
FORMAT(//3X,12,"' MATRIX Q'/(3Xy4E15.5))
GENCRATION OF KB F & WHOLE STRUCTURL IN BANDED FORM .
MCI=NU1l-N1-1

DI 124 I=1,N1

MCI=MCI+1

IF(MCI.GTNCI) MCI="iCI

DO 124 J=1,N1

DI 124 L=1,MCI
A2(14J)=A2(1,J)4DP2Z(LsI)%Q(LyJyK)
GENERATION OF 2B CFFECTIVE BOUND FORCE VECTOR IN ™ATRIX Z2C.
NO 125 I[=1,N1

LLI=NZC( [,K)

DO 125 L=1,NLC

D3 125 J=1.NCI g
ZBIL1,L)=2B(LLyL)+uilJy] K)®BLEJHL) i
DS 127 I=14N1

LLI=NZC([4K)

DO 127 J=1,N1

L2=NZC(JK)

[F(L2.LTeLL) G0 TU 127

L3=L2-L1+1

IF(L3.5TNRW) GO T 127
CILLIsL3)=ClLL,L3)#A2(1J)

CONTINUL

CONTINUE

WRITE(6,1004) ((C(UyJ)9sJ=LyNBW)yI=1,BNC)
IFCIDCLEQ.Q) RLTURY

DD 129 [=1,8NC

CtIy1)=1.0

JO 128 J=14NLC

19




128
127

701

401

402
702

60

150

59

(Jl

THIS PAGE IS BEST QUALITY PRACTICABLR
FROM COPY FURNISHED TODD(Q

B(1,J)=0.0

CONTINUL

RETURN

END

SUBROUTINE RECALL(ITIgLEsLSyLF,INDEXsMIyXX)

IMPLICIT REAL%*Z (A-H,0-2)

INTEGCR SIZEBNC,SY

COMMON STEP¢BNZ ¢ SNeiiBWeSI ZE ¢+ NLC yNSU

COMMON/PL/BLL 9, 7),B2( 9y 9)4B3( 9y 9),ESF( 9y 9),NA( 156),NIL( 9
L)oNJLE 2)yNJ2( I)

COMMON/ZP2/XNUU(L 14, 6),ELL(108, 2),0U( 14, 6)4STRESS(1620),TCSM(
1 156),TRCSSP(2808),XCUST( 3),ICSS( 108, 2),[SAC( 10E, 2),INDC( 108
2y 2)2IGRT( 14, 6),IGRF( 108y 2)yNNDC( 1080) LLN( 3),ITY( 3), ICSSM(
3 108, 2)

OMMON/ZA3/BR( 108, 2),TRSF( 108y 1),CSTF(48, 1y &) SSPF( 1, 1, 3),

120 S1s 3)4,DZE( 60)eP( 108, 2),ND( 210)

NN=SN/2

LE=ITY(IID)

IFCTITTI.EQel) Lii=3

LS=1
LF=ICSS(MI,IIT)

[F(INDEX .CN.2)50 Ty 702

N3 701 J=LS,LEC

CJd 701 I=1,4J

LF=LF+l

ESF(IyJ)=TRCSSP(LF)*=XX

ESF(Jy I)=ESF(I[,4J)

IF(III.GT.1) GU TO 702

D) 401 J40=1,3

C 401 [0=1,3

ESF(JO, [0+3)=-ESF(J.,10)

ESF(JO+3,1043)=ESF(J0,10)

N) 402 =146

DD 402 J=1,1

ESFUI,J)=ESF(J, 1)

IF(INDEX.CQ.0) GO Tu 170

IF(ITI.GT.1) 50 TO 159

Y1I=TCSM(ICSSM(MI,I[[)+]1)&XX

Y2=Y1+Y1l

DC 60 I=14SN

D3 60 J=1,SN . -

A=0.0

IF(I.EQ.J) A=Y2

IX=1-J

IFCCIX+NN)*(IX-NN).FQ.0) A=Yl

BlLlIyJ)=A

GC TO 170

IF(II1.GT.2) GO TO 160

YL=TCSM(ICSSM(MI,IIT)+]1)%XX

Y2=Y1l+Y]

DO 59 [=1,9

DD 59 J=1,9

BL(I,J)=0.0

DU 61 I=143
DD 61 J=1,3

A=zY1

TF(ICQeJIA=Y2

PI(I,J)=A
LI=3
LIX=73
N2 63 [1=1,2

1 90

sus




DC 62 [=1,3
LI=L1+1

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM OOPY FURNLSHED TODDC  —r

] LJ=LJX
DO 62 J=1,3
Ld=LJ+1
62 BlL(LI,LJ)=BL(I,J)
Li=o
63 LIX=6
50 TO 170
160 L=ICSSM(MI,I11)
00 65 I=1,J
L=L+1
{ BLOLoJ)=TCSM(L ) #XX
65 BLIJ, [)=BL(1,4)
170 LE=ITY(IID)
LS=1
LF=I1SACIMI,II1)
ETURN
END
SUBROUTINE DESUPP(My1UyNy*) SUB 5
IMPLICIT REAL*S (A-t,0-2)
COMMONZAS/D( 364 24)140S( 36, 50),A2( 36, 50),DKI(12,36),KIIUBW( 3)
Cretxkrhdttt kbR XL R R EE SRR R SRR R ELRRE R LR XEE LR S AR R RE SR KAk ERE SR ek E

Cx DECOMPOSE A SYMMET2IC MATRIX *
C* JPPER BAMNDED MATRIX IS ASSUMED =
C* UPPLR DECOMPOSTID MATRIX IS STORED IN THE ORIGINAL POSITION *
C* JRIGINAL MATRIX IS DESTRIYED *
C* N=BNC IU=BUBW *
CRERk ek R kR KRR ARG L AR AR RN ER R R R RR R AR R AR RN RN AR RRRR AR K

13 FORMAT(*'1',30%,*'SINJULAR MATRIX*,I8)

DO 6D [I=1eN
[P=N=-[+¢]
L=1-1
IF(IU.LT.IP)
DO 60 -J=1,1IP
SUM=D(T,J)
IF(I.EC.1) GO TU &u
IN=1U-J
IF(L.LTLIQ) [0=L
IF(IQ.EQ.Q0) GO TN 4w
DD 30 K=1,1Q

i wZ=[-K

SUM=SUM=0D(MZ K+ 1) %D (MZ K¢ J)

IF(JNESL) GO TN 50

IF(SUM.LE.D.) GO T. 100

TEMP=DSQRT(SUM)

TEMP=1.0/TEMP

D(lyJ)=TEMP

GO TC 6C

D(IyJ)=SUM*TEMP

CONT INUE

30 TO 91

CONTINUEL

M=]

ARITE(6,13) I

RETURN 1

RETURN

END

SUBROUTINE SOLDUP('ILyIUsN)

IMPLICIT REAL*B (A-H,0-2)

1P =1U

suB 6

e ———— - ———




THIS PAGE IS BRS

QU e
FROM COFY JUALITY PRACTICABLY

HED T0 DD@

COMMON/ZAS/DL 364 24),0S( 36, 5C)sA2( 364 50)DKI(12,36),KITUBW( 3)
CHREAEERRREER L RERR AR RRAE CRRRRK ERERRREREBEEXEXRREXRRRREEEREREERER SRR R KKK

C¥ SOLUTION OF SIMULTANEOUS EQUATIONS BY DECOMPOSING THE MATRIX *
L UPPER TRIANGULAR DAMDED MATRIX IS ASSUMED *
Cx SOLVE Y FORWARE A D BAZKWARD SUBSTITUTIONS *
c* DS IS THt RHS VAT X &
C* DS CONTAINS THE SOLUTION AT THE END *
Cx LS IS NOT SAVED *
Cx FORWARD SUBSTITUTIY *®
Cx N=BNC [U=BURW &
CHBRERERRE AR ERREREERR KRR C AR E KRR REE R R KRR SRR KRR RRR AR

60 FORMAT(Z2X,* BOUNDARY DISPLACEMENTS IN OVERALL SYSTEM*/(3X,4F15.5))
Nt 20 I=1,"L
20 DS(LeI)=DS(LyIV¥D(1,1)
DO 10 I=2,N
J=1-1U+1
IFCCI+L) ol ) J=1
1J=1-1
DO 25 T1=1,NL
D) 15 K=JylJ
LS=1-K¢l
15 DSULa L1)=0SUEo L) =UIK LS *DSIK,IT)
25 OS(IoL1)=DS(I,I1)%0(141)
10 CONTINUL
Cueeee DACKWARD SUBSTITUTILN
U7 30 [=1,NL
30 DS(N.1)=DSINy [)1£C(il,1)
L=N-1
20 90 I1=1,L
1=N-11
JI=1-1
J=JI+1U
IF(J.GT.N) J=N
1J=1+1
DU 8% M=1,NL
01 95 K=1JyJ
95 DS(TyM)=DS(1,M)I=D(1,K-JI)&DS(K,M)
85 DSEI,M)=DS(T,M)*D([,1)
90 CONTINUE
c ARITC(6,60) ((0SCI,J)a1=14N)yJ=1yNL) .
RETURY .
E'1D
SUBRCUT INE MEVEC (NNoNCCoLDC,18,1A)
IMPLICIT REAL*8 (A-H,0-2)
INTEGER SIZE,BNC oS+
COMMOY STEP, BNC 4 SNy "IBWy ST ZE 4 NLC ¢NSU
COMMON/V 1/NT oNC T o NWK 9 HHGK o MA s NUL ¢ NU2 s NU3 yML ¢ NByNJKyNCoNL1 14 ISQ, 1Q1
COMMON/ZV2/NTC(E 3) 45wl 6)9NG( 6) JNBWL( 3)4NBW2( 3)4NBW3( 3),NM( 6),
INBJC 3)4NJC 3),NCB( 3),NEW( 3),1QS( 3),MER( 6),MEF( 6)
COMMON/PL/BL( 9, 9),B2( 9, 9),B3( 9, 9),ESF( 9, 9),NA( 156),NIL( 9
L)oNJLE 9),NJ2( 9)
COMMON/P2/XNUUL 14, 6),ELL(103, 2)4BUl 14, 6),STRESS(1620),TCSM(
I 156),TRCSSP(2808),XCOST( 3),ICSS( 108y 2)4ISAC( 108, 2),INDC( 108
20 2)4I5RT( L4y 6),1RCL 108, 2),NNUC( 1080) ¢LLNC 3),ITY( 3), [CSSM(
3 108, 2)
COMMO'/P3/EVECE 1y, L)4RF( T)4RDLIM( T)4RSLL T7)4RSU( T7),RLCAD( T)
LyREDUC( 90)¢NDOF( 7),NDMI 90) yNBDAM( 6¢ 6) KIIDAM( 3, T)
COMMOU/ZPS/YKL  Lh,YMU 1) ,SK(  LDeSMU 1D 4EY( L),S5C 1)
COMMONZRS/BU L4y 0)4SLL 14, 6),SUL L4, 6)40DPB( 51, 50),DLIM(12, 3)
LySSL S1)
COMMON/AI/BR( 108, 2)4TRSF( 108y 1) 4CSTF(48y Ly &) 4SSPFL 1y 1y 3),

L

il




16

17
18

(B}

109
105
106
107

20004

1€

121

51y 3)40ZE( 60),%P(
COMMOMZAG/DPZ( S0, +0)4ZZ( 724 3),BLI(
156),Y( 198, ¥} ,N/7( 24, 3)
COMMON/CL/XEIGL T2, 2),YXEIGI

IDC=LOC-1
NCX=BNC

KK =0

1012=2
INDEX=1012

NO 113 [=1,NCC
DD 113 JJ=1,1A
YXELIG(I4JJ)=0.30
DO 108 K=1,NSU

108, 216)

108,

2) 4 NDI(

3)oW( T2),H( 108),VVI

T2y 2)oWSL 2),0M0C 1, 1),ICTC T7)

THIS PAGE I

sszstqnhhtTYPB‘ctlc‘nn'
CALL VARI(K) FROM 00PY
D) 80004 II11=1,3
[FOCITY(LIT)EQONGT
KK=KK ¢+ 1

M6=MELR (KK)
MT=MEF(KK)

DI 16 14=M6,MT
NDUT4)=0
IFLIDC.EQ.O) 50 TO
NDO=NBDAMIKK 4 10C)
IFINDD.EQ.0) 50 Tu
DD 17 [4=1,NDO
18=18+1
ND(NDM(18))=18

DY 107 [4=M6,MT
L1=1.0
TF(ND(T4).NELO) Z1=1.0-REDUCIND(I4))
XX=BUIGRE(14,111),KK)*2]

CRUT4, TTI)=XX
IFIXX.EQ.0.0)

TN 80004

18

18

20 1O 107

CALL RECALL(TII yLEsLSoLFy INDEX9oIGyXx)
LY 106 [=LS,yLE
[J=NNDC(LF+1)
IT(1J.COO0) GO TO
[TF(IJaLENL) I15=NZC(1JyK)

[FCIJGTNL) [5=NLX+#[J-N1

DO 10> J=LS,LFE

IL=NNDC(LF+J)

IF(IL.EC Q) GO TO 1095

IF(ILLLESNL) 16=NZ.(ILyK)

ITFCIL.OT oNL) To=NIX+IL-N1

CO 109 JJ=1,I1IA

YXEIG(ISoJI)=YXLIG(IS,JJ)#RL([oJI)%XL IG(164JJ)

CONTINUL

CONTINUE

CONT INUL

CONTINUE

NCX=NCX+1C I

CONT INUE

RETURY

FND

SUBROUTINE DEFREQ(FREQyRFF4NN,FDEN,NCC)

IMPLICITY REAL#*8 (A-H,0-2)

INTEGER SIZE,BNC,S'

COMMON STEDP,BNC 3 SNy HBWSTZENLCWNCU

COMMNOYNZVLZNL g I T o MWK ¢ *IGK g MA, NUL g NU2 ¢ NU3 oML s KBoNJKyNCoNLL1,ISQs QL

154

176




THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURMISHED TODDQ

COMMONZVZ2/NICE 3) 30010 6)gNGU 6) ¢NBWI( 3)yNBW2( 3)4N°W3( 3)4NM( 6),
INBJC 3),NJL 3),MCB( 3),NEW( 3),1QS( 3),MEB( 6)MEF( 6)
COMMON/PL/BLL 9y 7)9B2( 94y 9)4B3( 9, ) H4ESF( 9y 9)4NA( 156),NIL( 9
L)yNJLL 9)endd2( 9)

COMMON/P2/XNUUL 14, 6)4ELLLLO08, 2),EUl L4,y 6)4STRESS(1620),TCSM(

1 156),TRCSSP(2808),ACOST( 3),ICSS( 108, 2),ISAC( 108, 2),INDC( 108
29 2143 IGRTL 14y 6)4[GRC( 108y 2),NNDCL( 1080) sLLNC 3),ITY( 3), ICSSMI(
3 108, 2)

COMMON/PS/YK L  1)g¥m( 1) aSKCU L) oSr(  L)sEYL 1)4SGC 1)
COMMON/R2/PT(12y 1y 3),3%( 108y 2)yE( 149 6)yMN( 107y 6)yNOM( 14,
1 6)

COMMNDN/ZAG/UPZL 504 50)92ZZ( T24 3)4Bt( 108y 3)eW( T2)4H( 108),VVI

1 156),Y( 108y 3)eNZT( 24, 3)

CCMMON/CL/XEIGE T2, 2),YXEIG( T2y 2)9WSL 2) DM 1y L1)HIET( 7)

CEd bRk ke AR KR A G L AR AR KA RS EERRER AR ERRER X SRR KRR KRR RE R KRR EAEE RS

ce GEMCRATES SENSITIVITY VECTOR  H( NV ) FOR FREQUENCY CONSTRAINT *
S FRCQ - NATURE FREQUENZY OF THE STRUCTURE *
c#* RFF - FRELUENCY LIMIT #
c# SK. - EIGEN VLCTOR (NCC) *
(o W - STORES U( KkY - F®M&kY )/p B(I) *
:*##*#t*#**###tt##*ttt*##*#tt*“#t##tt“##t“‘.ﬁt“tt‘.tt*t#t‘#t‘t*tt##t

L0=0

INDEX=1

NCX = BNL

(@)

102

60
7C
Ho

SUM=FNEN*RFF
DO 106 K=1,NSU

CALL VARI(K)

DO 80004 II[I=1,3
[F(ITY(III).EQ.C)GD TO 80004
MA=0

LD=LD+]

NGK=NGILD)

DO 100 KK=1yNGK
NJJ=NOM(KK,LD)
MV=IGRT(KK,LD)
IF(MV.CQ.0) GO TO 170
DO 102 J=1,4NCC
AlJ)=0.0D0

DO 80 [M=1,NJJ

MA=MA+1]

MI=MN(MA,LD)
XX=RE(MI,II])
IFI(XX.EQeQ.0) SC TU 80
XX=1.C

CALL RECALL(ITLoLEyL.SyLFyINDEXoMIyXX)
V3 70 I=LS,LE
1J=NNDC(LF+1)
IF(1J.EQ.0) GO TQ 70
IF(IJ.LEWNL) 14=NZI(1J4K) .
IF(1J.GTANL) 14=NCX+1J-N1
D0 60 J=LS,LE
IL=NNDC (LF+J)
IF(IL.EQ.0) GO TO 64
IFCILLLEWNL) I5=NZo([L,K)
IFCILGTNL) [5=NCXeIL=NI
WET4)=W(T4)+(ESF(L,J)~FREQ®*BL(T4J))*XEIGIIS,1)
CONT INUE
CONT INUE
CONT [NUE ;
(40




H(MV)=0.D0

THIS PAGE IS BEST QUALITY
D0 90 J=1,NCC Q PRACTICABLE

FROM OOPY FURNISHED TO DDC

90 HIMV)= HIMV)+W(J)*XEI5(Js1) it
H(MV)= H(MV)/SU!"
50 TN 1o°

170 MA=MA+NJJ
10C CONTIMNUE
830004 CONTINUE
NCX=NCX+NCI
106 CONTINUE
RETURY
END
SUBROUTINE ZBZICF(IDC,ISPSP,L,IPS,IPD) sSug 10
IMPLICIT REAL*B (A-H,U=-2)
INTEGFR SIZE,BNC,S
COMMON STEP¢BNC ¢ SNe iBWeSI ZE ¢ NLC yNSU '
COMMON/VI/NLoNC T oNWE 9 NGKy MAZNUL yNU2 ¢y NU3 4y ML, NByNJKyNCoNL1,ISOQ,1Q1
COMMON/ZV2/NICTE 3) ikl 6)yNG( 6) ¢yNEWLI( 3) NBW2( 3)NRW3( 3)NM( 6),
LNBJC 3),NJC 3)V,NCOC 3D ,NEW( 3),1QS{ 3),MEB( 6) ,MEF( 6)
COMMON/PL/BL( 99 91,B2( 94 9)9B3( 9, I)4,ESF( 95 9),NA( 156),NIL( 9
L)eyNJILI( 9),NJ2( 9)
COMMON/P2/XNUUL L4y 6),ELLILOBy 2) DUl L4y 6)ySTRESS(1620),TCSMI
1 156),TRCSSP(2308),7COST( 3),ICSS( 108y 2)+,ISAC( 108, 2),INDC( 108
29 2)oIGRTL L4y 6)4ILREC 108y 2)yNNDC( 1080) oLLN( 3),ITY( 3), ICSSMI(
3 108, 2)
COMMON/P3/EVEC Le L)eRRAF( 7)9ROLIM( T7),RSLE T7)4RSUC T),RLOAD( T)
Ly, REDUCL 20)4NDOF( 7)yNDM( 90) yNBDAM( 64 6)KIIDAM( 3, T)
COMMON/ZR2/PI(12y L1y 3)4RR( 108y 2)ei( 14, 6)sMN( 10%y 6)yNOM( 14,
1 6)
COMMON/ZAL/Q( 12y 24y 3)92Z1(12y 1y 3)4C( 36y 24)42B( 364 1)
COMMON/A3/BR( 108y 2)2TRSF( 108y L) CSTF(48, 1y 4)sSSPF( 1y 1y 3),
120 51, 3),DZE( 60),MP( 108, 2) ND{ 216)
COMMONZA4/X( 108y 3)40LP( 60) 4DLPH( 60),T( 156),WM( 51)4RO( 51)
CIMMON/AS/DL 36y 24),0S( 36y %0)9A2( 36y S50)DKI(12+,36),KITUBW( 3)
COMMONZAG/DPZ( 50y S0) 42211 T29 3)eDLL 108y 3)oWl T2),HIU 208),VVI
1 156)¢Y( 108, 3)¢NZ.( 24, 3)
. C* THIS SUBRCUTINE CUMPUTES NODAL DISPLACEMENTS
& AND MEMBLCR FORCZFS/VON MISES EQUIVALENT STRCSS.
35 FORMAT(45X, *FARCE MATRIX FOR TRUSS ELEMENTS'/45X,'CLEMENT FORCE ¢
* ¢ IS COMP,) )
36 FORMAT (45X, °*STRESS MATRIX FOR CST ELEMENTS'/45X, 'ELEMENT SIGMA-X
%, SIGMA-Y, TAU-XY, VON MISES STRESS')
37 FORMAT (45X, *'STRESS VATRIX FOR SHEAR ELEMENTS'/645Xe'ELEMENT TAU=-XY,
®* VON MISES STRESS')
38 FORMAT(4SX,*STRLSS MATRIX FOR Ssp ELEHENTS'/QGX.'FLEMENT SIGMA=-X
*, TAU-XY, VON MISES STRESS') s
39 FCRMAT(45X,1504E19.%)
40 FORMATI(49X, *LOADING CONDITION= *4,15)
42 FORMAT(3X,IS5¢4Xs6EL5%e5)
43 F2RMAT( 0", #*xxNDDAL DISPLACEMENTS FCR K=',[2/" IST 28 THEN 21
*FOR ALL NLC.') :
58 FORMAT(/* vy #%2F00CE/VIN MISES STRESS FOR K=0,[2,y [11=,12,*,
S ITY(LID)=2,012y"y LNC=',12)
LDC=IDL~-1
0O 30% 1=1,BNC
N2 302 L=1,NLC
302 DS(IeL)=2B(1,4L)
DO 303 J=1,NBW
303 ClIeJ)=D(14J)
CALL SOLDUP(NLC ¢NBW,BNC)
DC 30% J=14NLC




e

3049

3l6

3l

31)

320
321

358
357

325

326

327

328

329
330

331

2 30% 1=1,8BNC
(BI1,J)=DS(I,J)
LL=0

DO 777 K=1,NSU

CALL VARI(K)

DO 316 J=1,N1

LI=NZC(J,K)

PO 316 L=14NLC

ZZ1J,L)=2B(LL,L)

IFINCI.EQ.N) GO T 321

D2 319 L=1,MNLC

DD 318 J=1,N1

DO 318 [=1,NCI
ZU(ToLoK)I=ZT(ToLoK)+QU(I 4JoK)®LZZ(JyL)
NI 319 [=1,NCI

ZZUT+NLoL)=Z1 [yl sK)

IF(IPN.CQe0IGO TO 357

WRITE (6e43)K

03 320 I=1,NC

ARITE (6442)14(Z4(14J)9Jd=1«NLC)
IFCIPDENO)IGD TO. 367

ARITC(6y43)K

L2 353 J=1,N1
ARTITE(G242)J9(22(JyJJ)sdI=1,4NLC)

DO 777 111=1,3

WRITE (6958)KiILITY(III),LDC
IFCITY(ITD).EQ.C) D TO 777

MA=)
LE=ITY(I
LN=LLN(CI
NX=LN+1
LL=LL+1
Mo=MIB(LL)
M7=MEFILLL)
IF(IIT5T.1) GO
DO 325 [4=M64MT
D) 325 L=1,NLC
TRSF(I4,L)=0.0
53 TC 330
IF(ITI.GT.2) GO TOC
03 327 l[4=M6yMT

DY 327 L=1,NLC

D3 327 J=1,4NX
CSTF(T4,LeJ)=0.0

G0 TO 330

DO 329 [4=M6,MT

CJd 329 L=1yNLC

D0 329 J=1yNX
SSPF(I44LyJ)=0.0

00 666 14=M6,M7
BX=BR(I4,111)
IF(BX.t)s0s0) GC TO
LF=ISAC([4,II1)
IF(IITI.06T.1) GO TO 334
L=INDC(I4,II1)

D0 331 J=1,LN

L=L+1

VWIJ)==STRESS(L)
VViJ+3)==VVJ)

DO 334 J=1,LE
1J=NNDC(LF+J)

1)
[

TO 426

666

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COFY FURNISHED TO DDQ e 1




IF(IJ.EQ.0) GO TO 333

XE=VV(J)%BX
DO 332 L=1,NLC THIS PAGE IS BEST QUALITY PRACTI

332 TRSF(I4,L)=TRSF(I&4,L)+Z2(1J,L)%*XB FROM OOFY FURNISHED TODDC __—

333

334

335

336

337

338

3338
3339
33)

3490
666

349

350

351

352

353
354

3155
117

CONTINUE

G0 TO 666

L=INDC(I4,III)

DO 339 I=1,LN

DI 335 J=1,LE

L=L+1

B2(14J)=STRESS(L)

C 340 L=14NLC

DI 336 I=1,LN

T(1)=0.0

DL 336 J=1,yLE
IL=NNDC(LF+J)
IF(IL.EQ.0) GO TO 336
TCI)=T(I)+B2(14J)*2Z(IL,L)
CONTINUE

IFIITI.EQ.3) G2 TO 1338
VON=DSQRT(T(IDI*TIL)+T(2)¢T(2)-T(L)*T(2)+3.,0%T(3)%T(3))
DD 337 I=1,4LN
CSTR{IG,L,1)=T(1)
CSTF(I4,L,LN#+1)=VON

50 TO 340
IF(ISPSP.EQ.0)50 T 3338
VON=DABS(T(1))

GO TO 3339
VIN=DSQRTIT(1I%T(L)+3.0¢T(2)%T(2))
DO 339 I=1,LN
SSPF(Ta,Ly[)=T(T)
SSPF(Il4,LyLN+1)=VO"

CONT UL

CONTINUT

IF(IPS.EQ.O0) GO TC 777
IF(TI1.GT.1) G0 TDO 350
WRITE (6435)

DI 349 L=1,NLC

WRITE (6,40)L

DO 349 M=M6,MT7

WRITE (6439)Ma TRSF(M,yL)
GO T2 7177

IF(IIT1.GT.2) GO TQ 352
W2 ITE (6,36)

DO 351 L=1,NLC

WRITL (64,40)L

DU 351 M=M6,MT

WRITE (64939) My (CSTF{MyaLyl)oI=1,NX)
30 TO0 117

[FCISPSP.EQ.D) 50 TC 353
WRITL (6,37)

GO TO 354
WRITE (6,38)

00 355 L=l,NLC
WRITE (6,40)L

VU 355 M=M6,MT7

WRITE (6939) My (SSPF(MyLol)ol=14NX)
CONTINUE
RETURN

END

SUBROUTINE CONSTUIUCLy IBUK ¢IDISeIBDISyNSD9EP oMV IBUsVoIPCyNTLyIFS,SUB 11

43

—— s e— —.

i




v

80

168

84

201
202

THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COPY FURNISHED 10 DDQ '

LISPSP,NDAM)

IMPLICIT REAL%*8 (A-!1,0-2)

INTEGER SIZE,BNC, S

COMMON STEP¢BNC s SNy HBWy ST ZE ¢ NLC o NSU

COMMON/ZVL/NLoNCT o NWK 9 NGKy MAyNUL ¢y NU2 ¢ NU3 ML, NByNJKyNCyN11,1ISQ,1Q1
COMMONZV2/NIC( 3), 1 6)eNG( 6)oNBWLL 3) 4NBW2( 3),NCW3( 3),NM( 6),
INPJC 3),NJE 3),NCB( 3),NEW( 3),10S( 3),MEB( 6)MEF( 6)
COMMDN/PL/BLL 9y 9)4B2( 99 9)4B3( 9, ) ,ESF( 9y 9),"NAL 156),NILL 9
1)yNJL(E 9),NJ2( 9)

COMMON/P2/XNUU( 14, 6)4ELLILOBy 2)oLU(L L4y 6)ySTRESS(1620), TCSM(

1 156),TRCSSP(2808),XCOST( 3),ICSS( 108, 2),[SAC( 108, 2),INDC( 108
2y 2)9I0RTL l4s O6)9IGRE( 108y 2)9sNNDC( 1080) 4LLNC 3),ITY( 3), ICSSM(
3 108, 2)

CIOMMON/P3/EVEC! 1, 1)yRAF( T)oRDLIM( T7)4RSL( T7)oRSU( 7),RLOAD( T7)
1, REDUC( 90),NDDOF( 7),NDM( 90) ,NBDAM( 6, 6),KIIDAM( 3, T7)
COMMON/ZP4/ZINFL 50, 8) NGV L4, 6) 410t 50) NDISPL 72)
COMMON/ZRL/BL( 14, 6)DLIBL 36)

COMMON/R2/PT(12y 1y 3)4RA( 108y 2)yE( L&y 6)yMNL LOP, 6),NOM( 14,
1 6)

CUMMON/R&/ZIILLE 50, 3),KLZ( S50),10K( 3),NO( 1)

COMMD I/RS/B( L4,y 6),SLL 14y 6),SU( L4, 6),DPBL 51, 50),0LIM(12, 3)
1,SS( 51)

COMMONZAL/Q(12, 24, 3),21(12, 1, 3),C( 36, 24),4B( 36, 1)
COMMOI/A3/BR( 106y 2)+TRSF( 108, 1) ,CSTF(48, 1y 4),SSPF( 1, 1, 3),
12( 51y 3),0ZE( 60),MP( 108, 2),ND( 216)

CIMMONZAGZX( 108y 35)9DLP( 60) «DLPH(U 60),T( 156)yWM( S1),RO( 51)
COMMONZAS/D( 36, 24),0S( 364 90)4A2( 36y 50)4DKI(12,36),KITUBW( 3)
COMMON/ZAG/DPZ( 50, ©0)92Z( T2y 3)4BE( 108y 3)oW( T72),H( 108),VVI(

1 156),Y( 108¢ 3)4NZC( 24, 3)

FIRMAT(//%0%y* CON‘ TRAINT VIOLATIONS FOR IDC=',15)

Iv=0

LncC=I1pC-1

LL=0

[F(IPC.CQN) GO TI 199

WRITLC (6480) LDC

DO 200 [=1,NSD

NA(T)=0

DO 200 J=1,BNC

A2(J,1)=0.0

INN=0

IF(IBNDIS.EQ.DO) GO 1 B4

DC 168 [=1,8BNC

DZE(I)=DLIRC(T)

DO 168 L=14NLC

ZZ(T,L)=2B(1I,L)

K==]

16=0

NNN=BNC

CALL ABSMAX(K NNN,INNyI6¢yNSD4IV,LDC,IPC,EP,NDAM)

IF(SIZE .LT.(NSD=-NDAM=1))50 TO 84

WRITE(6953) SIZLC o NSUNTL

RETURY

INN=BNC

DO 999 K=1,NSU

CALL VARI(K)

16=0

IF(NCIZLQ.0) GU T 202

NG 201 J=1,NSD

DI 201 [=1sNCI

DS(1+J)=0.0

DU 888 [1I=1,73

SELPS SR




203

205
206

207

209

333
444

210

[FLITY(III).EQ.OQ) 5C TO 888

IF(IPC.EQ.0) GO T0O 203 THIS PAGE IS BEST QUALITY PRACTICABLA
WRITE(6458) Kol11 FROM COPY FURNISHED TODDC ____—
MA=0

LL=LL+1

NGK=NG(LL)

LE=1TYLIII)

LN=LLN(TITD)

NX=LN+1

00 T7T7 KK=1,4NGK

NJJ=NOM(KK,LL)
T(8)=SL(KKyLL)/RSLLIDC)
IF(IT1.EQal) T(9)=CU(KK,LL)/RSULIDC)
0D 444 N=1,NJJ k
MA=MA+]

M=MN(MA,LL)

ND(M) =0

R=BR{M, I11)

[F(R.EQ.0.0) GO TU 444

R=1.0/Rr

0D 333 L=1,NLC

IF(IIT.GTeL) GO TO 207
T(4)=TRSF(M,L)#*R
[F{T(4).LT.0.) GO T2 205
T(5)=T(8)

IF(IBUK.EQ.O0) GO T2 206
BUC=E(KK, LL)/(CLL(M, 1) %%2)
T(2)=BUC*R

IF(T(2)LE.T(5)) 50 TO 206
T(51=T(2)

ND(M)=1

GO Tu <206

T(5)=T(9)

T(6)=T(4)%T(5)

G0 TD 208

[FOITTeEQe2) VON=CSTF(MoL 4 NX)
IFCTIT.EQ.3) VUN=SSPF(MyLyNX)
IF(VON.EQ.0.DD)IGD ri 444
T(5)=0.5%T(8)/vNN
T(6)=VUNXT(8)
[F(NSTelORL.GTLL) G0 TO 209
YM=T(5)

XL=T(6)

1J=M

LC=L

GO T 333

IF(XL.GE.T(6)) GO 1.0 333
YM=T(5)

XL=T(h)

1J=M

LC=L

CaONT INUE

CONTIIUE

IFINTL.GTLIFS) 50 143 210
ITFCIGRT(KKeLL).EQLO) GO TO 777
BNEW=XL*B(KK,LL)
IF(BNEWLT.BLIKK,LL)) BNEW=BL(KK,LL)
ITF(BNEW.GTBU(KK,LL)) BNEW=BU(KK,LL)
BIKKyLL ) =BNEW

50 10 7717

IFC(XL#EP)LTole) 2 TO 777

pPronsgre




IFINGV(KKyLL)NELDO) GO TD 211
SIZE=SIZE+1
IF(STZC 6T« (NSO=-NDAM=1))G0 TG <14
NGV(KK,LL)=STZL

50 TO 212

ST QUALITY PRy,
COFY FURNISHED 1) Dogmcnum

i

211 PQX=1.0-DLPH(NGV(KK,LL))
IF(XL.LL.PQX)SZO TO 777
212 DLPHINGV (KK, LL))=1.-XL
DLP(MGVIKK,LL))=DA3S(DLPHINGV(KK,LL)))
KLCINGVIKK,LL))=LC
[v=1V¢l
NA(CIV)=0
[V0(TV)=NGV(KK,LL)
[5R=IGRT(KK,LL)
IBUC=0
IF(IGR.EQ.D) AU TO 213
SSEIG2)=1.0
[FIND(IJ).EQC.O) GU TO 213
BUC=L(KKsLL)/Z(ELL([Jyl)%&2)
T(2)=BUC/BR(TIJ,IIT)
IF(T(2).LC.T(8)) GU TO 213
[RUC=1
BE(IVel)==XL/BR(IJyIII)
NA(IV)=IGR
213 INFINGVIKKyLL)y1)=1J
[MFINSV(KK,LL),2)=K
INFINGV (KK, LL)y3) =111
INFINGVIKK LL)44)=15RT(KK,LL)
INFINGVIKK,LL)»S5)=1NC
INFINGVIKKyLL)y6)=(V
INFINGV(KKoLL)y 7)=L"
INFINGV(KK,LL),8)=12UC
NO(LC)=1
[FIMP(IJ,II1)eCEQe=-1) GO TO 710
[6=]16+1
[IL(I6,K)=LV
710 LF=ISAC(IJ,ITI1)
L=INDC(LJyIII)
IF(ITIGTel) GO T 332
DY 331 J=1,LN
L=L+1
VVI(J)=-STRESS(L)
331 VviJ+3)==-vV(J)
GL TO 336
332 D3 344 [=1,LN
D3 334 J=1,LE
L=L+1
334 B3(1,J)=STRESS(L)
IF(ITI.EQ.3) GC TO 335
X1=2.0%CSTF(TIJeLCoL)=-CSTF(IJyLCH2)
X2=2.0%CSTF(IJyLCy2)=-CSTF(I1JyLCy1)
X3=6.0%CSTF(IJyLC,y}3)
50 TO 336
335 X1=2.0%SSPF(IJyLCy1)
X226.N%SSPF(1JyLC,y2)
336 D3 T14 J=1,LE
LJ=NNDC(LF+J)
IFILJ.EQLO) GO TO 714
IF(III«CQel) R=YMEVV(J)
TFCITILeEQa?) R=YM®(X1*¥B3(L,J)+X2%B3(2,J)+X3*B3(3,J))
IF(IT1.FQe3) R=YME(X1%B3(LyJ)¢X2%0B3(2,J))
(=0




~ ﬁvﬁ—' — v T
\
( IF(IT1.EQu3eANU < ISPSPoNL.OIR=YME(X1%03(1,J))
! IF(LJ.GT.NL) G0 TO r11
LL=NZC(L oK)
A2(L1,IV)=A2(LLs1V)+R
50 TC 714 LCABLR
711 IR=LJ-N1 Qunxﬂmu
DSUIR, 16)=DS(IR, 16)+R g 15 BEST Q0 i ne
03 712 I=1,N1 IS PAY o o swEp 70
. =1y wP g
L1=NZC( [4K) FRo#
712 A2(L1,1V)=A2(L1¢IVI+R¥Q(IR, [ 4K)
i Tl14 CONTINUE _
IF(IPC.EQ.D) GO T3 777
- ISTZ=NGV (KK, LL)
ARITE(69STIISIZyIVeI691JsMP(IJyTIL) sLCoXLoDLPHIISTZ)
777 CONTINUE
888 CONTINUE
IF(NTL.LE.LFSIGO T 999
S0 IO 557
214 STZE=SI2E-1
ARITE(6,53)  SIZC,SDyNTL
50 TO 600
557 IF( IDIS<EQeaNeIRNII.EQ.0) GU TO 600
DO 125 1=1,NCI
DZE(I)=DLIM(T,K)
DD 125 J=1,NLC
125 ZZ(14J)1=21(14JyK)
NNN=NC T
CALL ABSMAX(K,NNN,T' N, 16,NSDsIVsLDCsIPC,EP,NDAM)
60C [DK(K)=16
[F(I6.EQ.Q0) GO TU 998
[U=K TTURW(K)
D0 85 J=1,NU3
IV=1U+1
N0 85 I=1,NCI
85 D(1,41=0PB(T,1U)
CALL SOLDUP(T64NU3,NCI)
DY 87 J=1,16 :
17=11L(J4K)
CO 87 [=1,NCIT
87 O"I(l'l,)=05(le)
- WRITE(6y311) ((DS(I,J)yI=14NCI)yd=1,16)
L 53 FORMAT(/1Xy"'SIZE ='414,% INCREASES NSD =¢,14//1Xs*' CORRECT ONLY
_ ITHESE CONSTRATUTS AT THIS CYCLE®,14)
57 FORMAT(2Xy614,2E1545)
58  TORMAT(® STRESS VICLATIODNS',215/3X,*'SIZE Iv I M MX LC  XL®
)
998 TF(SIZC.CQ.%SD) RLTURN
L 999 CONTINUL
RETUR™Y
END
SUBROUTINE ABSMAX (K NNy TNNyTGoNSDyTV,LDCyIPC,EP,NDAM)
IMPLICIT REAL*E (A-t,0-Z)
INTEGER SIZE,BNC,S4
COMMON STEP,BNC y SNy 4BWs ST ZE y NLC ¢ NSU
COMMONZV L/NL oNZ T oNWK pNGKe MA ¢ NUL yNU2 , NU3 3 M1 s NByNJKyNC, N1 1, 1SQ,y 1Q1
) COMMON/P4ZINF( 50y 3) 4 NGV( L4y 6)41N0( 50)4NDISP( T2)
COMMON/RG/TTLL 50, 3),KLZ( 500, 10K( 3),NOL 1)
COMMON/AL/Q( 12, 24y 3)421(12y Ly 3),C( 364 24)42B( 36, 1)
COMMON/A3/BR( 108, 2),TRSF( 108, 1),CSTF(48y Ly 4)4SSPF( L, L1y 3),
12( 51, 3)4DZEL 60)+MP( 108, 2)sND( 216)
COMMON/ZAG/X( 108, 3),0LP( 60),0LPH( 60)4T( 156)4WM( 51)4RO( S1)
'
B et e gt —




COMMONZAS/ZDL 35, 24),0S( 364y 90)4A21 36y 50),DKI(12436)KITUBW( 3)
COMMON/ZAG/DPZ( 50, 50),22( T2, 3),8:( 108y 3)eW( T72)4H( 108),VVI

1 156),Y( 108y 3)yii7C( 24, 3)
B T T T T e e e L R R e R R R S S SR R e e L

(5, THIS SUBROUTINL - *
(x (1) CALCULATES MAX DISPL UNDER ALL NLC,

L% (2) CHECKS OISPL CONSTRAINTS ANU COMPUTE SENSITIVITY *
LE INFORMAT I ON. *

Ctttttttt#tttt*##t#*#t#t*#*‘t#&#*#**#*t*tt‘t*‘#‘#’*tttt‘ttttt“tt‘#ttt‘t
53 FORMAT(/1Xs*STZE =',164,%' [INCREASES NSD ='414//1X,* CORRECT ONLY
LTHEST CGNSTRATINTS AT THIS CYCLE',14)
316 FURMAT(2Xe51442E1545)
115 FIRMAT(3X,*DISPL. VIODLATIONS®,12/3X,*SIZE IV 1t NC LC XL®)
ARITE(Gy 315) K
DI 162 I=1,NN
INN= NS+ L
DL 161 L=1,NLC
T(4)=22(1,L)
T(5)= DZE(D)
[F(T(4)aLTo0.) T(5)==T(5)
T(6)=T(4)%T(5)
IF(L.3T.1) GO TO 258
YM=T(5)
XL=T(6)
LC=1
GO TO 161
258 IF(XL.GE.TL6)) GO T2 161
YM=T(5)
XL=T (%)
LC=I
161 CONTINUC
SIZE=SIZF+l
IFISTZE GT.INSD-NDAM=-1))3C TO 259
NDISP(INN)=S 7L
212 DLPHINDISPOINND I=1.%=XL
DLP(NDISP(INM) )=DACS(DLPHINDISP(INN)))
KLCINDTSPOINNY ) =12
IV=1v+l
1400 IVI=NDISP(INN)
[NFOINDISPUINND o L) =( - ;
TNE(NDISPIINND, 2) =K i
INFINDISP(INND, 3) ="
INFINDISP(INND) 4 4) ="
INFONDISPCINND . 5)=L0C
INFINDISPLINN), 6)=1V
INFINDISPUINND, 70=LC
INFINDISP(INN), B) =0
ISIZ=NDISP(INN)
NO(LC) =1
IFIK.EQ.=1) GO TO 906
[6=16¢+1
[ILEI6.K)=IV
y = THIS PAGE
00 158 J=1,N1 IS BEST
L1=NZZ( JeK) : FROM COPY ngziifPR‘crlc‘ﬂhl
158 A2(L 1, IV)=SA2(LL,IV) +YMEQ( T sd oK) 0
OS(Iy16)=YM
50 T0 97
16 A2(1,1V)=YM
97 IF(IPCeNE«D) WRITC(6o314) [STLeIVelOel oLCoXL
162 CONTIMUE

“f

o / - v

U VSRR LSS S —— -



RETURN
{ 257 SIZE=SIZE-1
WRITE(6953) SIZEWNSNTL
RCTURN
END
’ SUBROUT INE GENT INSUyNVLX,1BU,IBUK,1V,1DC) SuB 13
IMPL ICIT REAL*8 (A-H1,0-2)
INTEGER SIZEBNC,S'
COMMON STEP4BNC 4 SNy NBW, ST ZE4NLC 4NSU
COMMON/VIL/NLGNC T oNWKyNGKyMA,NUL NU2 ,NU3 yML ,ABysNJKyNCoN11,1SQ,1Q1
COMMON/ZVZ2/NICE 3Dy iWl 6)9NG( 6)4yNBWL( 3) yNBW2( 5)oNBW3( 3),NM( 6),
INBJC 3)oNJ( 3),NCB( 3)4NEW( 3),IQS( 3),MEB( 6),MEF( 6)
COMMON/PL/BLL 24 7)4B2( 39 9)9B3( 95 9)HsESF( 9y 9) e AL 156),NJLL 9
L)y NJL( 9),NJ2( 3)
p COMMON/P2/XNUUL 14y 6)+ELL(LO08y 2) LUl l4y 6)9STRESS(1620),TCSM(
1 156),TRCSSP(2808),xCIST( 3),ICSS({ 108, 2),1SAC( 108, 2),INDC( 108
29 2)2IGRT( 14y 6),IGRE( 108y 2),NNDC( 1080) 4LLN( 3),ITY( 3), ICSSMI(
3 108, 2)
CIOMMON/P&4/INF( S0y B8)4NGVI 14y 6)9[iCL S50),NDISP( T72)
COMMON/R2/PI(12, 1, 3)4RI(L 108y 2),E( 14y 6)yMN( 1028, 6)yNOM( 14,
1 6)
COMMON/R4/IIL( S0, 3),KLZ( S0),I0K( 3),NO( 1)
COMMUN/RS/BL 14, 6),SLE 164, 6),SUL 14, 6),DPBl 51, »0),DLIM(12, 3)
1,SSC 51)
COMMON/Z/AL/QU L2y, 245 3)921(12y 1y 3)4C( 369 24)+2ZB( 36, 1)
CCMMON/A3/BR( 108y 2)4,TRSF( 108y L),CSTF(48, 1y 4),SSPF{ 1y 1,y 3),
12( S1s 3)eDZE( 60),MP( 108: 2)4NDI( 216)
COMMONZA4/X( 108y 3)90LP( 60) yDLPH( 60),T( 156)WM( 51),R0O( S1)
COMMUN/ZAS/D( 364 24)4DS( 365 50),A2( 369 S0)DKI(12,36) KITUBW( 3)
CIOMMON/ZAG/DPZ( 50, 20)42Z( T2y 3)4BE( 108y 3)yW( T2)eH( 108),VVI
1 1956),Y( 108y 3)eNZT( 24y 3)
COMMONZAT/DPX( 625 50)
CRE ek R AR R AR R E L S A AR E R AR E AR IR AR R AR SRR AR R E AR RO K

———

Cx* THIS SUBROUTINE - CLOMPUYES CAP LAMBDA.
Crtdpnedreredhbrrk bt kkhke AR EERRRirl kil kR k et bRk hehkbk ke Rk kbbb Eks
I[NDEX=0

[VvV=[V+L X-1
IF(IDCeGTal) GC TD 77
DI 75 I=LX,SIZE
N0 75 J=1,NV
75 DPX(Jy1)=0.D0
30 TC 76
17 OC 78 [I=1,1V
I=INC(IT)
DD 78 J=1,NV
DPX(Jy1)=0.0
DI 79 [l=1,1V
I=INC(IT)
IGR=NA(II)
[FUIGR.EQ.OD) 50 TO 79
DPX(IGRsI)=RE(IT,1)
CONT INUL
LO=y
DC 71 K=1,NSU

CALL VARI(K) qggﬁy
DO 71 I11=1,3 s

IFCITY(TI1).EQ.0) 50 TO 71 RO
MA=0 9950- ';0@
LD=LD+1 &% R
NGK=NGILD) ?,,c&*‘y

G
IFINCI.E0.0) GO TO 210 | 5 F

e —— —— ——— - —_
/ " ,




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COPY FPURNISHED TODDQ e
U4 TTT KK=14NGK

NJJ=NOM(KK,LD)
MY=TIGRT(KK,LD)
[FIMV.EQ.O) GO TO 170
DD 73 LC=1,NLC
[F(NO(LC).EQ.C) GO TO 73
DO 74 [=1,N1

74 8C(I1,LC)=0.D0

73 CONTINUL
0o 666 [M=1,NJJ
133=0
Jr=9
MA=MA+]
MI=MN(MA,LD)
MX=MP(MI,IIT])
XX=BRIMI,II])
[IF(XXeENa00) 50 TH 666
XX=1.0

CALL RECALLUITIGLEZLSeLFyINDEXsMIXX)
DO TO7? I=LSsLE
[I=NNDC(LF+I)
TFIIT.EQ.D) GO T 707
[TF(IT.GT.NL) GU T2 704
[B3=1R3+]
NA(IC3) =11
Jid3=0n
DO 703 J=LS,yLE
[J=NNDC(LF+J)
IF(IJ.EQ.0) GO TO 773
IF(IJGT.NL) 50 TO 703
JB3=JNn3+1
B3(1B3,JB83)=ESF([,J)

703 CONTINUL
530 TC 707

704 TI=11-N1
JP=JP+]
NILGJP) =11
JT=0
JU=0 !
DU T06 J=LS,LE . A
[J=NNDC(LF+J)
IF(IJ.EQ.O0) GN TC 706
IF(IJ.GT.N1) GC TU 705
JT=JT+]
NJ2(JT)=1)
B2(JPyJTI=ESF(T,4J)
GO TU 706

705 1J=1J-N1
JUu=JU+1l
NJLGJU)I=1J
BLIJPL,JUI=ESF(I,J)

706 CONTINUE

707 CONTINUC
D0 124 LC=1,NLC
IFI(NO(LC).EQ.O0) GO TC 124
IF(IB3.EQ.0) GO T3 10
pn 123 J=1,183
J1=NALJ)
L1=NZC(J1yK)
Nd 123 [=1,1I83




y 123
80

518

118

122

511

116

125
124

514
666

1 170
777

’ 210

J2=NAll)
BE(J2,LC)I=BE(J2,LCI-B3(I,3)*2B(LL,LLC)
IF(MX.EQe-1) GO TO ‘124

DO 518 J=1,JP

Z(J,LC)=0.D0

IF(JT.EQ.0) GC TO 511

DO 118 J=1,JP

J1=NI1(J)

DO 118 L=1,J7

J2=NJ2(L)

L1=NZC(J24K)
ZUJyLC)=2(J,LC)-B21J,L)*ZB(L1,LC)
DC 122 1=14JT7

J2=NJ2(1)

DO 122 J=1,J°P

J1=NIL1(J)
BE(J24LCI=BE(J24sLC)-B2(Jy1)%Z1(J1yLCyK)
D3 116 J=1,JP

DO 116 L=1,JU

J2=NJ1llL)
Z(JgLCI=Z(JsLC)-BLlIJyL)*ZI(J2,4LCyK)
DD 125 [=14N1

CC 125 J=14JP

J1=NI1(J)

BE( T+LC)=BE( IT4LCI+Q(JLoIKI®XZ(JyLC)
CONT INUE

16=10K(K)

IF(I6.EQ.0.NRMX.EQR.-1) 50 TO 666
DO 514 I=1,1I6

1ZZ=1T1IL(I,K)

[Z=INO(1Z2)

LC=KLC(1IZ)

DO 514 J=1,JP

JI=NIL(J)

DPX(MV, [Z)=0PX(MV,17)4Z(J,LCI%DPZ(IL,122)

CONTINUE

DO 117 [I=1,1V
I=INO(IT)
LC=KLC(T)

DO 117 J=1,4N1
L1=NZC(J4K)

OPX(MV,T)= DPX(MV,I)+ BE(J,LC)*DS(LL,II)

GO YO 777

MA=MA+NJJ

CONT INVE

GO 10 71

WHEN NCI IS ZERO.

CO 889 KK=1,NGK
NJJ=NOM(KK,LD)
MV=IGRT(KK,LD)
IFIMV.EQ.0) GC TO 720
DO 888 [M=1,NJJ

L=0

MA=MA+I]

MI=MN(MA,LC)
XX=BR(MI,III)
IF(XX.EWe0.0) 3C TO 888
XX=1.0

CALL RECALL(ITI sLEsLSyLFyINDEXyMIoXX)
DO 714 1=LS,LE
ITT=NNDC(LF+I)

1hi




IF(I1.E0.0) 50 TU 714 g&:P‘GEISBESTQUAHTYMCTImQ
L=l é1 COPY FURNISHED 10 DDG __o—
NALL) =11
=0
D3 712 J=LS,LF
1 J=NNDC(LF+J)
i IF(1J.EQ.0) 50 TO 712
M=M¢ |
p BI(LyMI=CSF(1,d)
712 CZCNTINUE
714 CONTIMUG
U1 200 LT=l4NLE
IFINOILS).EQ.D) o0 TO 200
00 156 l=1,L
PL(I,LC)=0.D0
D2 196 J=1,L
J2=NALD)
L2=NZZ(J24K)
156 BZUIoLCI=BOCT LCI-ELLT 42 &BIL2 4LL)
200 CONTINUE
NO 158 1I=1,1V
[=INC(II)
LC=KLGET)
£) 198 J=1,L
J2=NA(J)
L2=N221J2,K)
1535 OPX({MV,1)= DPX(MV,[ )+ BE(J,LCI*DS(L2,4IT)
865 CONTINUL
G0 TO 889
720 MA=MA+NJY
889 CONTIMUE
71 CuNTItUf
DO 1070 J=LX,SI72C
ARITE(6,1001) J
1000 ARITE(6y 1OV (DPX([oJd)gl=1yNV)
10 FORMAT({ 3X,* CAP LA T'DA®TIANSPCSE*/(3X,10EL2.4))
1001 FORMAT(3Xe*STZE=,13)
{ RETURN
E%D
SUBICUTINE DELEE(TJ4NDC g NV,y%) y SUB 14
IMPLICIT REAL*E (A-H,0-2) !
[4TEGER SIZEBMC,SY
CIMMON STEP o BNC Sy IBW, ST ZE ¢ NLC 9 NSU
" COMMOM/RS/B( 14, 6)4SL( L4y 6)4SU( 14, 6),0PBl 51, S0),DLIM(12, 3)
19SSC 51
COMMON/A3/BER( 108, 2),TRSF( 108,y L)oCSTF(48, 1y 4)4SSPFL 1, Ly 3),
120 51y 3D4DZE( 60)4FP( L0By 2)4NDl  216)
CIMMON/ZAG/X( 1uBy 3)4DLP( 60),0LPH( 60),T( 156),WM{ 51)4RO( 51)
COMMON/AG/DP 2L 50, 5009220 T2, 3),B:( 108, 3),W( T2)4H( 108),VVI(
L 156),Y( 108, 3),N20 0 24y 3)
(,ctt#ttttt#ttttttttt###tt##ttttt#tttt‘tt‘ltttttt‘.t““‘.t‘t‘.“‘..t‘t‘t

c

g I e W < B i B0 |

o THIS SURRQUTINC CONPUTES DELTA B VECTOR, l.L. CHANGES IN DECIGN «
c® VAR I ABLES,. LAGRA IGE MULTIPLIERS ARE COMPUTED AND THEIR SIGNS *
c* ARE CHECKED. CONS TRAINTS CORRESPO!NDING TO NEGATIVE MULTIPLIERS *
ot ARE TAKEN OUT UF Tit.. VIOLATED CONSTRAINT SET *
" 1J = NO. OF STRISS & DISPLACEMENT VIOLATIONS *
C* NDC = NO. OF DESIGN VARIABLE CONSTRAINT VIOLATIONS *
Ce SIZE = TOTAL NO. CF CONSTRIANT VICLATIONS *
LE 4 - DELTA P VLCTOR IN RETURN *

THEAEEE AR AR ERREERRE AR R AR RE AR RN ERRER RN ER R PR R R R AN REREE R R R R
26 FORMAT( /11Xy "REQUE’ TED CH4ANGLS [N CONSTRAINTS DEL PHI'/(4l15,E12.4

Y e

T —— -

o P ; ' —‘—: | —




A 40
443

4617
P L.‘..
466
468

225

420
159

P
“eeoeoe

161
166

Jr

241\

1))
FORMAT( /11X, 'LAGRAIGE MULTIPLIERS'/(4(154El2.4)))
[F(TJ «GT. O ) GO TO 648
CALL DESVV(IJyNDCs vV)
RETURN
YM=STCP
IF(YM. ST NG) GO TO 466
YM=1,.

DY 46T I=1,NV

I(I,1)=0.D0

COMPUTE RIGHT HANDSIDE SIDE CF THE LAGRANGE MULTIPL!ER EQUATIONS
DI 468 [=14NV
TCI)=Z(1,1)%RO(I)

DD 225 I=1,1J
ZZ(142)==DLPHI(IL)

ZZ(1,1)=0,

D) 225 J=1yNV
ZZULol)=Z22(141)=DP (I 1)%T(J)
IF(IJ.ELLSIZE) GO 17 159

D3 420 1=L,NDC

K=H(1)

J=1J+I

I7(J,42)==-DLPH(J)
ZZ(Jy1)==-DZE(I)*Z(ky1)%WM(K)

CONT TUE ; '
WRITE(H426) (1,LLPHCLI)yI=1,SIZE)
COMPUTE (CAP LAMDA TRANSPGSE )*(CAP LAMBDA ),(SIZE," . 1ZE)

DD 166 [=1,1J
D) 166 J=1,1J
OPZ(T4J)=C.
DO 161 K=14NV
DPZ(1+J)=DPZ(T1,J)+0PBIK,1)%DPB(K,J)
DPZ(Jy [)=DPL(14J)
COMPUTE LAGRANSE MULTIPLIERS
[F(IJeCQSIZF) GO TT 421
CALL SDO(IJyNDZyYM,NV,8205,6159)

RETURN
CONT INIUE
CALL SCLVEL(SIZE,ER'5)
D2 424 1=1,S1Z¢C
TCI)=PE(Tel) e ([42)/YM
WRITE(H,40) (ToT(I)yI=1,SILE)
CHECK SIGN OF LAGRAGE MULTIPLIERS

=0 .
LI 235 I=1,SI4T rep
IF(TUI)LELNG) SO T 235
N=N+1
NDIN) =1
CONTIIUE
IF(N.EQL.SIZE)
SIZE=N
[J=N

[F(N.EQeO) RITUR'Y !
D3 240 I=1,SI17¢C
IF(TEQUND(L)) GO T
DLPH(I)=DLPH(ND(IL))
NDLPETI=DLPI(ND(L))

20 T2 250

240

ZZCL, L) =2Z(NDCL) 1) QuALITY
T2(142)=22(ND(T1),42) mxsﬂm%mwﬂ .
DO 241 J=1,NV — 2k
VPBLI, 1)=DPR(J,N0O(1))
By %
R o ety s — e




THIS PAGE IS BEST QUALITY PRACTICABLE

24U CONTINUE FROM COPY FURNISHED TO DDC SR

50 TO 159
253 CONTINUE
LY 910 I[=1,SI1ZC
LZ(I,1)=PE(I,1)
10 Z2(142)=BE(1,2)
GO 206 [=1sNV
BO(LyL)==2(Ty1)%RI(T)
PELT+2)=0.
DD 912 J=1,SI17L
RE(T9yL)=BE(Lo1)=-DP2(14J)%2Z(J,yl)
912 BE(142)=BE(T1+2)-DP"(14J)%221J,y2)
BCO(I 1) =BE(T,1)*RCLT)
2N6 BE(I,2)=BE(I,2)%RO(1)
RETURN
20% RCTURN 1
.0

SUBROUT INE LSVVIITJZNDZyNV) sus

IMPLICIT REAL*8 (A-H,0-2)
[NTEGER SUZE9B IC eS¢
COMMON STEP4BNC 3 SNoNBW,ST ZE ¢+ NLC 9 NSU
CCMMON/A3/BR(1 108y 2)9TRSF( 108y L)CSTF(48y Ly 4)sSSPFL 1y 1y 3),
1Z( S1, 3),DZE( 60),4P( 108, 2),ND( 216)
COMMOY/AG/X( LGBy 31 9DLP( 60) 4yDLPHI 60)4T( L56),WML 51)4RO( S1)
COMMON/ZAG/DPZL 504 5004271 T2, 3),8L( 108, 3)eW( T2)yH( 108),VVI(
1 156)sY( 108y V)eN{T L 26y 3)
ET IR R R e R R R s R R R RS R RS L L
C* THIS SUBRUOUTINC CO PUTES DELTA B VECTOR WHEN ONLY DESIGN VARIABLE*
C» CONSTRAINTS ARE VITLATED *
Ok ke R ke A R TR AR AR Rk kR kk &
DY 449 |=1,NV
FE(Is1)=0.
nE(Ly2)=0.
44) NO(I)=1
D7 446 [=1,NDC
<=H(T)
ND(K) =G ~
A(K)=CLPH(IJ+I1)/DZ:(1)
BE(Ky2)=W(K)
446 CONTINUE
NT 451 [=1,NV .
IFIND(T).EQ.0) GO T 451
WlE)=-STEP*Z(1,1)
PE(Ls1)==L(T141)
451 CONTINUE
RETURY
£ND
SUBROUTINE SDD(I1J9iDC oYMy NV o#*,%) sus
IMPLICIT REAL*3 (A-it,0-2)
INTEGIFR SIZE#BNCy SN
CIMMCN STEP,BNC y SNy "IBWy ST ZEyNLC yNSU
COMMOI/R3/B( L4,y 6),SLL 14, 6)4SUL 14,4 6),0PB( 51, 50),0LIM(12y 3)
LySS(C 51)
COMMON/A3/BR( 108y 2)+TRSF( 108¢ L) eCSTF(48y Lo &) 4SSPF( 1y Ly 3),
1Z( 51, 3),DZE( 60),MP( 108y 2)4ND( 216)
COMMO'Y/A4/X( 108, 3),0LP( 60),DLPHL 60),T( 156),WM( 51),RO( S51)
COMMON/ZAS/0( 36, 24),0S( 369 50),A2( 36, S50),0KT(12,36) KITURBKWL 3)
CIMMDN/AG/DPZ( S50y 50)42ZZ1 T2y 3)4BC( 108,y 3)4W( T2),H( 108),VVI
1 156),Y( 108y 3)y40( 24y 3)
LRt R R R EE R E KRR R ERRE R LR RSN R I RREE R AR Rk
¥ THIS SUBROUTINL COYPUTES DELTA B VECTUR WHEN STRESS & DISPLACE- =

15

16




ot MENT €& DESIGM VARIAZLE CONSTRAINTS ARE VICLATED *
CRREa kb R R bR Rk AP R R AR AR E R R ER R R KRR AR RS R R Rk Rk d
40 FORMAT( /1X,*LAGRA'GE MULTIPLIERS/(4(15,EL12.4)))
N0 422 J=1,NDC
K=H(J)
Z(Jyc)=1.0D0/7(D7. (J)EWM(K)*DLE(J))
DI 422 T=1,1J
422 DS(Js1)=DZELJ)*#DPIIK,1)&RDIK)
DO 423 [=1,1J
PO 423 J=1,1J
N) 447 K=1,N9C
447 OPZ(14J)=0PZ(T4J)- DSIKyl )% DSIKeJ)%Z(Ky2)
423 DPZ(Jy1)=DPZ(1,J)
DO 200 I=1,SIZC
VWII)=2Z2(1,1)
200 WLI)=22(1,2)
DC 425 I=1,1J
DI 425 J=1,NDC
ZZ(To1)=22(041)= DIy EI€Z2ZUTI4J41)%2(Jy2)
425 ZZ(142)1=22(142)= D (Jyl)1€22(1J4042)%2(Jy2)
CALL SCLVEL(TIJyERRY)
DS 431 I=1,NOC
<=1+1J
JE(Ky 1) =VVIK)
BE(K2)=W(K)
D> 460 J=1,1)
NE(K 1) =BEIK,1)= DSUT,J)&BE(I,1)
460 RF(Ky2)=BE(Ks2)= DY(14J)I®BE(Jy2)
BO(KyL)=PE(Ky1)*2([,2)
431 PE(KG2)=RE(K,2)%2(1,2)
D) 201 I=1,SIZt
201 TUI)=BE(T,1)4RT(1,2)/YM
WRITE(6,40) (1,T(1),1=1,SIZE)
CeeessCHECK SIGN OF LAGRA!GE MULTIPLIERS
N=0
DO 432 I=1,1J

IF(T(I)eLE.OL) 50 T 432

N=N+1

ND(N) =1 .
432 CONTINUC

IF(NST0) GO TC 445

CALL DESVV(IJ,NDC,4V)

RETURN 4
465 J1=1J & ¢¢§“§’

IFIN.EQ.TJ) 5O TN 433 1g>‘//,/

[J=N }3"‘16

D0 434 I=1,1J “Q.\\ &0@

[FII.EOLNDIT)) GO T0 434 % 50

07 435 J=l,NV G;ﬁgsggﬁ
435 DPBUJ, 1) =DPB(J,NO(1)) (6% 4
434 CONTIAUE '%‘,cﬂg

433 DI 436 1=1,NDC
K=Jl+l
IF(T(K)LT.0.) GC T 436
N=N+1
ND(N) =K
436 CONTINUL
IF(N.EQ.SIZE) 5C TL 437
S1ze=m
IFIN.EQ. 0) RCTURNI

mun




M=NDC THIS PAGE IS BEST QUALITY PRACTICABLE
S0c=h~1J FROM COPY FURNLS DD
N 438 I=1,S12C D 30300
DLPH([)=DLPHIND (1))
DLPEEY=0DLPIND(E))
ZZ(L41)=VVIND(I))
27(1,2)=WIND(I))
43t CONTINUE
[F(MOC+EQeM«0OR «NDC .EQ+0) RETURN 2
8J) 439 [=1,NDC
JEND(T+1J)-J1
HIT)=HJ)
437 DZC(I)=DZE(J)
RETURN 2
437 CONTINUL
LD 440 1=1,SIZE
ZZ(141)=BE(I,1)
ZZ(1,2)=PE(L,2)
440 CONTINUE
D0 450 I=1,\NV
RECI,1)=0.
450 PE([,?'=0.
00 441 I=1,NOC
K=H( 1),
L=1J+I
BE(K,1)=DZE(T)*ZZ(L41)% WM(K)
461 BF(Ky2)=-DZE(T)#ZZ(L,2)*WM(K)
N3 442 [=1,NV
SM1=0.00C
$M2=0.000
D) 443 J=1,1J
SML=SML+DPR( [,J)%2Z7(J,y1)
443 SM2=SMZ=NPBLT,J)¥2Z1J,2)
BECTy1)==BE(T4L)=(SM1+2Z (1 ,L)*RO(I))*RC(I)
447 SE(1,2)=RE(1,2)+SM25RO(I)
RETURN
END :
SUBROUTINE SOLVEL (IIF 4ER) sus 17
IMPLICIT REAL*8 (A-H,y0-7) :
COMMCN/A3/BR( 108y 2)»TRSF( 108y 1)4CSTF(48, 1y &)4SSPF( 1, 14 3),
1Z( 51, 3),DZE( 60),MP( 108y 2)4ND( 216) .
COMMON/AG/DPZE 50, ~0)sZZC T2, 3),8L( 108, 3),W( T2),H( 108),VV(
L 156),Y( 108, 3),NZC( 24y 3)
'##t#tt#*tt##ttttt#tt#ttt#t#ttt#tttttt#ttttt#ttttttt‘#tttttttt#ttttt#ttt

C* GAUSSIA'Y ELL IMINATICN PRJCESS *
C# TCTAL PIVOTING IS USED : *
C* DPZ 1S THE SQUARE “ATRIX(LHS OF EQ.) ;
C* MATRIX 2ZZ 1S THE RHS 06 SQULT -N2 ®
% Ll 1S SAVED : : *
C# FINAL SOLUTICN IS I% MATRIX BE @
ttt##tttt###*##t#tttt#tt*t##tttt##ttt#tttttt##tttttttttttttt*t#‘tttt.t*
CR=0.000001
=2

IF(NFOOTel) GO TD 7
[F(DPZ(1l,y1)eEQ. N.) 50 7D 76
A=l ./DPZLy1)
DS TT J=1,M

T7 CECLeJ)=22(14J) %A
52 T0O 999

74 AAITE(6941) NF
DY 78 J=1,M




78

75

C Aokt

31

40
41

44

43

Chkns
42
50

63
a1
61

70
CeE%s

G2

SEEEY

81
LREES

83

GE(1,J)=0. THIS PAGE IS BEST QUALITY PRACTICABLE
50 TO 999 FROM OQPY FURNISHED TO DDC

NMP=NF- 1 ' o
D0 10 I=1,NF

NDCT) =1

CO 10 J=1,M
BE(I,J)=22(1,J)
DT 400 K=1,NMP
SEARCH FCR THE PIV_ ! ELEMENT
IR=0
JN=0
A=Q.
D3 20 [=KsNF
DY 20 J=K,4NF
[F(DABS(DPZ(TI,J))-A) 20,20,31
A=DARS(DPZ{I1,4))
IB=1
JBn=J
CONT INUE
IF(A-CR) 40,40,42
WRITC(6441) KyeIByJo
FORMAT (1 Xy *WHCOPS DEPEMNIENT EQUATIGONS®*,314)
NN 43 [=K,NF
D0 44 J=K,NF
DPZ(14J)=0.
IF(I.EQed) DPZ(I,4J)=1.0
CONTINUE
U 43 J=1,M
RE(I4J)=0.
30 10 800
INTERCHANGE ROWS AID COLUMNS
IF(IB-K) 51+51,50
D] 60 J=KNF
A=DPZ(K,yJ)
DPZ(Ky,J)=DPZ(I5,J)
DPZ(IPyJ)=A
D) 63 J=1,M
A= BE(K,J)
BE(K,J)= BC(ID,J)
BE(IlyJ)=A
IF(JB-K) 62462,61
0) 70 I=14NF
A=DPZ(I,4K)
OPZ(1,K)=DPZ(1,JB)
DPL(T,JB)=A
CEEP TRACK OF COLUAMS
J=ND(K)
ND(K)I=NC(J8)
NO(JR )=l
A=DPZ2(K,K)
KP=K ¢+1]
DIVIDE THE PIVCT R_Lw BY THE PIVOT ELEMENT
N7 80 J=KyNF
OPZ(KeJ)=DPL(X,yJ)/A
D2 81 J=1,M
NE(KyJ)= BE(K,J) /A
PERFCRIM ELLIMINATIC
DO 82 [=KPyNF
A=DPZ(1,K)
DO 83 J=14M
BE(I4J)= BE([,J)-A%BL(K,J)




82
400
R0OO

201
500

20

106
21

etk

-

(50 B 8l

L1l

110
999

“

S

121

00 B2 J=KyNF
IPZ{T,J)=NPZIT,J)-A%DPZ(<£yJ)

SONT INUE

CONTINUE

CONTINUE

IF(DABS(DPZ(NF,NF)).CT.ER) G TO 50.
DPZINF,yNF)=1.

D0 501 J=1,M

BE(NF,J)=0.9

CONT I%UE

NI 30 J=1,M

NE(NFsJ)= BEINF4J)/DPZ(NFNF)

2 91 L=1.M

N3 100 KK=1,NMP

K=NF-KK

KP=K ¢1

2D 100 J=KP4NF

DC(KyL )= RE(K,ZL)=027(KyJ)I®BE(JWL)
CONTIIVE

REARRANGE THE SOLUTICN MATRIX

05 L1 I=1,NF

DO L1 J=1,M

DPZUL,J)=BE(1,J)

DO 110 [=14NF

D110 J=1,M

CEINDIT)pJ)=DPZ (1,4J)

RETUR Y

tND

SUBRIUTINE SUBSPIN, “KeITMAX,ERRL,IDC,I11X8)
IMPLICIT RFAL%E (A-1i,0=2)

INTEGER SIZEZBNC,S

COMMOUN STCPoBNC o SNy WBPWoSI ZE 9 NLC yNSU
:"MMQ"/VI/N[;N:!|-'\l"“‘QNSK'MA'NUIpNUZ'“UB'Ml'NBQNJKQNC'NllIISQOlol
COMMON/ZV2Z2/NICE 3Dy in 0 6)9NGL 6) gNBWL( 3)4NBW2( 3),NCW3L 3),NM( 6),
LURJE 3o NI 3D NCOBE 3D NEWL 3),10S( 3),MEB( 6),MEF( 6)
CUMMOI/RS/BE L4y 6)4SLL 14y 6)4,SUL L4, 6),CPBL 51y 0),DLIM(L2, 3)
LsSSC 51)

COIMMONZAL/GUL2y 24y 3)321(12y Ly 3),C( 364 24),2B( 364 1)
COMMCN/ZAS/XCLL 36y *4) AMAS2( 36, S0 ) oXM( 36y SO)4DK[(12436)4KIIUB
140 3)

ZOMMON/ZAG/DPZL 50, 900422 72, 3),8BC5( 108, 5,:F( T2)4H( 108),4VVI
L 156)4A(0 108y 3Dy il 24, 3)

COMMOYI/ZCLZXE T29 2V oYL T24 2) oWl 2)4DM( 1y LD)LIETA(L T7)
$/C3/7 QUK( 2y 2),Q0Mt 2, 21,Q( 2,4 2)

MM=MK

IP=1

ITER =D

JTEND=D

RELER2=0.05

[N=11NG( [P%2,[P+8,".)

50 10 30

[TE_R=[TER+1
JLVING x~RBAR

COMPUTE THE EFFECTIVE ROUNDARY EIGEN VECTOR

73 121 I=1,8NC
D3 121 J=1,10
AMAS2( [y J1=0.D0
NCX=RMNC

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURNLSHED TODD0

e




202

102

101

122

123

124

€Y ) O

1C4
103

L0Y

(@]

109
114

00 101 K=1,NSU

CALL VARI(K)
IF(NCI.EQ.0)3" TO 101

00 102 [=14N1

LI=NZZ(1,4K)

DI 102 L=1,10

QTYI=0.D0

00 202 J=1,NCI

16=NCX+J
QTYI=ATYI+G(Js [ sK)*Y([64L)
AMAS2(L 1,L)=AMAS2(Ll,L)+QTYI]
CONT INUE

NCX=NTX+NCI

CONTINUE

D) 122 I=1,8NC

DI 122 J=1,1Q

AMAS2 (1, J)=AMAS2(1,J)+Y(I,4J)
IF(NCI.EQ.0)GC TO 124

D2 123 [=1,BNC

D0 123 J=1,NBW
XCL(T4J)=C(I,J)

CONTINUE

CALL SOLDUP(IQyNBW,BNC)
00 111 I=148BNC

D0 111 L=1,1Q
X(I,L)=AMAS2(I,L)

NCX=BNC

D) 108 K=1,NSU

CALL VARI(K)
IFINCI.EQ.D)5T TO 108
[QQ=KITUBW(K)

03 103 J=1,NU3
10Q=1Qu+1

DI 103 I=14NCI
IF(IDC.GT.1)1G0 TU 194
XCLOIyJ)=DKIC(I,INQ)
G0 TO 103
XCL(1,J)=0PB(1,1QQ)
CONTINUL

U0 105 I=1,NCI
[6=NCX+]

DD 105 L=1,IQ
AMASZ2(I4L)=Y([6,4L)

CALL SOLDUP(IQsNU3,%CI)

0D 113 [=1,NCI

DJ 114 LL=1,1Q

D0 107 L=1,N1
L1=NZC(L,yK)
UXB=3(TyLoKI®X(LL,LL)

AMAS2 (T4 LL)=AMAS2([,LL)+QXB

CONTINUE
CONT INUL

THIS PAGE IS BEST QUALITY PRACTICABLA
FROM OOPY FURMISHED TODDC _—




THIS PACE IS BEST QUALT
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FROM COPY FURNLS
113  CONTINMUE ’ HED T0DDQ _—

DO L16 [=1,NC1
'(12\ch'l
D3 L1b L=1,10
X([69L)=AMAS2([,L)
116 CONTINUL
NCX=NCX+NCIT
108 CONTINUE
PRIJECTED STIFFILSS “ATRIX QQK
D3 21 I=1,1Q
DC 21 J4=1,1Q
$=0.000
D) 22 K=14N
22 S=S+X(K,y [)1%Y (K, J)
QUK (1yJd)=S
21 QaKfde i )=$
(  INTERMEDIATE VECTURS Y FOR ITER=0, ANu Y-BAR FOR I[TER 0
$9 NN=SN/2
18=11X8
, SALL MEVECINN,'1+1IDC,18,2)
IFCITZER) 5454940
¢ PRIJECTED MASS MATRIY
4t DI &l I=1,10
DN 41 J=1,10
$=0.0 09
D) 42 K=1,N
47 S=SX(Ky 1Y (KyJ)
QOM( [4J) =S
41 QOM(JeI)=S
[F(RELERRLGTNe 1) RCLERR=0.1
THRESH=0 o 1*RELERR
C  SUBSPACE CIGENVALUES w AND EIGLNMATRIX Q
50 CALL JACOBI([Qy [TMAXy THRE SH)
L SIRTING EIGENVALUES I'W INZREASING ORDCR
[F(MOD(ITER=1,11))6C,80,60
4 .. RELATIVE CRROR CHECK
i 6) WLT=W([P)
RELERR=DABS( 1= WL/KET) T
[FIITER.GTLITMAX) 50 TO 65
IF(RELERR-ERR) 65965y 70
(  GETTING FIGENVECTORS [N CRIGINAL SPACC
" 6y LENG=1
D) 66 I=1,N
7 66 J=1,10
66 YUI,J)=X(1,J)
¢ TRANSFORMING INTERMEDIATE VECTGRS
70 D3 T1 I=1,N
DD 71 J=1,10
$=0.0) 00
i DO 72 K=1,10
T2 S=S+Y(I,K)*Q(K,J)
7L X(lyJ)=S
(FOIEND) 75,75, 80
75 D2 7% I=14N
03 73 J=1,1Q
74 YL, d)=X(14J)
WL=WLT
30 19 5

160




~
‘e

b

SIRTING ROUTINE

80

82

83
81

N THIS PAGE IS BEST QUALITY PRACTICABLE
o FROM OOPY FURMLSHED
DO 81 I1=1,IQM HED TODDC __0—

WMIN=W(IT)

IMIN=TI

TIl=11+1

D3 82 I=111,10
[FIAMINLTW(IL)) 5O TD 82
AMIN=W(T)

IMIN=I

CONTINUE

IFCIMINGCEQ.IT) GO 1. 81
S=W(IT)

WOLL)=n(IMIN)

WOIMIN)=S

DG 83 J=1.N

S=X(JyI1)

X(Jy [1)=X(Je IMIN)

X(Jy IMIN)=S

CONT INUE

CONT INUC

[F(IENC) 60460,90

MNORMAL [21G EIGEMVECTIRS

90

R P

73
91

D0 91 J=1,1Q
5=0.D 00

D0 92 I=1,N
S=SexX(I,J1eX([,J)
S=1.D OO/DSORT(S)
DY 93 I=14N
X‘X'J)=Xl".’)‘§
CONTINUE

PRINT OUT FOR INFORMATIONS

»000

ARITE(6,6000) TTER,RELERYy(WI(I)I=1,1Q)

FORMAT( /' ITER="'41545Xy'RELERR="yE13.5/" CIGENVALUES'y(5EL5.6))
[ixg=18

RETURY

END

SUBROUTINE JACOBI (ly I TMAXy THRESH)

IMPLICIT REA_*E (A-i1{,0-2)

COMMOI/ZAS/XCL( 364 24)yAMAS2( 364 55)eZM( 36, 50),DKI(12,436),KI[UB

lw( 3)

COMMON/CLZZU T2y 2)4Y( T2y 2)eW( 2),0M0 1y L)LIETAL T)

$/7C37 XKU 24 2)4XM( 24 2),P( 2, 2)

SILVE XK * P = XM * 2 % DIAG(W) FOR ALL EIGEMVALUES AND VECTORS

00 1 [=1,N
D62 J=14N
Pll,d)=0.
Pllel)=1.
NML=H-1

SMAL =)
ITER=0

CFMX =9,

D2 10 1=14M1
XM[=XM(T,1)
XKI=XK{1,1)
Plr=1«l

DO 10 J=1PL,yN
YMJ=XM(J,yJ)
XKJ=XK(JyJ)
XMIJ=XM(T,J)
XKTJ=XK(1y4J)

s @G ———— - . . . S— T




CEM=XMI JEXMI J/XMI /XM
CFK=XK[J*XKTJ/XKI/<KJ
CF=DMAXLICFM,TF K)
IF(CFMX JLT.CF) CFM«=CF
IFI(CFeLT 0 1%xTHRESII) GO TO 1o
OKI=XK[&EXMIJ-XM[¥XK[J
CRKI=XKIEXMIJI=-XMJ%XK [J
AK2= (XKTEXMJI-XKJEX 'T)*0.5
SX=BK2%BK2+BKI*RKJ
[F(SX.LT.0.) S$x=0.
X=BK2+DSIGN(DSQRT(5X)4BK2)
SAM=-HK /X
ALP=PKJI/ X
0D 20 L=1,M
TK=XK(L,y )
TM=XM(L, )
TP=P(L,I)
XK(Ly[)=TK+XK(L gJ)%5AM
XK(LoJd)=TK®ALP+XKI(LyJ)
XA(Lo[)=TMeXM(L 4J) % ;AM
KM(LyJ)=TMRALP+XM(L 4J)
P(LyI)=TP+ P(LyJ)%EGAM
P(L'J,=”"ALPO p“'J)

20 CONT UL
D0 21 L=1,y1
TK=XF(]oL)
TH=x¥(1,L)
XKD 41 ) =TKeZAMEXK (J,L)
XKLL ) =dKUIyL) +ALPRTK
XMUT ol ) -TMeGAMEXM(J,L)
XM gl D=XM Sl ) +ALPX*TM

28 SO E
[“MAL - [ MAL + ]

| S (o o A A U L
T2 -11'vel
TECZIEMALLTSTHRESH) 20 TO 44
TFCITi 2 LTolTMAX) 50 TO 100

G4 1,) 47 L= L4
Wll) AV (LoD /XM(L,yL)
XMJ-DAESIXMIL,L))
T=01a/DVIRTIXMY)
) 30 M= |eN
PIMyL)=P (ML )%T

37 CONTINU! ‘

THIS PAGE IS BEST QUALITY PRACTICABLR
FROM COPY FURNISHED TO DDQ

RLTUKR'
END
7/30SYSIN DIb # Example: Closed Tail-Boom with 6 Damage Conditions
U 3 3 Y L 51 72 36 24 69 “0 0
2 l 0 | I 1 0 0 1 1 1
3 0 3 () 2 6 9 0 C
0.0000 0.0020 1+2500 1.0000 0.0010 1.0000 1.0000
1.0000C 1.0000 1.0000 29.0000 -1.0000
0.1000009L-05 N. 1000000C-C3 0.1000000E-03 0.1L000000E-03 0.1000000E-05
Ue5 0.5 oD 0.5 0.5 0.5 Ge5 0.5
g8 Neb e D5 0.5 0.5 0.5 0.5
e Deb 5 0.5 0.5 0.5 0.5 0.5
Te5 045 “e5 0.5 0.5 0.5 0.5 0.5
e ‘.).5 vos 0."
4
1 2 3 4
) 1.4903 1.6913 0.0
7
m‘_' - ¢ 2

dabantion




D — — w—
\
2 1.4903  -1.3653 0.0 TgxspgqsISBESTQUAL25;;RACT1°‘BL'
A 3 -1.4903 1.691% FURNISHED TO i
4 =1.4903  -1.3658 THOR 00F%
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D.2. Listing of the Program DIMCO

//FSS0OS 408 (----—-—--- +30430,20010,°01 NTDUC',TIME=25 JOB 49
/*MESSAGEL PLEASE INTERPRETE MY OUTPUT PUNCHED CARDS
// EXEC FORTCLG,REGICN=150K, TIME=25
//7FORT.SYSIN DD *
INTEGER BNC ¢SNyCONS1,CONS2yCONS3yCONS4,CONS5,CONS9,CONSBsPN ¢y SNN
DIMENSION NJ(1C)yNBJ(10)4NCB(10)oNIC(10) NBWL1(L10),NBW2(10),NBW3(10
1)eNILJUC(10)
DIMENSTION NM(5C) yNG(50 )y NW(S50 )4 MEB(50),MEF (50)
DIMENSION ITY(3)

INPUT SOME CONTROL INFORMATICN FOR ALL SUBSTRUCTURES

alnlgl

READ(5532)NNyNSUyNDAMyNLCyNV o NCCyBNC yNBW ¢yNPHyNSDy ITEsNBL J9o NDMT ’
LLINK,ILIM
READ(S5,32)ITY( 1) ITY(2),ITY(3)

CONTROL INFORMATIONS FOR EACH SUBSTRUCTURE

o0

IET=3
KK=0
D0 30 K=1,NSU .
READIS 32 INJIK I yNBIIK) yNCBIK) JNICTTK) yNBWLTK)y NBW2IK)oNBW3IK ) yNILJII
2K)
32 FORMAT (1€15)
00 31 J=1,IET
IFLITY(J).EQ.0)GO TO 31
KK=KK+1
READ (59 32)NM(KK) ¢yNG(KK )y NW(KK )¢ MEB (KK) ¢ MEF (KK)
31 CONT INUYE
30 CONTINUE

CINITIALIZED SOME VARIABLES

(g M

NGUI=-999
KK=0
CONS1=1
CONS2=2
CONS3=3
CONS4=4
CONS5=5
CONS9=9
CONS8=3

CALCULATION OF ALL SUBSCRIPTS USED IN DIMENSION STATEMENTS

aNaNe)

00 1 I=1,NSU

00 1 J=1,I1ET

IFCITY(J).EQ.0)IGO TO 1

KK=KK+1

IFING(KK)+GToNGUINGU=NG(KK) 1CABLE
1 CONT IN'JE 1§ BEST nggﬂmc'!
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1001

1002

1003

1000

KKUsNSU*ITE
NBJL=-999

NCIL=-999

NCBL=-999

ALJI=NBLJ

AU3=0

NU33=0

NGG=0

NTE=0

NCE=0

NSE=0

MB8=-999

K3D0UP=0

NJKK =0

NCII=0

KK=0

DO 2 [=1,NSU
IFINBJ(1)oGT.NBJLINBIL=NBJ(I)
IFINIC(I).GT.NCILINCIL=NIC(I)
IF(NCB(1)oGT.NCBLINCBL=NCB(I)
IFCNILY (1) oGT .NLJINLI=NILICT)
NU3=NU3 #NBW3 (1)
IFINBW3(1).GT.NU33)NU33=NBW3 (1)
CO 1000 J=1,1ET
IF(ITY(J).EQ.0)GO TO 1000
KK=KK¢+1

NGG=NGG+NG (1)

GO TO(10C151002,1003),J
NTE=NTE +NM(KK)

IF(NTE.GT .MB)MB=NTE

GO TO 1000

NCE=NCE +NM(KK)
[F(NCE.GT.MB)MB=NCE

GO TO 1000

NSE=NS E #NM (KK )
IF(NSE.GT.M8)MB=NSE

CONT INUE

K3DUP=K 3DUP+NJ (1)
NIKK=NJKK+NJ(T )
IF(NIC(T).GT.NCIIINCII=NIC(I)
CONT INUE

NMT=NTE +NCE+NS E

K3EX=NTE

IF(NCE.GT.K3EX )K3EX=NCE
IF(NSE .GT .K3EX )KIEX=NSE
SN=2%NN

1108=2%SN

PN= 2SN

KL=NCIL

IFINV.GT.K1)K1=NV

K2=NU3

IFINSD.GT.K2)K2=NSD

K3DUP=K 3DUP*SN

K3=K3DUP

IF(NPH.GT .K3)K 3=NPH
IF(K3EX oGT .K3)K3=K3EX

Ko=NMT

IFINPH.GT «K4)K4=NPH THIS PAGE 1S BEST QUALITY PRACTICABLE

K5=BNC FROM OOPY FURMLSHED T0 DDQ e
IFINCIL.GT.K5)K5=NCIL

KG=NBW l?z

v
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o0

aoo

IF(NU3.GT.K6)K6E=NU3
K66=NBW
IFINU33 ,GT .K66 )IK66=NU33
K7=NCBL+NLC

IF(NSD.GT .KT)K7=NSD
K9=NCBL
IF(NSD.GT.K9)K9=NSN
K10=NC IL

IF(NSD.GT.K10) K10=NSD
Kll=NV

IFINPH.GT «K11)K11=NPH
IF(NCC.GT.K11)Kl1l=NCC
LEN=-999

1101=0

DO 11 XA=1,NSU

00 11 I=1,ITE
1101=1101+1
IF(MEF(T101)GT.LFEN)LEN=MEF(1101)
CONT INUE

K118=LEN
IF{K11.GT.K118)K118=K]11
K12=3

IFINLC.GT.K12) K12=NLC
K13=NMT
IFINPH.GT . K13) K1 3=NPH
K20=NMT ,
IF(NCC.GT.K20)K20=NCC
IF(NSD.GT.K20) K20=NSD
K21=ITE

K22=NDMT

K26=M8
IF{NV.GT.K26)K26=NV
[102=3%NTE+27%NCE+12*NSE
1103=NTE+NCE+21%NSE
1104=6*NTE+45«NCE+21*NSE
1105=6*NTE+9*NCE+6*NSE
1106=NTE
IF(NJKK «GT < I106) 1106=NJKK
1107=NC1I

NJS=NSY ‘
IF(CONS2.GT .NUSINUS=CONS 2
IPDAM=NDAM+1
IETC=NV*][PDAM

TO AVOID SUBSCRIPT EQUAL ZERO

1100=NDAM
IFINDAM.EQ.O0)I100=NDAM+]
IFINCII.EQ.OINCII=1
IF(K22.EQJe0)K22=1
IFI(NCIL.EQ.OINCIL=1
[F(NU3.EQ.Q)INU3=1

SNN=SN
IFCIPDAM.GT.SNN)SNN=IPDAM
IFI(NTE.EQ.O)INTE=1
IFINCE.EQ.OINCE=1
IFI(NSE.EQ.OINSE=1

BEGIN TO PUNCH ALL DIMENSION STATEMENTS ON CARDS

[ >

CABLE
18 PAGE 18 BBST QUALITY PRACTT
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WRITE(%,86)
WRITE(5,81)
WRITE(6,82)
WRITE(6940)BNC ¢ NLC yNGUoKKU» [LIMyCONS2yNV, I ET
WRITE(A,4L)CONSLoILIMy 1108y [ETyNBIJLyNSU9LINKyCONS2,NLJ, IET
WRITE(6,42)CONS2,1PDAM
; WRITE(H,83)
WRITE(6,84)
WRITE(6 943 )INSU gKKU » KKUUgNSUyNSLyNSUKKU
[ WRITF(6,44)CONSL NSUyNSUyNSUoRSU»NSU oKKU K KU
WRITE(65,45)CONST,CONSYyCONSY ¢ CONSS yCONSIyCONS99yCONS9oCONS9yK20,CON
159
WRITE(6,46)CONSY 4CONS9,CONS9
WRITE(H694TINGU yKKIJ9gMB9yK219NGU yKKU,y 102
WRITE(6,48)CONSL,41103,11C4,[ET\M8,K21,M8,,K21,M8
WRITE(6949)CONS29K219NGU yKKU 9y M8 yK21yI10S,IET,IET
WRITE(6,50)CONS3,MB8,K21
WRITE(6,51)CONSL1CUNSL1, IPDAM, IPDAM, IPDAM, I PDAM, IPDAM
WRITE(6952)CONS1¢K22, IPDAMsK22,KKU o1 100 NSU, [PDAM
WRITE(6¢53)NSDyCONSByNGU¢KKU ¢ ANSD9NCC
WRITE(6954)CONS1,CONS1,CONS1,yCONS1,CONS1,CONS1
WRITE(E 955 )NGU ¢KKUy BNC
WRITE(6456INCILyNLC yNSUyMByK214,NGU KKUy MBy KKIJy NGU
WRITE(6¢5T7T)CONS] o KKU
WRITE(GyS5B)INSDyNSUyNSDyNSUyNLC
WRITEI6959)INGU ¢KKUy NGU ¢y KKU g NGL o KKU 9yK19K2 ¢yNCIL gNSU
WRITE(6460) CONS1,NV
WRITE(H696LINCIL,NCRLyNSUSNCIL ¢NLCyNSUyBNCyNBWyBNC,NLC
WRITE(Ay62)MBy K21 ¢yNTEyNLCoNCE ¢NLC 9 CONS4 ¢NSE¢NLC yCONS3
WRITE(6463)CONSL ¢yNVyNUSyNPHyMBy K21 ,K3
WRITF(6,64)11069NSU9yNPHyNPH K 4yNV NV
WRITELSL 965)KS K66 9KS5 9yKT9yBNC 9y K9y NCIT9gNU3,NSU
WRITE(6 y66)K10 K99y KL11,yK129K1189K129K119K26
WRITE(G6,6TICONSLyK13,M8yNSUyNCBL ¢yNSU
WRITE(6968)NGGyNSD
WRITE(H6,69)INCC yCONS2yNCC yCONS2,CNONS2 yCONSL yCONS1y SNN
WRITE(6470) CONS2,C0ONS2,CONS2,CONS2yCONS2y CONS2
WRITE(6,1TL)IETC,IPDAM,I1POAM
s WRITE(6,485)
1 WRITE(T,86)
WRITE(T7,81)
WRITE(T7,82)
WRITE(7940)BNC ¢yNLC y NGUoKKUy IL IMy CONS2,NV, IET
WRITE(To4L)CONSLoILIM 108y IEToNBJLyNSUJLINKyCONS2yNLJ, [ET
r WRITE(7,42)CONS2, [PDAM
WRITE(7,83)
WRITE(T,84)
WRITE(T7 943 )NSUKKU ¢ KKIJgNSU9NSLyNSU K KU
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WRITE(T7,85])
FORMAT PUNCHING STATEMENTS
81 FORMAT(6X, 'IMPLICIT REAL%*8 (A-H,0-2)")
g 82 FORMAT (6X, " INTEGER SIZE¢BNC,SN')
40 FORMAT (6Xy "OIMENSION PBU 913, %, v, 12, ')y ALP (%9 139%9* 912, ),DBINL*,I
139%, %912, ),00(%y13,*)yFACC(*412,")yFB(*)
41 FORMAT (SXol19I3y* )yBEVA( 9I2 0 oCLU 9029 ) o NZ(*ol39%9*y129")sLINLG
L2029 9 o l29" Do NJLU "4 125%) g NV 12,'),NEGV(?)
42 FORMAT(SX,119012,%)")
83 FORMAT (6X ¢ "COMMON STEP ¢yBNC ¢ SN ¢NBWy ST ZEy NLC yNSU* )
84 FORMAT (6Xy "COMMON/V1/NLoNCT g NWK ¢NGKyMAyNUL ¢yNU2yNU3 ¢ML oNByNJK¢NCyNL
21,15Q,1Q1")
43 FORMAT(6Xy "COMMON/V2/NICT g 129 )yNWl 5129 )gNG(*9I29*)yNBWL(*y12,°*
LIoNBW2U 9 129" ) yNBW3( 'y 129 ) g NM(*g[25%),")
44 FORMAT {(SXg ILo* NBJ( 9 129" DoNJ( %9129 " )oNCB(* o129 " Doy NEW(*y 125" ),1QS("*
Lol20* ) o MEB( 912y ")y MEF(*9124%)?)
45 FORMATI(6Xo"COMMON/PL/BL( %912y %9129%)sB2(*y125%0 902, )4B3(%12,°
Loy 029 )oESFU® 12y )12 )oNA( I 4s*)yNIL(*,12)
46 FORMAT(SXy [19® JgNJL( 5125 )gNJ2(*y12,°)")
47 FORMAT (6Xy "COMMON/P2/XNUUC 91390929120 doELL( 9 134%¢°912,°),8BUL,]
13¢%9%9 024 )ySTRESS Y914y *),TCSM(?)
48 FORMAT (SXyI1oT4y? )y TRCSSP(* 9 T4y ) g XCOST(*y 129%)oICSSU 514y 912,
1) ISACU Yo 14,y%y ' 12,'),INDC(*, 14)
49 FORMAT (5X o [19 99 I29* )9 IGRTC T 3I3¢% 4% o129 )yIGRE(? 4149°9*9129°)+NND
1CU oI5y " Do LLNE o124 ") o ITY( o124 )s ICSSM(®)
50 FORMAT(S5Xy 119149y *y12,%)")
51 FORMAT (6Xy "COMMON/P3/EVEC( s 129003012y )oRRF('"9129°)4RDOLIM(*y12,4°)
: LoRSLU* g 129 *)4RSUC 3 12,)yRLOAC(*9[24%)°)
52 FORMAT(S5X 9T 1y yREDUC( 9139 ) g NDOF(*gI2,°) ¢ NDM(®,13,°),NBDAM(',12,"*
o912 )oKIIDAM(®,12,%5%,12,5,%)')
53 FORMAT (6Xy "COMMON/P4L/INF(* g 13 9% 9902, ) o NGV 9I39 99024 )y INO('s1]
134 )yNDISP(*y13,))
54 FORMAT(6Xy *COMMON/PS/YK( " o139 %) g¥YM(®ol39°%) oSKI®yI3,*),SM(%,13,'),E
IY(' 9 13,%)9SG("*13,%)")
55 FORMAT (6Xy "COMMON/RL/BL(" 9139 '512,"),DLIB(',[3,")")
L 56 FORMAT (6Xy "COMMON/R2/PTI (" 9029 % " o0129 % 9129 )yRRIYy149'y*912,'),E(
4 Lo gl30 % 0"y 029 ) o MNU g Tdo 9?9 l29")oNOM(?4I34"y")
57 FORMAT(SX,11,125%)") ;
58 FURMAt(bX.'CONNON/R#/[[L("l3o""lZ")pKLC!'.|3")'XOK('.IZ"’QNU
1(°,124%)0)
59 FORMAT (6Xy *COMMON/RS /BT 9139 9 o129 DoSLU o132y 129%),SU("'413,°,
r 1%0029 ' )oDPBU g [39%9 013, )eDLIMI12,%9'912,%)")
| 60 FORMAT(SXy [1y® ySS(*,13,%)¢)
61 FORMAT(6Xy "COMMON/AL/Q(® 9120 9% 9139 9%y 029 ) eZT(*312y%,'¢129% %12
Lo® 0 oCU® 903,003, ),ZB8(%y[39% *'9120%)")
611 FORMATUIEX,"COMMON/ZAL/GE® 129 9% 9034049020 ')oZI{ %5129%%,029%',12
Lo®)pCU 0350, ,03,"),2B( %139 '912,%)")
62 FORMAT (6Xy "COMMON/A3/BRI 14 9% 912y ") o TRSF( g 04y 9 'y 129°)9CSTF(?,
| LE20 %9 002y %9 g 020" ) oSSPF( 9020 9 "9029%9"0029%)9%)
63 FORMAT(SX oIy ZU %9 039%9%9 029" MyDZE( gI3¢ %) sMP( o1 4y%,%y 125" )eNDI(",
115,%)%)
64 FORMAT(6Xy "COMMON/AL/X( g14y?® 9" 9124 DoOLPU*9135%) ,DLPH( o134 ),T("
Lolay " DoWM{ 913, )yRO("y[3,°)°)
65 FORMAT(EXy "COMMON/ZAS/D(? g 139 9" 903 4" )eDSU 013,40, 03,%)pA2(",13,°,
1% 0030 )oDKIM% 512,033 012y)yKITUBW('5124*)°)
66 FORMAT( 66Xy "COMMON/ZAG/NPZ I g 139" 9 o034 ) ZZ( 903,402y )eBE("y14,
l'v'ch""“"'l3."9H"|l40').VV("
666 FORMAT (6Xy'COMMON/ZAG/ZOPZE? o1 39% 09034 )o2Z 1% 134% %,12,%)¢BE("'1]4,
1% %020 )aFU 03, ) yHI Yo 14, ) ,VV(Y)
1A
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L 3

617
SIv
68
69

70
71
T2

73
T4

75
76

17
78

79

171
85
86
87
88
89
9C
91
92
94
95
96
97
98
99
300
301
302
303
304
306

_—

FORMAT (SX o TLlylay® )y Y("gldy®y® 129" )gNZC( "9 I35%%12,%))
FORMAT(SXyTlol o) oAl g l4 sy * 12, )eNZCU* I3 ' 12,'))
FORMAT(EXy *COMMON/ZAT/DPXL 3134y, 13,%2")

FORMAT ( 6Xy *COMMON/CL/XERGU g X399 g 12y )y VXEIG( 9039 %y* 402, ),wS("*
LoI29 ) yDM( 903, %y %913y )ylET(%12,')")

FORNAT(SX."/C3/ QQK("]Z,". 012" ,'QQM"' lz,'v.! 12",'QA("12""
19124%)%)

FORMAT(6Xy *COMMON/CL/XEIGE " 9129 3 3012y )y YXEIGU "9 I39%9" 9029 )ywS("*
Lol20%)oDM( 03403 ', I3, )IETA(',12,%)')

FORMAT(6X o "COMMON/AS/XCLE " 13 9% 99 I3 Do AMAS2( " 039 %9 9039 )oXM(?,
113,%9 , I3, )yDKI("12,'y%,12,'),KIIUB?)

FORMAT(SXeIly*W(*y1I2,%)°)

FORMAT (6X o *COMMON/CL/XUT 039" 9" 9029 DoVl 13,%, %0129 )gW(*,12,%),D
IMU' 03,9, ', 03, ')y IETA(",12,%)°)

FORMAT(5Xy*$/C37 QQK("9I129" 9y 9I29* )oQOM( ' 129%9 9129 )9Q(*4125°,°,
112,')°*)

FORMAT(6Xy "COMMON/AS/XCLU® 913 9% 990135 )y AMAS2( 51349, I3, DoZM( ",
I3y 03y )eDKI( 912499120 *')eKIIUBY)

FORMAT(SX o [lo* W(®,12,%)?)

FORMAT (66X 'COMMON/CL/ZZU" o039 o' 9124 )y YUy 034,02, )W (*y12,%)yD
IM(® 3034, 013, )y IETA(*y12,%)"*)

FORMAT(SX¢"8$/C3/7 XK("gI29% g' g 029" ) o XM 902,402 )eP (9124 "y1I2
1,%)°)

FORMAT (X *COMMON/CAG/ETC (" 14" ) o TEI( 902, )4TE(*y124%)7)

FORMAT( 6Xy "® ke ki kk bk kk ki k kR kk gk xkhk Rk kkxk kxR k kgkkk? )
FORMAT (EXy '$888S MAINY)

FORMAT (6X ' 888 ¢¢ VARI?®)
FORMAT(6X,* 588 8¢ ELESTF*)
FORMAT (6X4' 8588 STIFFM?)
FORMAT(6Xy "' $88 88 RECALL')
FORMAT (6Xy ' $85 $$ DECUPP )
FORMAT (6X, "' $88 88 sSaLouP' )
FORMAT(6X, ' 888 %8 MKYS*)
FORMAT (6X,y ' $88¢8 DEFREQ' )
FORMAT(6X,y"'$88 88 IBZIEF')
FORMAT (66X, '$85 %8 CONST?)
FORMAT (6X, " 885 8¢ ABSMAX* )
FORMAT (6X,' 58858 GENC')
FORMAT(EX, ' 88858 DELBE')
FORMAT (66X, " 886 %8 DESVV')
FORMAT (6Xy ' $88 8% So0D*)
FORMAT (6X,y '$88 88 SOLVEL"')
FORMAT(6Xy* 88888 SuBSP?)
FORMAT (6X,y ' $85 88 JACOBI*)

IDIM=BNC*NLC+NGU*KKU+IL IM®CONS2+NV+IET+ILIM+I10B+IET¢NBJILENSUSL INK
1*CONS2¢NLJ+IET +IPDAM

IV2=9%NSU+5%KKU

IP1=4%814¢3%9¢K20
[P2=3%kNGUXKKU+MB*K2]1+1102+¢1103+[104+[ET+5%«MB8*K2L1+[105+2%[ET
IP3=1+6%IPDAM+ 2%K22+KKU* 1100 +NSU*[ PDAM

[P4=NSN*B+NGU*KKU+NSD+NCC

IP5=6

[RI=NGU*KKU#+BNC

IR2=NCIL*NLC*NSU+MB*K2 1% 1 +2%NGCU*KKU+MBXKKU

IR4=NSO*NSU+NSD+NSU+NLC

IRS=3*NGU*KKU+K1*K2+NCIL*NSU+NV i
TAL=NCILENCBL*NSU+NC IL*NLC*NSU+BNC *NBW+ANC *NLC .
[A3=2%MB%K2] ¢NTEXNLC*]1 +4*NCE*NLC +NSE*NLC*3 +NV*NUS ¢NPH+K 3

IA4=1106¥NSU+2*NPH+K4+2%NV

TAS=KS5% KEE+KS* KT +BNC*K9+NCI T *NU3 #NSU

IA6=K]1 O%KI4K11*K124K118%K12+K1]1 +K26+K1 3 +MB*NSU+NCBL*NSU
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IAT=NGG*NSD
IC1=2%NCC*243+SNN
1C3=12
IC4=1ETC+2% [PDAM
MEMO=[DIM+IV2+ [P1+IP2+IP3+IP4+IPS+[R1+IR2+IR4+[RS+IAL+[A3+[A4+IAS+
s LIA6+IAT+ICL+IC3 ¢IC4
WRITE(6,33)MEMC
33 FORMAT(6X, 'TOTAL MEMORIES USEC = ',[6)
i WRITE(64200)
200 FORMAT(10X,'SUCESSFUL RUN')

sTCP

END
//60.SYSIN DN
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M(b)

m(r)

LIST OF SYMBOLS
a subscript used to indicate quantities assiciated witﬁ boun-
dary coordinates
a vector of deéign variables
lower bound on b
upper bound on b
a matrix defined in Equation 2.4-11
a matrix defined in Equation 2.4-12

a matrix defined in Equation 2.4-4

total number of design variables
superscript for design variabel constraint
total number.of damage condition
superscript for eigénvalue constraint

a vector of effective boundary forces for the entire structure

natural frequency (Hz)

a matrix defined in Equation 2.4-18

a matrix defined in Equation 2.5-12

a subscript used to indicate quantities associated with inter-
ior coordinate

moment of inertia of the ith member

cost function defined by Equation 2.3-12

stiffness matrix for the entire structure; (N x N)

boundary stiffness matrix for the entire structure; (n x n)

submatrices of K(b)

total number of substructures

length or surface area of the jth member in the ith group

equivalent length of the ith member

mass matrix for the entire structure; (N x N)

total number of interior degrees of freedom

number of interior degrees of freedom for the rth substructure

total number of degreés of freedom

183




O

n(r)
(r)

total number of boundary degrees of freedom

number of boundary degrees of freedom for the rth substructure

a vector of member forces for the rth substructure

superscript for rth substructure

cost function reduction ratio, needed in calculating the step
size

a vector of externally applied loads

a subvector of S associated with the boundary degrees of free-
dom

a subvector of S associated with the interior degrees of free-
dom ' :
superscript for superscript for stress and displacement con-
straints

weighting matrix

coefficient of weighting matrix associated with ith design
variable :

multiplier associated with W

cartesian coordinates

eigenvector associated with Equation 2.2-16

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
a vector of small changes of design variable b

a vector of small changes in the vector 21

a vector of small changes in the vector zg

defined in Equations 2.5-9 and 2.5-10

a superscript used to denote a damage condition

positive constaﬁt used to calculate the moment of inertia
a Boolean transformation matrix for the fth substructure

an allowable stress
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AI’ B

J(a)
s

J(a)

s g

s(a) .s(o
AB ’AI

s 1F(“)
Ki, £

ABBREVIATIONS

CST
NLC
FSODPS
SSP
SPSP
TP(r)
S0S
DOF
DIMCO

calculated stress
material density of members of the ith group

Lagrange multiplier vector

components of u
step size used in Equation 2.5-8

eigenvalues associated with Equation 2.2-16

vector constraint functions used in Equation 2.5-6

scalar frequency constraint function used in Equation 2.5-6
adjoint matrices obtained from Equation 2.4-28

adjoint matrices obtained from Equations 2.4-28, 2.4-29,
2.4-24 and 2.4-25

matrices whose columns represent sensitivity vectors defined

in Equations 2.4-27, 2.4-33, 2.4-21 and 2.4-19.

constant strain triangular elements

number ofloading conditions

fail-safe design problem with substructuring
symmetric shear panel

symmetric pure shear panel

number of element types in the rth gubstricture
structural optimization with substructures
degrees of freedom

Dimension Computer
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