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MINIMUM W_EIGH'I“( bESIGN OF A STEEL TRUSS WITH STRESS AND "
DEFORMATION CONSTRAINTS, SUBJECT TO MULTIPLE LOADING
CONDITIONS AND USING AVAILABLE ‘SECTIONS
¢ ’ :

-

7

. . " by . ) : !
(\‘ H >/ . -
) | Alfreds Vikmanis - i t )
+ ’ ) ’ ’ i ¢

T -ABSTRACT . .

In this study- a procedure is deﬁeloPed for convert-

)

ing an ‘existing set of unrelated computer programs in struc-
- ' ‘

tural analyiFs and linear programming fntp an integrated o

. \design‘sequence for designing a statically ihdetﬁFminaﬁe steel’

truss of minimum weight subject to stress and deformation con-

- - -
»

straints and multiple loading conditions.

. : —
. It-shows that w{te relatively little additional -
5 QﬁqgrammingT—savings in,matefial~an&*a%se~£b—the~designers"
. time can be achieved.‘ It also demoﬁ;traggg_ihe advantages ! .‘“5

of having a small, self-contained cdmputer program for solving
- ] 5 <

.} L v, !

‘a_routine problem.

|
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~ NOTATIONS

a] gy gtatics matrix of structural system ‘

. : ’Ai , : area ef deeign;parameter ' N
.+ - " [B] =%%§ﬂT - compatibility matrix f structural system
?'[AE] f k statics matrix of a structural element
, ey . )
[BE] = [AE]T | ‘ cdmpatibility‘matrix of a structural‘elemen% N

/

[sE] mj : lnternal stiffness matrix of a structural
' ’ element .
¥ [KE]- , external stiffness matrix of a structula
element : p

TR

P E,
i

tFU /; - internal force matrix of structural system

. modulus of elasticity of design parameter i

[AF] matrix of chapges of internal forces dug to
a change in one design parameter )

AF, .. - change in internal force i due to a chinge
" "in design parameter j under the action of-
- loadlng condition X

Fol

F _ allowable axial stress =

(£, )ALL . allowable stress of member i in loadlng o

ik~ condition k .
[K] = [Asa’] exterﬁar stiffness matrix of structural

. e system ‘Njf/ ) .

& ! ~

Li % "length of design parameter i )

NF ° . Hotal numger of designated internal fbrces

NLC R number of loadlng conditions - P
NM ‘ number dq desigh parameters ,

‘NP ’ _ ~ number of external forces and deformatlens

(number of freedoms)

[ - v
[p] . externel applied force matrix
& .

. . ‘- . ° ¢
\ ° &
. . .
-
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[

"ing condition k .

- s
v ~

lnternal stﬂffness matrix of structural

system 2

\
change in internal stiffness matrix .due to
chiange in one design parameter ‘

L]
-

moment of 1nert1a‘of de51gn parameter i

»

\'external deformatlon matrix of structural-

system

matrix of changes in external deformations
due to chinge in one design parameter

chgnge in deformation i due to a change in
design parameter 3 under the- action of load-

-

allowable deformation i in loading condi-
tion k- . e

solution variable, representing multiplier
in design parameter i )

. Al .
lower bound on change in solutlon variable
ug

hY

upper bound on cﬁange in solution variable
u, ' )
l .

v

angle of inclination o{jmember i

total welght of structural system

horizontal projectian of a truss\member

. v *

vertlcal projectlon of a truss’member

area of a section of a truss member i (Design
parameter)
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. CHAPTER 1° '~ :

l T
INTRODUCTION - 2

! . 3
[y LI
’ 2h "
.

- = The purpose ofhstrubtural design is te create a
; .
structure whlch can“gerve its intended functlon well and

T

1s most economlcal to bu1ld and operate. For Civil Engin—
eering structyres, the weight of the structural frame is

usually -taken as criterion of the optimality assuming

N

that the material has bheen chosen; The objective is ‘to use
‘\‘—V"”" &
as little of the material a p0551b1e and to have as low a S

\

weight as p0551ble.

Except for‘statically'deteéminate structures:
w1thout‘11m1tatlons in ,defledtions, structural de81gn 1s e
generally a trial and error procedure where t designer
assumes member sizes and then analyzes the sfiieture to’
find the stresses and deflections. The intention is to use
the material ae'wellras possible and have every member 3»'
stressed to the max. a;;oﬁdble stress for at lea:t one;lbad-
' iné condition saeisfying deflection requifements at the same
time. .o

-~ . "‘a

Before comquer—alded structural analysis became °

bl

available, the success of a structural de51gn was dependent

solely on the designer's experience 'with structures of a ‘ 2

o

similar type so that he was able to choose the rlght propor-

tions for the members. Not many trials were possible because

.



‘e > %

~—

’ i
of time and expenses 1nvolved in re- analy21ng a des1gn.

Therefore, fully stressed designs were not often- achleved

except for statically determinaté structures and there was
. ‘. 1

no way of telling if a design was optimal. -

. @ H
As the digital computer became available, thing
changed to some extent. Automatic methods of analysis were

established and it was possible to do more re-analyzing

-
1

.cyéles as‘computeg operat£8ns became less expensive and
computer capaqities were enlarged. Matrix methods became

praeticél a; spey can Be'efficientlynprogrammed‘for comput- ’
ers.” This kind of structural analysis is now accepted in Z‘nf
design offices and programs are available for anaiyzing S
almost any kind of!stfucture, First, structures consisting
. of linear elements were solved - trusses, 'frames, gr%?s,. ’

beams, then plates and shells, when finite elements were .

introduced. ; .

2 ©
. . »

These more efficient methods of anglysis stdll

were not helping the designer in choosing the right member

properties for new trials and a, strong tendency remained to
. . ]

limit design and/analysis to one or two cyclles because the

iriter-relations bdtween member sizes and forces in members,

except for the Very simplest sgructures are rather complex. .
Intuition is often not good ehough as a gufide for making the

. right choice.

\




/ "’ -

~ 1(' N The next step in the evolution of structural design
was to develop procedures whére new member sizes are auto-

i~ matically chosen such that each cycle brings kthe solutign

o~

r

ciosgr to the optimum-minimum weight of the structural frame

' in most cases. : / | '

Basically, . these are iterative methods with '

“~

changes in member size in each cycle, only now the changes
are guided by mathematical programming or other means so as-

to achieve the optimality. : ‘ ’

3 -
no !

\ ' These methods are somewhat more dbmplicated}than

o . +straight analysis, they require larger computer capacities,

[

more computer time and are not quite yet aécepted by the

+

: design industry. Much research has been done and published
- p

in recent yvears on this subject, but it appears that the
é 0 . -
available programs have not been'sufficiently tried.and

approved to become fully established as indispensable
design tools. One area not too weli covered at the present
time is that of optimal design for moving loads (multiple

‘loading conditions).

Also, most.present programs tend to

) . ' cover too many types of structures and because of this#

generally-become cumbersome to use and appear unfamiliar to
the pragFical designer with not too much background

in the more recent developments in structural design.
o {




-

'1ntoecomputer-a1ded4structural de51gn programs.

" There are many structural analysis prodrams. in
ex1stence, at present. Some are private property of companles

© » .,.

or 1nd1v1duals, and some are- common knowledée publlshed 1n

books, papers or thesesa It is the belief of the author‘that

a design and optimization part shoul@ be 1ntroduced to most’

of= these structural analysis programs, thus donvertlng them

»

With this
part added, they should be of con51§erably ‘more help to the - ° P

structural designer ‘than in their preseﬁt format. ) -

The purpose of thjis study is'to'demonstrate'a
nmethod of.eonversipn to a piane truss analysis program. - '

.
[] » ~
4 ' ’ X
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o “bring the de31gn point reasonably close to the- optlmum.

v L g p—

CHALSTER 2 o .,

TH;\hETICAL CONSfDERATION- OF THE PROBLEM *

7 . \ W W
' . N A

The\gﬁa;¥§is program chosen for this study is

]

based on "Direct Element Methods of Truss Analysis", as .
'

§ \ ‘ -
- ‘presented by C.K. Wang [1]. It is a matrix method using a

displacement or stiffness approach and programmed for a com-

puter. - ‘ ’ ‘ )

The final design and optimization part will be done

in two stage°° stress ratlo 1teratlon at the beglnnlng to

Then in the final stage, linear programlng and Simplex
ﬁethod will be used. The nonlinear problems will be lineariz-

ed by Taylor s expan51on taklng only the linear terms.%

\In order to establlsh the critical loading. condltlons for ,

" moving loads, the familiar conCept of 1nf§Lence lines will be

o

used.

The material and geometry of the truss will be
) ‘ ! . .
assumed as given except for the depth of truss where ogptimal

,depfh w%ll be ‘established in preliminary design. Stress andtde-

Tlection constraints will be introduced and buckling stresses

' checked for the chosen|miscrete sections. Members of the
‘truss will be placed ix ‘groups with the same area in order to

retiuce the number of variables and also for practical design

¢ considerations. Also a minimum area will be established to

°

r

e

.




t“

.the available eomputer'memory so that recycling may become ‘

used for finding the influence a change in some variable

‘analysis of the struc¢ture. In some cases, it might be

3
4 . h . ! »

avoid excessive cost of using too thin meimberg,I1n the final

design,limirs on max. change per cycie will'be set,as the -

A

optimization'grec@ss is based on approximate €onstraint
relationships developed by Taylor's expdhsion which are
more accurate in theselgse neighborhood of the originai

design point. E

- r
~

The problem is simple enough as long‘as-the'struc—

ture doés not have _many members. Complicati6hs arise when the

-

structure has many mémbers as it normall& has 'in a practical /

/

/
qase. The matrlx methods referred to above can be used effic-
iently when computers are available. Matrlx inversion is

- ! ] {

always involved and in a practical problem can soon exhaust

b9

uneconemica;: A@thougﬂ;the computer's capacity is increasing,
computer time is still expehsive and thgrefore simplifica—/
tiops and approximations are used in erder to keep problems
manageable wrrhin the available computer capabilities and

within the economical limits. Matrix inversions by parts

reduces the memory requirements and approximations can be

has on the others, thus,ayoiding a full cycle of re-.
' ‘ P

advantageous to solve the dual instead of the primal linear

programming problem. S -




2.1 ~PRELIMINARY DESIGN T, o*

preliminary part to be completed first:

Nt

5;\

——

l)ﬁEstabllsh the geometry of truss: length

L}
LR 4

Vo . the opﬁimal depth of truss.

numbengand type of supports, number of p

Before the final design can be:started there is a

a{\&gans,

ane s and

&\

AN

P ~:lZ) Deaa'IAEd' the usual conventionwof truss design is

. * assumed; all loads are applied at joints only - no

’ . - bending in. members conSLdered. Deck, strlngers,

weights for each j&int are calculated.

Q

panel arrangement is not altered.

3

-~

- ) cross-beams$, ties and bracing' are designed and '
These loads

remain cpné%ant,throughout the design, process as the

Dead load of truss itself for the first analysis

|

cycle is estimated from empirical formulas, for

' ‘ example: Lo

W, = % (l'+ 0.12) fer roof trusses

. < W = weight of truss{lb per sq.ft of

t-'.
n

-

span of truss in feet

horizontal area suppor&ed)

ST /
f

This "load is added to the joint loads computed before.




2

Weight of truss is recalculated after "the first

‘cycle of the design is: completed and dead loads on

the joints are oorrected'acoordingly. -
o - ’ : . A
3) Lﬂwe load and loading conditions: the analysis
<~ ¢

| ° program does not perform any addltlons ‘to get the
~ © largest or critical member forces. ThHerefore, the
. . - )

) live load should be located in theicritical posi-

-
L4

~ tions for the various members and added to ‘the corres-

” . \ . ponding joint loads due to D.L. Analysis is done

—for these loading conditions and critical member
: .
forces chosen for the design of the members. To

&

s " choose the appropriate LL'pOSiﬁiQns,influénce lines

are used which are availablé after the first cycle _,

. of analysis.” The value of the ihfluence line coordinate

o . - R

g . varies as the‘member areas or truss depths‘change

but the shape w111 .remain the same. A the loads are

- ' ' always at the joints the same lnfluence

S
e gsed .

N .
" (=1

T . " the same crltlcal loadlng condltlons -can
w ’ : throu ghout the whole de51gn proeess.

'ﬂ

K3 i -

e"b

Dy
./

S

vfg_‘

‘ f Member areas for preliminary design: as we ire

designing a:statlcally 1ndetefh1nate truss.:?“is

first cycle as correctly as p0551ble to speed up
] the convergence. Prellmlnary de51gn w1ll be an
. . ”

|

|

|

f _ ; ‘

' r . important to choose the areas of members for the,
|

’ ° attempted fully stressed design as ‘the member areas >Yh

! : 1,,: ' R 4 oo . -
‘ ) . . . .

a

xmes and therefore




5)

» prééeding deéign. At the present the program would \

' + -
[N
o .
i
¢ °

would make member forces correct. The following

areas"will be used: Let A =.area of

iy
Then{“' Upper chord = 1.25 A
.LoWer‘cgprd =1.0 A

. Diagonals = 0.5 ‘A

" Verticals = 0.75 2

! ~

-

\ . . . \1

should be in the right ratios to each other which

-

N .

lowwer chord.

4

o

assuggd ratios for

,starting prelimin-".

ary design

Direct element_gefhod of truss analysis extended with

a list of available sections dnd_a

choosing ‘members from the list according, to C.S.A. S16 "

routine for S

4

is used for the preliminary design. This program is-

named DEMTDP. It will reanalyze a truss and redesign

it any predetermined-numbel,of cycles, checking the

se

total ﬁeight of the truss for every cYglp.'lThe design '’

- & ‘
will be ,considered complete for this one depth as

-

soon as the difference between the weight of two con-

¢

fie : .
‘?mber of cycles‘is completed.

* ]

lecutiye cycles is‘less than 1% or when the maximum

f el
~

.

Then theé depth of the

russ is reduced and the design is repeated ,for the’

»

new depth using as start the same areas as for the

depth.

. do five complefe designs of the truss for varying

¢

i

Ser



. ' 6) Optimal depth of the truss: ?rom these five
) : -7 - . )
‘" | preliminary designs the optimal ™epth is chosen

'constde;ing also the cost of wall and columns for
\ - 2 . - N .
4 roof trusses or the cost,of piers and approaches

~for bridge trusseér The relationdhip between the..
depth of the truds énd the weight or’cgsfvis dis-
played-on a graﬁh’and‘optimal depth chosen by ‘
inspection. This opfimal depth with the membeg .

"a;eas‘frbm the nearest‘preliminary design cyq&e'
is used“%ous;ért the final design.

\ . . .

7) Constrain{s in preliminary,dZsign: the préliminary_
\ " v

design routine has the sdme congtraints as the

[

final design:

- ) Stress - tension and buckling .
v e peflections ‘ .

(ﬁ- - Minimum member area X
'\/’ . ’ ) - v v - . I3 . .
. T Identical member areas -«
! e A Q N
. ’ ‘ I ‘\h . e K \
Y " . \ [} /
* .2.2 "FINAL DESIGN :

. . . r -
4 ‘

qu_the final ansign’the same direct element .,
';" method of truss ahalysi% witquexﬁensions as for the

-
o

e prelimiﬁaf¥ design is used. The computer program here is .
. \ :L\'f’
. .called . DEMTD and is the mainsprogram with 3-subroutines.
. Y

-

/ 4 n

L]

. ' . b : 5y '
4 , It takes as input the optimal depth of the truss

Y

* O v



¢ I

@

o as{establlshed from the graph with data from the prellmlnary ,

& design. The geometry is taken as in the preliminary des1gn,
* member areas aStln the prellmlnary design with the depth’

,  nearest to the optlmal B

4

This program re-analyses and, re-designs’ the truss

" for the optimal depth the same way as the trial trusses in

——

the ﬁteliminary design.} It also checks 1f ﬂeformatlon

\ »uw..(

constraints are .violated and if they are all member areas

-
> \
“

are increased in' the same ratiqg: This data is taken

by the fbrst bubroutlne . MINTW Which cdmputes the coefficients

\\\\\for se/éES and deformation 1nequa11t1es. These inequali- )

ti es are “compiled, slack varlables are added thus turnlng

them into equations suitable for handling in a linear
programmigiop:oblem. Equatiens are added for the
upper and wer bounds on the changes in design variables “-

member areas in this case, also for Minimum areas and identical

member areas. Also the objective function for use in the

Simplex tableau is compiled. . DA

‘This data is takerd over by a second subroutine l

LINPROG which adds an infeéasibility function and solves th

<

linear ﬁrogramming problem by the Simplex method optimiz-

i ing the member areas. ‘

+ * The optimized areas from LINPROG are taken over by
a third subroutine DEMTR. The structure is;gnalyzéd us-'

ing these areas and they are upgraded if either stress or .

5

\
\
1 B e

4



»
Ay

*

~C

N

Analysis. is' repeated

‘deformation constraints are vidlated.
N "

with these-upgraded areas and new members choeeh from the:

list. Then theﬁweight of the truss is computed and

compared'with the weight in the preceeding cycle. If the

A

dlfference is less than 0.5%, this is taken as the optimum
, design. If the dlfference is more than 6\5% the program
returns to MINTW and with new areas the cycle is repeated

again until the difference between the weights in the two
b ’ 2
consecutive cycles is less than 0.5% or the given, maximum

number of cycles are comnleteh Thi’s last re-design is then

accepted as the “optlmal design" and the welght cf the truss

and the member sizes. are prlnted out

a t

Ll
‘¢

This procedure is composed of existing programs

and subroutines with modifications. Some of them will be
* ‘ \ A . .

described in detail in the next sections.

L3 . . o
€
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| . T o CHAPTER 3 '

DETAILS oF THE PROPOSEDPPR®CEDURE OF ANALYSIS
AND DESIGN

.
[ 1

A
]

The method used in this study 'is based on

Y

matrix methods for structural analysis combined with
’1inear programmlng. All these procedures are known and

are described~in varlous sources although they are not ‘quite

A <

X
in common use as design office routines yet. Therefore,

for the sake of making this study self-contained, the te

following will be b}iéfiy reviewed:

-

1) The diéplacement or stiffness method of
. structural analysis,
2) Direct element method of trus§ analysis.

[y

3) . Influence line ordinates.
4) Stress ratio {teration method of optimum design.

5) . dbtimum depth of truss. ~7”
S ’ e
L . ‘.
6) Linear programming and Simplex method.

/

7) Structural design by linear programmlng'

~

objective functlon and constralnts for a truss.b

8) Coefficients in minimum truss weight equations.

!




[ ;. .

3.1 THE DISPLACEMENT OR STIFFNESS METHOD "

- " OF STRUCTURAL ANALYSIS \

o . . ) \ S ]
!

. The displacement method in this study is cdnf;péd

7 N
, to truss analysis but it ‘is applicable also to dlmost. any

o
-

type of structural framework. Basically, it is a vipggél

work method with displacemehts as unknowns. Results are

A

' . obtained by solving a number of linear equations, which is

’

Co done by manipulating the mgtrix of their coefficients..
. ~ e 2me Y
3 ‘ ' Hence, the name "Matrix™Method". Matrix operations are
‘ ; . . '
usually done by computer and availability of digital electr-

.. onic computer is the main reason why matrix methods are used

in structural analysis, nowadays.'

.
- . )
> 1

. To start the-analysis, the following matrices are

o 1

required: - ' e

- o~

(Alip xyp - Statics-Matrix which expresses for

. . - s ‘l
' each joint the statical equilibrjum between external
) vl <+ .. . . )
and internal forces and represents theﬁggometry of

~

v .
:
- . 1)

the framework.. .

A\

- Member

7

[S)yr x wr
internal forces in terms of internal deformations. ] 7

2)

Stiffness Matrix incn,expresses
> 3 ’ ‘

,’l

-
) - ¢

[s] is a diagonal matrix with Ton-zero members on

the main diagonal only. - -

© , - !




' 3)

4)

5)

—~—

6)

7}

8)

Exﬁérnal

A g3

)

gForce Matrlx.

[Plyp x nic
From these matrices all the others required for

solving the structural analysis problem are

52veloped.
..
Compatibility Matrix

t _ T _
[BIyr x NP = [Algr x wp

'.

-which expresses for each joint the relationship

/-

between internal and external deformations.

®
- [c] ; - Internal Beformatigz Matrix
NF x NLC S ’
. . ) {
[KJNP k NP [asa ] x Kp External

Stlffness Matrlx which expresses the external joint

forces in terms of joint dlsplacements.

Its inverse

Nt

7
expresses jOlnt g;splacements in terms of joint’

forces.

el

i

“l/__ ‘_v . . .G
[X]NP x nrc - External Deformation Matrix.

Part of the solution of the structural analysis problems.

-

o

[F]NF % NLC‘TEInternal Force Matrix.

|

Part of the Solution of the structural’analysis'broblemsﬁ

The notations used here are!

-

. NP - Number of de§rees of freedom - er number of
possible joint forces, or number of possible
’ joint disblacements.
1 See also p. "Notations". ‘ %




¢

47\ ‘Nﬁ -"Number of members - also number &f intern- ‘
. -~ M

al forees "F" or number of member elonga- )

\\ tions "e". © )

4 . .o
NLC - Number of loading conditions.

b - o ' N
3

k stractural system is analyzed by ‘the ‘following

" matrix operations:

+

Plyp x wee = Py xvf DFlvp xonpe . 341

I

(equilibrium equation) - Y

For a statically determinate structure NP = NF,i.e.

t

H 7 ’ , (: N « 7
number of degrees of freedom equals number of internal force.

'
The solution forvihte;nal forces of the system s accomplished
by solving this first set of equilibrium equations directly as
[A] is a square non-singular matrix .and can be inverted:

’ ’ °

= -1 ' ;
[Flne x voe = Plwp x wp PPlyp x nac (302)

~~

For statically indeterminate structures NF > NP there- .
» t - _ o
fore such systems canhot be, solved by equilibrium.equations

~ ' |

alone. Stress-strain and compatibility relationships are

. o .

also utilized.

o

v
o

[Flyr x e = FSlyr x np Ee]NF x NLC (3.3)

™~
(stress-strain equation} ™~

v [
“w



e . I rE————m.
- ‘ i . . : _ .
| | f -
/. , :
- ' B 8
« " .- _ by feo- L
: ool x e T PPlye x e Dy xomze’ 304
J ) | (qégpatibility equation) .
. - - . , . _ ?
e <
. — . . R
- From Eq. (3.3) and (3.4)
- N : " - ' ' )
. ) . .
[(Flgr x neee™ 052 Dy x wp P¥dyp x npe €3+%)
- 4 3 A .
. ' ) ’ ‘1 “
From Eq. (3.1) and (3.5) “"*cﬂk /

’,
~

’ — T

<

Eq. (3.6) is solved for [X]. : .
. ' ? o

3 L]

[xJNP x Ll = {nsa’ 1" NP x NP [Pl x NLC(3 7)

R
b

* From .Eq. (3.5) and (3.7) ,

/‘\\

ol

’ co (3.8)

Let

[Klyp & wp = [asa’ Iyp x NP - ‘ .;fh (3.9)
. &< - .

Then . ) -

[(Plep x woe “0¥yp x P [flnp <« N | (3:10)

N e

NP x NP[P]NP x NLC |,



. \ 9

S [XJNP x NLC =[x NP x Nic (Pl x npe  (3-11)
_ reanT
[(Flyr x wic = 152 Jyp x we [x]™ ve x e Plyp o NLTQ‘&]‘Z),

1)

3.2 DIRECT ELEMENT METHOD OF TRUSS
' ANALYSIS - ¢

-

: T - In the displacement method of structural analysis

~

- the 'fpllowiﬁg matrices are compiled and stored in computer

4 o' » \ . ] -

memory: ‘ ’ ‘
‘ ‘
\ Staties matrix [A]NP X NF
ty s . T
Compatlk{ll%ty matrix (a ]NF % NP )
. ' -, o T o
S.tn.ffness matrix [Asa ]NP X NP

. .

o

For a large structure with many membc(ars and degrees
of freedom these are large arrays and take up much space im
t . \ M []
computer memory which may not be available on a smaller

machine and would be expensive to occupy,in any case.
-~ ., /

/ In® the direct element method, neither statics matrix

nor its transpose for the whole structure, is ever compiled.

Instead of this, the stlffness matrix of the structure is o

built up dlrectly from the contrlbutlons of each member's Stlff'-

) | ‘ . , .




K]

.

~— M -
~ i

B \_ ~ -
ness which for a trusé member is a 4 x 4 matrix only.

[

~ LY “

T .
(AE SE AE ]4?{ 4\\\‘

i

(ael, ., is ,the statics &@trix of one member.
oL e . . ‘. M s \ . . . ‘ R
y * \ . .
- [SE] 4 is the stiffnesé matrix of one member.
] x1 _ C ; .

1 '
{
|

Members\are-handled one at a time and the matrices

» .
» -

for‘handiing are- small. When.calculating the member forces
- \ N 4
from known X, the sa®  also is computed for each member

separately withoh; having anf'SAT 'matrix for the whole.

° ‘
\
L}

structure in memory. ’ ' - .
\

' The lenéphs of the members and direction cosines

and gines are also calculated by computer from the given in-
+ N & s

. formation about each member. Coordinates for each member

are given from the initial point as origin:§ and V ar
3 : \ I
quantitiég‘with plus or minus signs. The positiohs
P -

of the members in the structure are established By the

ntmbering of the degrees of freedom.

-

quamEle: . Typical Truss‘Member "i".Given: H, V from >

initial point,Al} area,

'NPI,NPZ,NP3,NP4 -+ degrees of freedom numbers in
global system.

N

N
L}

Compiter calculates :

- Ly



E A, )
i ;
T, stlQn.ess 'of membex X

!
3
$
v ' l

. N
f carmamerg:

#

= X -

]
B

Pty o
—_— Wy coso

. oo - External forces and
: \displsac_ements . .

For sign convention, it is assumed that force in a -truss

t—*x-.:r:

= CY

1 \
member is positive when in tenston and displacement x ik

positive when in the same .direction as foree P. *

‘Equilibrium Equations -

‘ > : ‘ P, + Ficosa =0 P) = -Ficosa

1]
o

+ Fi sina P, = - Fi sina

L]
o
)

L]

P3‘- Fi cosa 3 = +Fi cosa

L}
o
o

L]

sino

g =k Fi sina

1

- Internal forces and - .,
deformations »\Compatibilit Equd t=1on . .

2 - - ] ' +
ei Xl cosg X2 sina + X3 coso

a

. ’ | ' + X4 sing »

e

In matrix notation: » ‘ N LT
‘ . -.Equilibrium Bquation , B,
’ o ‘ R - 4
~-cos
~sin ‘ -
‘ +cos [Fi) or [P]4 x’lb =‘[Aij4 x1 X [Ejl %1
- +sin '

) . . . .
e . . .t - B I - D S AR . - ...



s

o Compatibilidy Equaéion
E 4

v

- | B!
. . o ‘ ‘ X, B
ei = [-cosa - sina + cosa,+ sina] % o
' 3
: X4
N 1
b
or * ei= [ARi]T [x] *
- - l x 4 4 x 1 .
‘\“ v‘ - ] . "-
. "'1 -
) -cos :
-sin
[AEi] = _statics matrix of a member
, +cos = 4 )
+si u
N NE/ 'y L Slnd s R
L T » . -
~ [AEi] = [~-cosa - sino + cosa + sina]
@ . /AV'
] Compatibility matrix of a member
. ' ,EExternal stiffness matrix of a truss member: .
» Co v ‘ ~coso.
. :'- o . .
’ - ) : ’ ' s -sina .
: s T, _ . Ee Ai
’ +sina
Y . . . -
\ . . . v ° . [N n . .
[~cosa - sina + cosa + sinol
¢ A Y . . . /
[~ 2 , .2 R .
| . . cos“a cosp sim  -cosTa -cOSs0. sin®
2 . .
[KE] E Ai sina coso.  Sina -81nt coOs% -gin o
. 4x4 - Li '-cosaz -cosa sina cos?a cost sino
. - - . | -sino cosa’ -sin%a . sino cos® sgin o
e : - -

[y

.




. , S Py B . ' .
- N

[pil, . , = (KE], _, x"i{x}

a . 4 x 1
v ’ . L ¢ i
- - Such extérnal stiffness matricescare developed for -

L

each member of the truss and from these elemerts the'pxtérnal

.

stiffness matrix for the\étructufé is Built by adding all

the stiffnesses of_indivi&ual*membefs in each joint:

e
(K] = ¢ [REL] - external stiffness
" x NP i=1 4 x4 matrix of the structure

I S * . N Fl

¥

With [Ké?'availableqjoint defordhtions~ X and member forces
b

F are computed .from Eqs% (3. ll) and (3.12).

R . ,
g - -~

-
P
L
2

S [X]NP x NLC™ [K]NP x w X [PJNP x NLC

. . - Q" . : - . N o
D s T, o
[Flyr x npe = 127 Dy x [K]NP x e LPAne e
: A :
v < !
3.3 INFLUENCE LINES e l .
4 : S . — ;5

© - I3 . [ ! i . N -4
ﬁy definition the influence line of a member. rce or
. R - | -

a joint deflection consists of the frace of ordinates Yepre-

sénting to some scale, the value of that force or deflectiocn -

. caused by a unit load in the position of the ordinate.

- 4 P 1 H

Ordinates of influence lines can be dbmputed’frpm

the equations (3.11)'and (3.12)by replacing the external force

. 4



-matrlx BP] with a unlt matrlx [I]NP % NP . EH&E is .

- ) \ s

\ \

NP x NLC _

equlvalent to 1ntroduc1ng NB new 1oad1ng ‘conditions with 2

one unit:load at a tlme actlng in the dlf;ctlon of each

" degree ,of freedom:

4 .
~ . -

: , ' .
-1 ' e
~[Fi] [SA 1 (k1 > . [11] wp = ,
NF x NP NF x NP .MNP‘X NP . NP x NP Q ~\\
S = [saT] 7 . [%1° T e
‘ . . NF x NP . nP x NP . ¢,
) ) . \. £ N ’
@ g ' .
[Xyp x v = Klgp NP y [IJNP' NP,
- - | _
[ v .

>

s analysis with a unit matrix and influence line ordinates
- W -

2.gu1te’1mportant for web members and also for chords since forces

-

hid

‘yith the direct element method of truss analysis,an invertedLglo-

-

. is completed.

of deflections are availableé after thelfirst éycle of analysis

.

. \
bal stiffness matrix and therefore ordinates for influence iin;s

-
[N

K] iy

.

I
“

Ma%rixa{SA?j i's net available for the structure but an

3

ﬂ~

'external’ force matrix c#h be extended for the first cycle of

-

printed out with the member force matrix.

3

' For simple structures,.critical loading conditions

) v 2

- can be establlshed by inspection of the geometry. With tore

compllcated onés, as statlcallyllndetermlnate trusses w1th in-

°

ternal 1ndeterm1g§cy and contihuous over several spans this

. can be'beét done by lnspectlon of influence llnes. It is

~

. ) ] '
in chords can i}so change' sign due to the iocations of the loads.

3

4
F3)



w.n

‘3.4 STRESS RATIO ITERATION METHOD OF

OPTIMUM DESIGN

« .This method attempts to ‘achieve a ful '”et;essed‘
design assuming this ta be the seme‘as the thimum'design.
It has been proven‘gy various aufho;s , that fully' stressed
design‘is not alwaz? thedoptimum. \goyever, ds: this me#hod:

will be used for preliminary design only, in order tb(

~

establish the optimum depth of the truss, it is useful for

improving: the original design point s6 that the more ela- -
borate (linear programming) methodsncan be profitably

R

g

applled in the final design.Analysis with. the assumed 7T .
member areas w1ll give member forces for all loadlng

conditions :

'[F'] = [SAT}] [“ASAT j"~~l [pd ” - (3.13)

7 B
By 1ntroduc1ng the diagonhal area matrix [A]NF x NF

Q'
1

" stresses in members will be glven by the following equat10ns°

7

/

\

. ; N -1 ,
lodyr x mee = A7 [Plgp pinpe ~

N\ = [aYsaTiasa™ ! (e

\ - (
‘ ¥ . [A]NE X: NF[SA InF x NP[XINP x NLC (3.14)
: \ o X
- . o \F '_‘r
Let (Aj) (J 1,2, c SRR NF) = .member ‘areas

% -1 »

of the previous cycle. ‘ ‘ e :

¥




r o« >~
| T 25
. I -]
3 ~ & ﬁ
, /
(djrz)" (5 = 1,2,3 .... NFf, r = 1,2 .... NLC)=stress

. . - "

~ in member j at the loading conditioé“ru
- -
]
] ’ ’
| N
| \ -Then a new, improved set of meffber areas (new design
| . ) !
| point) is computed as follows: '
1o s 1 (9g,B)° |
. - ? .
e This metkhod would give fully stressed Or optimal

member areas for a statically determinate truss in one cycle.

! . ; ' For a statically indéterminate truss or one subject
fo;defleétion constraints,:this method will produce ngither
t a fully stressed nor an 6ptimél desién butﬂipaa few cycles
it will lead to an improved design point.’ 6bjectivé furnc-

s tion will be the minimum weight of the truss.
l/ T ¥ . “ NM .
' " Minimize 2 = I L.,.A..p | . (3.16) L

. N ..

. ~ 4 B
- . a
. L «
* < ) .

The design will be gonsidered optimal if the wéight of the

trués does not differ from the previous cycle by more than \\;

L

‘Eg * 1%. , The max. number of cycles will be limited to 10. N .
\ . ¢ ’ . . *

|

° A




of the truss.

N
N

r . '
« 3.5 OPTIMAL DEPTH OF A ‘TRUSS

.
Our criterion for optimality was the weight of the -

‘truss. The reasoning that the lowest weight means the lowest

cost is quite correct if the depth of the truss is given \\\\_J

as a design condition. But in some Cases, the depth of the

4

truss is left for a structural designer to choose. 'If SO,

his-criterion again should be the\giﬁimum cost, éxcept that
CON

- J . .
here, other items besides ‘the cost of the truss itself would

have to be considered, as they are affected by the dimensions

B -t

Taking the simplekééée of a parallel chord roof truss

of an industrial building, 'the depth of the truss will influence’
. - :

©

the area of the exterior wall and if columns are used
. L d

as end posts for trusses; the length and cost of the

columns will also change. . ‘

N If we have a bridge truss with deck on top of

the trusses and specific clearance below, the height of -
approaches will b; affected and- the cost-of it would .have to

be coﬁs}dered, together with the cost of the trués, itself.

!

.

\Optimization of geometry has been treated by

various authors, but it is not a major subject of this study. -

The proposed method here, is to produce several preliminary

designs of the truss with varying depths, calculate)the

" cost of the truss, together with other items involved, and-



display the cost versus jthe depth in a graph., It agpear
reasonable to assume that the change in the cost: between
__)the Varlous depths 6f the truss will be gradual, and the

fore, the optxmal depth will be chosen by- 1nspect10n.

(=)
o

SO

re-

.. F?r a roof/ttuss, the EOmparative eestlwill be )
expresee% as'follpws; ‘ T ‘ n
C = (W ) + 2(b o cw) + (h W l.n ccol) (3.1;?7‘)
where. . ' . S / .
Wt = weight of truss ,' (
»Cé i' cost of truss. $/1bé‘ ' '
b /. spacing ot trusses ft.
) cw = cost of wall $(SLF.
wcol ; weight of one supportizg column lbs/i.F.
n = number of supporting columns [
Ceol =  cost of column $/lbsu .
h = 'debth of truss ft. - ’ e
o N ) .
o4
LS
. ) f
/ - |
R I — ~ h FEET ~
T he -

oo © _he OPTIMAL DEPTH OF TRUSS.

[+ ©

I
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i% is not alwaxéhthat the designef can choose the
'depth of. the éruss; but if.he can, it becomes a very import-
aqt part oé the overall economy and mqst of thg timé, mofé
. real-savings can be made by cﬁoosiné the correct depth than

by the best choice of member sizes for a poorly chosen depth.

3.6 LINEAR PROGRAMMING AND.THE SIMPLEX t
METHOD ’ -

1

v

\ Mathematical programmihg of whigh linear prpgramming
is a part, solves problems of m‘&imizatioh or minimization of
a numerical functién with a number of variables. The classi-
cal method is to use differential calculus if it is an uncon-
strained optimization problém. If the values of solution e

variables are restricted by constrai osed solution inpsome

cases can be .obtained-by the use of ian multipliers. ‘This

v

"is constrained optimization.

Besiées the problems;with closed solutions there are
others where optimization can only be achieved by iterative .
methods. ‘These ére the mathematical programming problems )
defined as "the determination of the optimum allocation of
limited resources to meet given objectives“[4]. Mathemati- //;///q

cally, these are problems of constrained optimization: optii;/

mize an objective function subject to a number of_cqyg;réints.

e PP
— //,/

-
. . . ' /D

\ ’ 3 ‘
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T Mathematical programming problems ére usually .

T

divided in twd‘iarge groups depending on the nature of o \Q*/

AN

-~

| ' objective functions and conﬁfraints,. If the objective

-

function and constraints are linear, we have a linear programming

problem. If either the objective flunction or the constraints

4
or both objective function and constraints are nonlinear,

E

1

it is a nonlinear programming problem.

0

Alﬁhough most ﬁractieal problems would fall into noh-
linear programming group, there is a great advantage in _
P reducing them to linear programming problems, ai‘these)are
much easier to solve. The Simplex method for solving linear
programming problems is a very well developed and efficient
algorithm. It is suitable for hand opergﬁion ;n't@bleau

form and’it can also be progrémmed for a digital computer.

-4
<

P - ' The strgiturgl'ppﬁimization or minimum weight design be-
//' longs rightly with nonlinear programming proplems. Iﬁ this
study - tyuss design - objective function is linear but
stress and deflection constraints are nonlinear. To make the
/ solution practical, the constraints are linearized resulting in

the loss of some accuracy but gaining very much in computation-

al efficiency. |, ) T

e : , o . _
' . | L N
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The Simplex Method:

.

The present study uses linear programming and the

A

ésimplex/ﬁkthod. As such these will be briefly reviewed here.

The theory of linear programming and the Simplex method are well

§

documented in many’%taﬁaapd texts. Therefore, only the com-

putational aspects congernang thik particular problem will be

°

[y

’ ? . . -

All linear programming p;obiems can be ‘expressed-in

°

standard form. L o L oy
. . 1 .
a'x+a x: + a X =b T
211 1 12 2 ***** "In"n "1
‘ a21 xl + a22 x2 + e a2n xn = b2
. L cénstraipt
. equations
. - ‘ '(/ N 4
. aml xi‘f am‘2 X, + ceese Ap Xy = bm .
X. > 0 j = 1,n o ¢ ‘{3.18)
J - l s ' * ’
o - v |

M

min objective functian

c1 X 1 T ez x2 + Leeee C X
) (3.19)

4

The various constants in linear programming problems

-~

are:

cost coefficients, (objective function)

Cu =
j ) .
- hij = structural coefficients (constraints)
b, = stipulations, (constraints)
i R .



The optimization in a linear programming problem ‘¢

" can either be minimization orymaximization. If the dbféct
\? » .
£
is maximization, minimization oblems may be formed by

multiplying the objective function by -1.

-
M v

& The actua% constraint conditions. in general, may

includzgihequalities of both vgreater than" and "less théq"
signs or a mixture of inequalities and equafﬁons. In order:

- - \

to replace inequality constraint conditions by equations,

\\'L«/

N ’ /the, concept of slack variables is used. Agfonstraint

condition of "less than" sign is turned into an eguation by

; . . adding a slack variable. .
i ’ N »

+ ' ’ A N PR
\ 1is replaced by e
. ' '- .
) 251 Xp +.ai2 xz‘f cesan aiq Xy + Xq+1 = by

iy . ‘ n
T ~ A constraint condition of "greater than" sign is turned into

”~ .
an equation by subtracting a slack variable.

L

St

849 %y tag, xz + oo 3iq %3 > bi' .

is replaced by : o .w//—~\ '

& ¥

ail\ xl + ai2 %-\;‘-Q'.. aiq“ Xq - xq+l = bi o

0y

__A slack variable,in both cases, is a non-negative variable.

- -
o <

4 ES

. f
.4 , P e
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. - . . » ' Yo
Llnear programming problems can also be expressed in

[a)

inequallty “form w1th all constraints having the same

1nequa11ty sign. In a minimization problem, we use the

"greater than" inéquality for constraints, as it is also
consistent with the objective function’which can be taught
.as having a "greater than" sign. 

’

If there is a‘constraint ihequality of the "“less

1

than" sign, it can be cdhverted into the “greater than" &
. . .
sign by multiplying both sides.by =-1.0. If there is an

equation, it can be replaced by inequalities.

. i

a9 % + a;5 %,  oeeeen t aiq kq‘= bi
feplace& by B
i ,
a;y ¥y + a 5 %o + et aiq q > bi. :
. - <
ag %5 % aié Xy PR +3aig Xq < by .

In minimization problems, we use"less than" in-

equalltles agaln to, be consistent with the objective function.
\ (""‘-\
‘Both the minimization and maximization problems in
inequality forms can be transformed into standard forms by

agging og'sﬁbtfacting non-ﬂegati&é‘slack variables.

- If the nﬁ@ber of constraint eguations is m and °
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N -

- - -

\
number of the variables is n,. there can be three cases
) .
"to consider
- Vi . ‘ﬂ

. . 1) m = n : there is one unique solution to ‘the .
' * [N
problem which is also optimal.

»

2) m > n : there can be no solution un%’ss\m - n

eguations are linearly dependent.
- ‘t"‘ -

N

1

O : 3) m <¥n : this is the case that we are pr&ctically

interested in. ~

3

k)

The solution for any set of iinear equations can be

only found wﬁen the number of .equations is equal to.thé numbér'

o .

' ' of variables. Linear*programmiﬁg‘solves this problem by

systematically selecting sets of m variables from the
- e ) .':-
available "n" variables, solving those sets and comparing’

T

the results of the objective function. The remainder of thé
. \ n-m variables is assumed to have the value of zerd. The "m'"~

_ yariables are called basic variableg, the n-m variables are
s N . 3\
'called non-basic variables. The set of values for the basic

variables{are called basic solutions. TIf th& basic solutioms

- -
also satisfies the non-negativity requirement,it is called

a basic feasible solution. Insteaq of investigating all
| possfble basdic solutions, line;; programming is only concern-
’ ed with the basic feasible solutions,amqng which the optimal
! “solution is chosen. This solution process can be éraphically
[ demonstrated if there are no more than two variables. It '
| X
|

-

- ? i



*

" chosen as the basic and system solved, reducing it to

34

is’ hardly ever the case in structural problems and therefore
. . } ‘.
is not demonstrated here. ‘The procedure suitable for

handling large numbers of variables is the Simplex method

‘introduced by Dantzig. [5]

L -
. . N

- - . \ -
o v
£
L

It is an iterative procedure for'fiﬁding the opti-

ma) solution.” Starting with the standard form which already '’

1

contains the necessary slack variables, "m" variables are , °* -

«

e .
[

canonical -form. Values of the basic variables are put into

¢

"the objective function which then does contain non-basic

variables oniy. Then the objective function is examined:

.if there is any possibility of decreasing its value by in-

troducing into the basis one of .the non-basic variables e
and removing a basic one. ‘The canonical form of constraints

and the cotrespoﬁging objective function looks like this:EBJ / .
. . ) '/ .

L

: +a + ... 43, X _ +.,..+3, X =§%
X1 a1’m+1 Xh+l al,s 8, o ?l,n n 'bl'
a * x ..-o+— X =—
%) Yaymer Tt e 3 5%, 7 ‘38y,n'n T P
; a, X ..+ ; 3 + T 5: X = %
Xr Sr,mtl Tmbl 0 Y a;,s X s nee r,nn r 3.20
x* +a oot X_ =
xm * am,m+1 X:m+1 + + am,s X s "~ am,n'n Eﬁ
; e +CTq X +v..tc - X =
. * cm,m+1 e+l * + c%_ S ¢ “n n
0 . Y - -

) -r
L



' negafive Cs- of largest absolute value. |  Next, we haVe'té

::' .. S - ‘ o vgg_"

L} L] L3 \' ’ .'
This is one solution where x; = b./1=1,m and '

min z2=%, Z = lzlcl bl-If all b, > 0,74 =1, m!ythiS‘iS P

also a feasible solution. If all coefficfients ¢ in
the objective function are.positive,.thi is jan optimal

[ " ) . [J 4 ) \ ) .
solution because gfving a positive value [to any of the

P i
non-basic variables would increase the min Z;\ But, i1f some

by - . dos e
. cojfflcxents c are pegative, then by glVlng'f positive

value to the correspondjing non-basic varﬂable,\min Z- can

be reduced. We choose the non-basic varilable with the

{ - <

.
-

v

select @hich basic variable is to be dele&ed so that we
gain the largest‘reductien ef Min Z , at ghe same time
not’bioiatiﬁg-the non-negativity requi;e%e%t»for the other
ﬁgiis variables. This is done byaexamininé the coefficients !

4
'

e columns "s" and "b". . When X, is increased from 0 to

l

i

a positive quantity, there will be one x W ich will tend to
[N

\ i
become equal to zero first. Further 1ncrease\\of‘xs would

make it negative, thus giving infeasible solﬁtion. So we

o’

compége reﬁios gi— for i =1,m and chooéenthe'smallest, |
’ b is, . g ' |

say ﬁﬁ; ="X; » This is the limiting value frr}ga and
¢ IS R ) |
therefore ‘xr is removed from the basis. Wﬁth ayg as ‘
|

prOt the basis age/n is solved, substltuted‘lnto objective

functlon and cycle repeated untll all coeffchents in L

1 H —

A
objective function become positive or zero. his 1s then

-

.
.
‘ a
4 c =
:

the optional solution.

Pl



If any of ;is are negative, comparison is done’
- v

among the positive ones only. If all Eisﬂ are negative
no upperllimit exists for Xg and solution is unbounded -

r ' no optimal solution exists. |,

2 N P
This is basicallyjthe Simpiex method without mention-

| ing any of the mathematical complications which can arise.

~ ) ", '
" The solution to-maximization proﬂiem is identical to that -~

) y'of the minimization except that the Egréest positive‘cq-
lafficient Eg is chosen as we are interested in incr€asing
! . - - > . . - !
the objective function as much as possihle. Y

* L3

) There is a device to find a basic feasible solutior
in order to start thg problem.. It will also establish‘if a
feasible solution exiéts and will ‘end the ‘problem if~feasible

'so}ﬁtion dées not exist."?his is donébe extending the
_p;oblém‘and introducing a set of non-ﬁégative "artificial®
variables X5 0 i = n+l,n+m one for each cénstraint |
equation and making all Soefficieqts in the’ "b" column’
positive - multiglying‘the.eqﬁ;tions‘by.~l, if required. Tire

extended set of constraint equatidhs will be as follows.

4 - . N & ¢

o’ o . . . ;
- ’ B * - . -
. i . o
’ . . ‘ .
. M v e ’
i

L

—

C



.

Lot % . " .
,, Lgt X+ W, 1_:he sum @f .

artificial variables, whi

Y
. . ¢

ig called infeasibilitygfunbtibn.

b

Iﬁ min W = 0,.a feasiplgxsdiution.exists fogLﬁhe*;inear~pro-

.

is
N o & o
solution. The infeasibility function is modified the same

g

way as the objectivé functio

< gramming Brob}em. If ﬁin W # 0, there no feasible

h in the S

L]

img}ex method:

the-,

* o

values for artificial variabiles
- * 7 ©

i{: substituted in in-

,fgeasibiliiy functions;‘"Then’the Swme ‘testing and manipula-

tion is applied as”before until we fihd that w = 0, or
‘ . 13 Y .

=

“that v ¥ 0. If w = 0, we know that the feasible solution

exists and*proceed/toiéolﬁe‘the min ;'of the objective function,

' L3

‘starting with the last basis €rom the infeasibility function.

TheAlinear.programﬁing p;oblem in this study isusolved in this

-

/ >

way. .
"Duality: Y,

. : / . , .
.. There is another important feature of linear programm-= .
L% - a o .

ing problems which has ‘some, use ‘far

\

structural problems xith

b Y

r

lerge numbers of constraints

G

It is called duality& \

b

e

thout proof, it ishas“folléws.

Given herd wi
* -

-




A

o

~ Qual tableau under the value of slack variables and vice- ;

X The corresponding;dual problem with its set of

3 .
If there is a minimization problem which has a

N o~ t, .
feasible solution, then there is also a related maximization -

_problem which has the same optimﬁm‘Qalue. By utilizing this
rule, it is sometimes possible to reduce the basis matrix

and simﬁlify finéing the solution. If the minimization ’
. . A

probiem is called "primal" - the maximization is "dual".

The solution vafiables of primaf problem -are found in the P

-

L3 P,

versa. o .

w

To show this relationship, the linear programming

s

problem is stated in inequal&fy féfmt

. ' . PO "
N x‘j >0, - j=1q9 e
‘ 2 A
. ay, X3 t a3, X, + ‘e .als‘fq 2. by ‘
- .t e ‘p . >
a5q 'xr‘+.a22 x2_+‘ Y ?2q xq o2 b‘2
. : - . ‘
>
%1 Fp tAp2 Mt e Bpg¥g 2 ’?p g
* s‘ ; . - . - .
: Ql' X t e, x, + v Cq xq min 2z ,

. We call this. problem primal and'the set of variables
3

xj >0, f‘? 1,9 primal variables. ' o

T .
dual~¥ariéblésu Yy 2 0, 1i=1,p has an inequality form

. ’ l/.
as -follows. ! t




"By definition:

1) The matrix of coefficients of constraint inequalitiés
for dual is a transpose of that for primal problem. |
S : . L :

. e - e
~ v . S

v 2) The cost coefficients 'c" of primal problefi-are ' .

J‘stipulants in the "b" column in dual.

»

»” * ° £ R ~
~ . . 3) The "b" column in dual is t?e vector of transpoij(‘ .
\ 3, e, of cost coefficients "c". ‘ -

S

4)<$he inequality gign of primal is reversed for dual

Y

[
‘e ' 5) Minimization in primal problem ig* changed to
. ’ ) o .

mqgimization in dual. P

. 6) The optimal values for both pri@al and dual problem

R

[

are identical.

Sensitivity Analysis: e

)

.- -

| ) ~ .
3 ' To solve a linear programming problem, 15

i3

genérally a rather lengthy and cumbersome process. Besides, -

4
¢



‘quite important to know without reworking the whole problem

member's area. Member forces and joint deformation are .con-

if°it is a real life problem, none of the coefficients are
(

exact and. are subject to change .as the conditions change.

Therefore, in some linear programming applications, it is

what the effects on the solution will be,if any of the

coefficients are changed. ' - :

This is called 'sensitivity analysis., It has limited

application in this particular study as the process is

-~

automated-‘a new 1%near programming problem is solved every

tlme when the coefficients are changed - as areas are changed

. \

after each cycle.

L 4 -

3.7 STRUCTURAL DESIGN BY LINEAR BROGRAMMING:. .-
OBJECTIVE FUNCTION, CONSTRAINTS

/ .

Member forces and joint.deformations are non-linear
functions of member areas fer a statically indeterminate~
system, The éroblem in this case is to express change in-
member forces or joint deformations due to a change in 5

N ’ 2

tinuous functions of member areas, therefore derivatives exist,

and the change can be expressed in Ta{ﬁor's series:



-~

h2

" f(x +h) = £(x) + hf' (x) +’-2-,- £9(x) +
+};—:-'f"'(x) Foeeee

\

- As a linear approxi

members are used, the rest being second order sma

f(x + h) = £(x) + h £ (x)

“ ' ' .

tion only the first two.

11:°

-

‘wvdriables.

Member areas will be used as the only independent

_in this study.

3.7.1
' '

Objecéﬁ%é function
B - .

i

For truss problem objective function: is linéar:

B
NM o
Minimize: W = I pL..A..u;, - sum of we
j=1 “J' J J !
> . , \l
' ' of truss members 8 ¢
&
- s
L)
Where
N = total number of members '
p = Specific weight of material
% ) Lj = length of member j.
7
Aoj = initiay assumed member area
[ 4
AA.
u, =1+ —1 u, 20
J a° j -
j o

[

igﬁts

(3.21)

(3.22)

+

!




1 . . ' - Y

=3 5
N AAj = change in mgmber"a;ga J
\ . * _ . ‘ ) '-. :! ) ‘
' {Pj}NM‘x 1 = solutiom vector - multipliers fﬁr each
' member area - i
R L ' . ’
M P
W= I mL,.A", = total weight .of initially (3.23)

assumed systems

L) v

3.7.2 fStress constraints

Y -

tension stress

o le I ]

compression stress

¢ s = . et . o . s s 1 Y

“Stress constraints will be forpulated in terms of member

forces.
B 3 ¢ . - ‘ ‘
BL=AE (3.24)
. \J
\ o . o . ' L4
F.new < (Finew)all when F° >0
. : | stress
T constraints
F:new 2-(F;new)adl when Fo <0 (3.25)
¢ r ,
. . F°i = acting force in the originally assumed

member with -area Aoj

1

F;new "acting force' in the originally assumed \

member with new area .Aj = A°j + AAj

[



s

This change in menber foree AF,

<

- o : ‘
(Finew)‘all = fiall (A,j + AAj) | (3.26)
L4 ‘ :
= 0,66'Fy allowable stress (tension) N Sq

4

A |}

buckling stress (compression)

¢ Tatn
3

. _ o | -

4
i is associated with

" the change in the correqundin§ desién parameters and will

“be épprox{mated by a single term of Taylor's expansion:
|

NS

oF, ' ®

. = P M = —n—£ . 5 $ -
AFi ?i Fo BAi AAi change in fortce Fi due ..
° ' to change in area A, )
: i Q\

But- the force Fi‘ will be affected also by the changes

in/6éher member areas.,: Tﬁerefore -

.

BEE aFi %Fi' oF .
AF- = '.—_ AA + r——— AA + L~ AA + e o0 o . AA. +
i aAlw 1l aAz 2 \8A3 3 aAi i R
9F, ) NM 3F .
R + A = z_: i AA (3. 28)
LL e TR E N W 3 |
-~ ) =
o, ] "\.“
NM oF.
Finew F i + AFi = F i + ng. aAj Aj

(3.29)



From Egs. (3.25), (3.26) and- (3.29)

£

’ . >0
o NM OF, -
F i + j§1 5Aj AAj ; . // .
o [} [0}
2 (£al1@%, + M), <0

4

» Aoy o
e

. ' Stress constraints will be generated for each member:

force in each loading condition: .

] .

- o O
NM OF, L (Eydallay * ARy, Fryy 207
Foo (+ ,E '5‘—'—1— AAo '
R g Ry o

i=1,NF| k=1, NLC

‘ﬂ:
Y

(3.30)

A
P atinat )
1

Soiﬁtion variaqie in stress constraint inequality is AA =
change in member area which may be positive or nega{}vg, ‘in-
' «Crease or décrease &f area. But soluﬁion will be sought by
linear programming and simplex method where variables caﬂnot
be negative. Therefore the same solution variable as for -
‘the objective function must be introduced. The following

o

reasoning is used *

Let
oF, oF, oF
¢ } = __l (o} 1 (o] . 1 o
Sk TS T T T v I v T :
’ <

OF; . °, o  MMOF,

¢ s WAi*’o’nu 'a-'A‘—'ANM v = Z E—A—-Aj"

i NM j=1 9By

L]

0 - change in force "i" due to change in areas

a—— “

. . L\
- ‘ gy,

!

. . 0 .
2T (E a1y * égir\\fif;< o 4.~



. . ’ i

. - . ) ,
A°l to‘AONM by 100% - all members changed in same

ratio, therefore, no change in member forces. !

" Tﬁen
/ °
) 3F. AA,"  3F., . Ap,
’ (o) i .o 1l ; i o 2 "
F..new — F ., = AT, . + ‘AT ,. —= ¢+
ik k BAl 1 A° aAz 2 20
' 1 2 .
oFy o A3 + agi Jo AANM -
+ A' Y A 3 . _"o' . . + 'gA" — A NM o ) b
3 A NM A
- > M
[
} : ’
- 1) S § -
B = I R gy 57
k-3 j=l N N A j

Stress constraint inequalities now are:

' o ‘. o ‘
NM BA < (£, )all(A°, + AA;), FO . 20

o ik
: N . a
o . ) AJ ' > (£, Jall(a™y +‘AAi), Frig 20
' '.I. . ) 'i = l' NF k .'= 1' NLC
L - el | v .
, ' Add I "AF,. “to both sides where ! i
R 'lj& - L ’
=1 . \J,
“ ) ) | A_hﬁ
NM ; ‘ ‘ . R -
~ jfl APy gk TAFiqx t ARy b ARk .
! . ) ) * »
\ ' ’ -

bt
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- ‘»
i -
s . . . ,
2 (£, ,)all(a®, + An,) +
| g NM 2A, NM o - 'Tik it
| %% AF,... —t + I AF,. + F e
, . ijk o ‘ ijk ik
| =1, A", j=1 . o .
) > (£ 0all (A7, + AA;) +
. ‘ °
. NM o 1 . "
+ I AF,. i FO. >0
=1 ijk ik ~ ,
: - ) i, = 1,NF| k ='1,N«IIC .(3.;2)
+ I AF,,, '3 F,. <0
3=1 la]k ik
NM - AA, NM AF, AA oF, '
But T AF,, —2L 4 I AF,, == . a0 2w .04
j=1 ijk ,o0 " =1 ijk eay 1 Aol 97, 1
L J J . ' v
Vv ¥ ’
3F, _AA, " IF o
o
A ===A + . A+ -
- 3A2 ZAo2 BAZ 2
A S e T AL ER . S 1
: 3y U3 qo. T WAS A3 T et TR T wMo -, - |
3 ‘ E. NM |
® ~GF, 3F, AR aF, AR . ‘
i o i .o N i 072 . S
toaase A TR Pl t D) g ATt o ;
aF, Yy ) F, A
+ ot 2 (=3 FIp b e, + 2RO (iNM~+x) =
3 - ‘ . MM
- e NM°3F. AR, © NM o |
, = I . ==2a%(—L+1) = ¢ AF . .A°, W,
R 9As T ] ch, = ijk ‘Jk 3 .




Stress constraint inequalities become

.lA

(o

/
(N
-t

v

o
- a(fik)aalloA ioui +‘

for F°.. <o ' . ) -

B NM |
‘ But L AFijk = 0 as it is the sum of all changes
. j:l X
in a member force Fi due to 100% increase in all member

° areas. Th{s is a known theorem that by in¢reasing all mémber

o stiffnesses of ‘a ‘s#ructural system in the same ratio the

relative stiffngss of the system does not change and neither

Y

do the member forces ‘change.
Y 3

. Stress constraint inequalities in final form are

o

- -0 . o’

o .. . -
A (fik)alloA icui .\"’ . ) ¢ .

U o A

1 Fijk'uj

- .‘ ‘o‘
' . > = F..:
s : - ik’

‘ .

) -
fo; F ik <0
1

o .

i o= 1,NF 'K = 1,NLC|  (3.34)




AFijk = change in member force - Fi due to 100%

v increase of members area Aoj at loading °
‘ condition "k, - ' .0
uy, = 1+ éﬁl sol'ution va.g'}é.able) for area Ac;. (3 35) .'
j 20, ~ : J o
v : J ” ‘ \ '
' Aoj* = original sarea of member j | .
AAj = change in area of nie'mber' 3
NF = numbe\;i"s of critical forces g
) NM -= number of n{embe;rs P .
(£, )all = al\];%x:;?ble stres"s in member "i" a‘t 1oadin.g
conai;tiqn "kf'.h This is a signed quan"tii.:y"?E
i Tension = plﬁs, compréssion = min-us-
Foik = original member forcg’ - signed quantify
‘ pli.ls or minus. - ' .
~ ) ’
‘3.7.3 Deformation constr~aints : ' g
. "%\ . ,
Joint Sie.flection's are limited to a maximum‘ Xall'
. .
Xnew = *a11 ¢ %% >0 . ‘
' ' ‘ . deformation constraints (3.42)
2 Xyyy0 X0 <0 ,
[ ‘
where ' o




xhew = new deformation

. ) |
X411 © f;lowable deformation . - o
X, = deformation in the initial system

" Using the same reasoning as for éhe stress
constraints: n
s ' . . ’ M:T‘ -

-
5]
[ I3
——

- o o NM 93X, :
(%) 0y = %5 * Bxy, ='x] jzl E'A‘j‘ bA; (3.43) [

Constraint inequality for defarmation i: .

-

o]

| NM 3X, S (Xydaye X 20
X3+ L ogx, 08y T (3.44) oy
. =1 J > (X.) XOW(‘“O ] . L
— Pifall’ t i )

~

Coﬂ?fraiht inequality for any deformation i under tﬁf‘ k

loading conditions: -

4 o >‘ ’é"
) M Bk, < Txgdgyy, ¥y 20
X ik + jil a—p:;i", 'AAJ R . o .
; : ’ > (xi)all X< 9 . .
\ i=1,8N¢| K = 1,NLC|(3.45) -
' Np = total numberlof critical deformatfbng. S e

o




- vjﬂ; , ‘ : . ) < 50

For numerical evaluation the same .procedure is followed as

for stress constraints. _ I

Gy

1

& In@roducihg agdin Axijk‘= changé in deformation i

. H

due to.100% increase of the member area j in‘Ehe loading -

condition K. Eq. (3.45) becomes *

»

e .0 - -
3 BA; - S xg)anni® g 7 0 ,
X Ax, . lo) . . ‘
- ijk + X7, ) '
J"'l AO' ik ) ‘ o \
. ' J- ' 2.- (xik)all;x ik < 0
L 1.
- . i=1,N K"‘:l,NLC‘r’ )
T " (3.46)
NM | S : o
Add - Axijk to both ‘sides, introduce variable
J=L ' i
AA .-
u; = 1v+-—i%
- J A,
- J
o v .
e . o INM -
M9k Y e
j=1 % P
| 2 pdans T Xaet L) Magxd ‘
| ] N . .g LY
i -
] o -
: X% 20
e i | & ' 1 i=1,Np | k = 1,NLC | (3.47)
o Sl
, X3k <0
' A il -
* A4
, : Y ,
T ) Sy ¢ .
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' | 3.7.4 Numérical Evaludt¥on of Stress and. - { . '
. t - 4 Deformation Constraints ’ g . ,
¢ a s wr v ! ’ 'J ? \d . ) ( ! A ¢ \-
: ~., . . For numerlcal evaluatlon gf AF J'ﬁ and AX %“‘ . N
. b ’ ) itk. !
* v ’ ,“

;eturn to the analys:.s part of \hls study whlch ga\ve the' _
. e fol/vnng relat’:l.onshl_ps\ LT ’ N .

@
m.. 4 0
- w © . ¢ "
“ .
< . . ) Lo * ’
R » w!
. ~ .. R - . NI ) ) 4

- - . - . ] ©

. % P = AF. R .(3.1) ‘
R v » “ L r ) : , .o S 4 . . -

5]
n’

n
&
s

(3.5) - |
.~ g K . =¥asaT o _ (3.9) e
el X, ~ &b e Y 3.11) & L v
. - F E SAT asa™ B ; (3.12)

S . N . , . ™~

. s ./ Y S o o ' co ¥ )
. . The dei’u]atlves s;of forcés are réqulred w1th respect 'to changes ’

"~

. L S S N . s PR
) " L4 \ , , . s . ...‘Q‘ J ‘:
. \ ' Let . R I '
& ° % .
' ’ ) v . a , )
= taF .= ix of chamge in member .f due to . "
E ‘ s = atirix a i er forc ue to .
~ L NF x KNLC m 0..,\ c. ngec nirlne forces .
% N ' . n" . . « ]

q A . * '
nge in one meémbér ares , .

> ’ L8 .
L v ASJNF ‘x'N§~ . matrix -of- t1ffness~coeff1c1ents 1ncorporat1ng

) * . & . [y - a4

4— - - b v o »
o i ae e, one change 1n bne merfber’ area, ;All other K

b e . £ ' ‘ R KR * '
[ o ' ‘o ‘ b " e N . . . " Y . ]
e 7 . . — coefficients = zera. -
" . ‘ ) . ,‘ { - ' ) + : ' u’« ' ) ". ‘}° 'L
' B v"':‘ ) Ny . s * o s .- 5T . s » - Y
! Ae - % malrix’of changes of ifternal deformation, due
R ~° NFGX NLC . J . : - ..’ “ . . .
» » . N R R
a - ", tb change in one -member area. ( .
" . ° : ° . -
1] - s . »
. ’ { . - t N}
* . .
* . ' | T -
\ - “ -~ [} < %
| - . . - )
: ‘- el v "
° - [} N °



';\n . ‘. ‘ g
v “’:‘;—1:"‘- . - % . .
_A),,(NP % 'NLC = matrix of cha‘mgesﬂ in external deformations
RS ~ due ‘to a change in one member area |
“ ' Ky A3 3
- - /
™ Then . P =A(F + %p) WL (3.48)
K (F + AF)%= (S + 4S) (¢ + D)o (3.49) °
. - o . . ‘ * »
3 - b N LA
b . “(e +78e) = AT(x + Ax) S (3.50)
- " . - ' ! ‘
and N ~ ‘ N .
o L (F + OF) = (S + 45)aT(x + &%) - (3.51)
. . . , - ' ;,: .
{8 P = A(S + AS)AT(X + AX) s
~ " .,: - ' ! (%
& , Let ' b e .
2 . 'y . ‘ e _‘ . .
" Ak = adsa® . (3.52)
N . RN A . . '
. » ., ~ . . ' B a
« B = (K+ 0K) (X + AX) ='KX + KAX + AKX + AKAX
R " 4 4~ - . . . . 1 ‘ . ) " t ' ’r -
’ ' For the sake of simplicity AKAX _ is negleeted as,
a small secorki-qrder product, " . .. )
- . o ! .’ . . \ - ’ - : C.
' 5, P =KX+ KAX + AKX but KX =P .
S, T e TP R P KX K AKX o
0 = RAX + AKX .+ 'RAX = .-AKX
e 8% = K7L oaR.x S TN (3.53)
. ‘ < Expénding Eq. .(3.51) .
o T e T T T T Ay
! . F + AF = SA™X + SATAX + ASA X .+ ASA™ AX (3.54)
. . » . ° !
. . - ; -
[ ' LN .
e . ¢
. -., N . ° ‘a

©
~
*
o
{
4
. Al
|
|
\
v
L
R
.
o
<
-
L)
’
.
N,



‘ o };\53'

Neglect ASA AX as a second order small term, subtract

\ T

Eq.(3.5) F = AT X.

AN
“ . .
- T T R : < v
AF = SA"AX + AS'A'X Y {3155)
- .. ® L
4 € ) - . N . .
N Equations (3.53) and (3.55) are approximations because’

1 .
sone sécond-order small 'matrix terms were neglected. The Stgw;cs (

matrix A was not affected\ If the équlllbrlum condltlon is st111

satisfied, then AP = AAF sﬁould be zero.

R

. ’ ’ e ,
AP = AAF = ASATAX + AASATX . _ but OAK'= AASAT e
BP .= K(-K"1)aRx + akx o . .
AP =PAAF = - IAKX '+ AKX = 0 : : o
CoL T N * K .

o

Thus'thé equilibriﬁm condition is satisfied and Eq. (3.53) and

(3. 55) can be used to develop coeff101ahts in the stress con-

stralnt inequalities. - A . ,
\ <o \ - o
. - . y
Yo . ; ‘ .
Deformatlon consEralnts' see Eq. (3.47) . A
. ! o NM o
NM i(xik)all - X iy + I Axljk,x ik 2 0
. J =] '
2 z Axijk 1 ™ |
= & ° ?M A . <o
- » . -
>(xik) L=xyp t 3=1 xljk'x

i = 1,NP| K = 1,NLC |

Find the value of I Axijk = ‘total Al - )
. S = - » .
.. J=1 . change in deformation xi due to
tt . .. 100% increase in each veriable '§
S ks at loadlng condltlon k ”
'NM . NM o
IR = - (KhAx = —(Kfl)A( I 855)a"X= .
=1 %o S J=1 "
- B - - - - '
) g o= = & hasaTx 4ok Thrx = - 1.x = - X



’ i
This result points to the.error caused by neglecting the
second ordeg terﬁs“r deformation cannot'be zero when all
* , J [

The result 5till can

“
——

member areas are increased by 100%.

be used in the deformation constraint inequalities.

Ve

beformation constraint inequalities in. £final form

are:
o o
NM I (xgdall = 2xy Xty 20
x Axljk 3.
J 1 . \\
> (%, k)all - 2x k.x ix < 0
. " . N i = l'NP R QK_4= l'r]LC (3.56)‘ e
L..‘; . ) * . ' {(\
" where ' a
N F B l ‘°
Axijk = deformation of freedom "i" due to a 100% increase
. ' in area of member "j"'at loading condition k"
AA, ' | . o .
. - uj’=adi + -31 solution variable for area A j '
. ) . o
’ i ! ,
(xik)all = allowaE?e deformagion of freedom "i" at loading
A condition "k". Ihié is a sidgned quantity. .
o ' / ' o
. X4k T deformatlons ‘of freedom ™ in the orlglnal .
| system at loading condition "k". )
h & ) "’ . . < .

3.7.5 ,Sideobonstraiﬁts

-

! 2

. 1."& [ 1 \4
(i) Lifhits will be -placed on the soliution vector as the"-
“constraint relationships are’' more exéct.closer‘to the

L ° : e, e

c»). "73




H

-

without pénaliging it by more eipensiye details of very

original design pq}nt. : | A ‘ o

)

- TheX are arbitraril& established as * Zb%,and will

be_the firét set of side constfaints. -

‘ —
. o i
‘U 2 (LB)L e i=1,RM .
- ' _ - (3.57)
Ui < (uB)i i~ 1,NM . :
Ui = solution vector (LB)i = 0.80 lower bound on
: | solution varaable.'
) (UB)i = 1.20 uﬁper bound on‘/)
- :
solution variable. '
.’ :v. % @ ) .
(1i) Lower limit on member areas.  There is a limit on

the smallest size of member which can be used in a'Structufe

4

.thin members. . . e
: o ; .
’ i -
: ) " »
(o} -y a00 -
Loy 2 " i=1,MM
? i*ti - A7y A -
1 ) " ' ‘ .
0 s . . .
A”; = original membe{\Qrea : ‘ .
. .4 a )
e 00

« _ ) .
A cminimum area permissible. ‘ ) '

i

a o

(iii)' Members wi{h4{é¢ntical areas in order teq achieve

symmetry and detailingfadvantages. For such'membe¥s original
areas will be assumenx identical. . :

9
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3.8 LINEAR PROGRAMMING PROBLEM OF STRUCTUKAL
DESIGN IN MATRIX FORMULATION =3

~at

. Objective function:Z = ELj-Aj-pjl % NM {uj}NM % 1

[

Consé{gintsa ' -
I ‘ STRESS

AF . CONSTRAINTS
y ' DEFORMA=- -

Ax . {u}NM <1 F [I]NR < NR PION
1| — + CONSTRAINTS .
o SIDE

A” " CONSTRAINTS.
IDJ : ' \

- NR %X NM

<

© “

NX ¥ number of designated_joints with deformation con- - .

. " - straints

<

! 4. ‘\'

' . ¥ .
. - B
A

y L o : o
IF }Nsz 1 (V coefficients in stress const;glnt

inequalities\\\w_j‘ o ‘

4 >

[AF o x NM,

[Ax] {x'}

NX x NM NX x 1 ~ . coefficients. in deformation
14 N ]

-, o
cgpstraint inequalities

= identity matrix B

[ 4

4




€

{Bloy « 1 (BBhyw—~ 1 = upper and lower limits o

o

o - '
/ 12" Ium x /
-, s ( g
- 00 e s : s
. - 1{a Yym x 1 = Minimum member areas
[ID]NR-. < WM - coeff1c1ents of the matrix in identical
) area constraint equations
ES » ,) |
NR' = number of equations for id_enticél area constraints ‘
. - NR = total number of cons$traint equations ; 1
l' .
= 1 1 y ’ 3
810 N x 1 = vector of solution variabjes < -
. [I'JN‘REX NR = c}'iagonal matrix giving 'ghs to slack )
.4 variables
"y * .| ~ = n - ° "
u :{U }NR X, 1 vector of slack'\{arlables . . \
‘. : .
, 3.9 COEFFICIENTS IN MINIMUM\TRUSS WEIGHT
. . EQUATIONS / N\ . '
\ . . Coefficients AX and AF‘ changes in deflections and . |
y\ member forces due to 100% increase of one member's area - are
‘ i “ - - . . .
o compiled by the program MINTWC from Ref. [1} )
| r -
R ‘ ) : ' ]
| : It solves equations : _ : - .
R T v
’, __A Ax = - K-l—. AK X i (3 . 53’(\
~ - ol
RS \ ) )
~ oo AR = \EATAX + 45 AT x . (3.55)
= ‘ . : '
C A N §
.M :/;/, .
. .
. -
s \’ |




R}

. : )

These equations.are approximate as are all differ-
ential operations, because of neglecting the second order
small quantities.hin this case it was assumed that AKAX = 0

. . . LR
and AS A'AX = 0.

In order to test the accuracy of the numerical
results of MINTWC a direct comparison waé made.: The 4 bar
truss of [1] was used. Firs}, member forces, deformations'
and coefficients AX and AF were computed by MINTWC.' From

P

-

these results totgl deformations X' and totalwnumber forces

F' were calculated for the truss with area of number 1 increas- .

ed by 100%. Then the same truss (with area of member 1
increased by 100%) was analyzed directly by DEM and the result-
ing deformations and member forces compared with X' and F'S?V\\

Example fof 4 bar truss follows: "

A, = 1.44 in®. A, = 2.00 in?
1 2
A, =1.8 in®? A, = 2.00 in®
3 ) 4 .
“Loading Cond.1 P, = 0* ‘P, = 10k
Loading Cond.2 Py = 5k P, = -6k
. i INTWC. - .
Ana%VZLng by M C . E (
Deformations in oxrder of loading conditions: .

2
\
7

§d
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. v o

N i -
1.7720496 E-04 x12 = 6.198024 E-0

'~4.2205268 E-04 x22-=”w3.4183409-E~04

*11
*21

° Changé in deformation due to increase of member area 1

by 100%: Al = 2.88 in?,

AXlll -2.399775 E-04 AXle -3.468859 E-04

~

211

’

e AX . .2.051381 E-04

X.\
Total deformatign by adding deformation and change.

f.l.41915 E-04 AX212

-
.
i
’ .

3 . ‘/

xil = Xy + Axlll = -9.62772§4,E—04; , '
= " = - . VP =04 .. N-/.
Xyq = Xoy t A%y, 2.8013768 E-04; , . w
. ] ¥i2 = x12 + Axll2 = 2.669}65 E~-04
xéz =Tx§§’+yAx212 =fl.366?6—04-

Analyzing by DEM: o , .

Total Deformation. When Al = 2{88 inzéincrease by 100%)

!

- o [ ™. . 3 .
Tt = - SRR - -
ﬂgxll '0.25324638 E-04 Xy 3.9426039 E-04
_'x}, 2-3232223513 E-04 ‘if}/=-3.1200340 E04 A
. ‘ *
] Differences are considerable.. The total deflection

as computed by MINTWC is smaller.. This was to be expected.
The’siﬁplifiqation in matrix differentiation assuming
X. °

14

W Ak x Ax = 0



was accepting the condition that i

fo

doubled then all deformations are zero.

¥ Member ‘ forces iﬁ order of loading

Analysing‘by MINTWC.

conditions:

.
,

60

:>éll member areas 'are

Changes in member forces due

area 1 by 100%:

\

\

BF311

™~

AF11n

AF304

AF 411
. M ‘

-

L}
F1a1
Fa1

L

4

to increase.of member '

3 )

= 1.3424x AF y, = 1.9464
=-1.733%k ' AF,y, ==2.5642
= 0.2741k "AF312'= 0.3962
= 2;8912k ‘ AF 4y = 1.1532 :
The’totaltmembér fofceé’&hén Al =
d P =F e
/4.5389k Fj, = 6.5670k
3.3018k Fj, = 1.2087k
2.3560k F3,. = -0.4571k.
1.6372k JFyp = -0.9864k

]
Fa1

LI

»

1 -

—~

. ”
B . ) ]
Fi; = 3.1965k ~* . Fi, = 4.6206 ‘
Féi = 5.2757k Fop = 4.2729
Fyy = 2.0819k S Fy, = 9.8533 .
Fyq = 0.8360k - 5% Fap = 2.1446 ~
—_— N ,

r

2.88din2(increase by 100%)



° ]

-

. . y .
Equilibrium check at Joint 1 for loading cond.' I :

~ 3.5389 x 0.80

= 3.63112k )

. i C v -
) -3.3018 x 1.00 = 3.5012k
' 2.3560 x 0.80 = 1,8848k
1.6372{ % 0.60 = 0.9822k

4 B . ) ‘r - .
10.0000 x 1)00=-10.0000k /( | .t
g LY =-0.0006k = 0.0k equilibriuh is satisfied..
> {
. & Analyzing by DEM. ey

"

. Total_membef forces when Al 2.88,in2}(12crease by 590%)

- ’ )

]

S \\\, Py = 4.0862k Fjp = 5.8487k - ~
| Fjy 3 4-152% | o Fpp T z.ésoqk ! *///_l\~:
N 'Fsl‘= 2.2553% 4, ==0.6026k .
: ) Py 1.3431K £, —-1.4115k

\ . .
. ' e - * - -
° .
.

Considergble difference” in wgmber forces by MINTWC .

. and DEM, although the equilibrium is satisfied? _—_—
< "o . ‘ / , , N Y [{ N
o For botﬂ’stress.and deformatioh constraints restric<"

tions, on change in solution variablés are cle;;Iy-indidgted.'

$

-t

A
.

L .
L
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‘ CHAPTER 4  #
. . - - L
DESCRIPTION OF EXISTING COMPUTER PROGRAMS —
_ USED AND. THEIR ADAPTATION TO THE MINIMUM ‘

* WELGHT DESIGN OF A TRUSS
ke =

A Y
’,
v L 4
alr
N :d
» 4
’ ~
. - i -
' v . -
-
. . -
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. their suitability. . -

- ' < CHAPTER 4 - -
) ™

B o N !

DESCRIPTION OF EXISTING COMPUTER ﬁPOGRAMs

USED AND THEIR ADAPTATION TO THE MINIMUM ‘
WEIGHT DESIGN OF A TRUSS /

Three existing computer programs were used for this

&

t
o " ) !
. l

<4 3

study with vafiqug degrees of modificdations: 'f

1)  The analysis program (see also Section.3if§»yas.

DEM - Direct element method of truss analysis by .
: e ! g .
Wang [l]‘t R . \ ‘ ‘/o.

2) MINTWC - For%ran program for coefficients in .

‘ .
minimum truss weight é&uations. By Prof. C.K.Wang [1].

3) ;INPROG - Fortran program soilving }inear programmfhg

[

. . . . A ©
problem of mlﬁfﬁlzatlon for a given set of constraint

equations and objgéﬁive function by the Simplex method.

Program was written using outline in ‘[3ﬁ as an o

‘a551gnment in course CE 653 - "Structural Synthe51s"
given by Dr. Fang in 1970. - .
. First,‘tﬁese programs‘were used. ih their origiﬂal form

. . ) i )
"to solve the practical problem described in Chapter'5 to test ',
- a v P .

® .

. / - '
\ . "The preliminary design was done for the 2-span truss

A .

with five d‘f:erentadepths. For testing the MINTWC and o

1 “"‘" & ! b.-—" '
LINPROG, yced opE'mlzatlon problem was run once for a _

15'-0 deep t 3*§. All thlS was quite possible to do but it

also proved without doybt, that the ‘manual. calculations in- !
’ ‘s ..v ’} ’ ‘ N

¢

, ‘& - Y




' - ¥

.\‘,,

{volved in redes}gning mémbers for repeated analysis«cycles
anducompiling and key punchiné data,cards;for oﬁtimizatkdh inf
LIIPROG were excessive angﬂ“therefox‘e-.:'me':{‘actical.‘z Additions
and mpdifications were ciearly in order to make the wnole\ L,

LEAN . ’
design process run aqtomatically. The . ﬁpllow1ng ‘is"a short - T

description of the work done to these programs. ‘ g g(.

)
* . e
s . M .8

4.1 DEM~DIRECT ELEMENT METHOD OF, TRUSS '
= . ANALYSES _ . ' LA

~ . ) *
*In its original form“the program requires two sets .
[3

of menber data. %he program was altered so that only one .. |

% set of member data 1s requlred to input. > - . )

‘ it with known data and results. Examples in’'C.K. Wang ts

o !

" <...4.0."“d e
book "Matrlx Methods in Structural Analysis" were used and

s Q

the results were identical.. This Has accepted as Sufficient
N . h:.‘— °-‘ R , . .4‘; ) £ ° ‘., ) N
) proof sthat the program-DEM in its oxiginal format and also ° ?‘

'
r

The.- correctness of the program was chipked by runnlng

. 3
’ - . 4 'y

‘Wwith the modifications is correct. o
‘T ¢ . - - A )
i The DEM program'was used in the- preliminary design Of the

-

“

3two—5pan truss in the practlcal exaﬁile. mnis truss is .extern-

-ally and internally statlcally 1ndeterm1nate. For the first

l;n

analygls,member dreas were assumed ‘For the' resultlng memher s

forces new: sectlons were de51gned accordlng to c.8.A. S16

-
.

satlsfylng stress and slenderness requlrements. These

Pl

: 4 o
- structug/s were tnen re-ahalyzed an "again neW‘member‘areas’ S
v ey N ‘ F ‘

i
. - . ( . - i
° /- * LI 'i‘ hd ’ .

P 3
]
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L ]

’ w0 . . ’ [ 4
30 |2

Were chosen. 1In about 3:cycles there wég@no'more changesnin
+

the member 51zes and this was assumed to be the Optlmum : 4
-’ : T T
arrange&entﬁfor'the depth of the truss chosen. \ .

\ N ' e i : \l
. ~ ’
v,

Thls was repeated £or the trusses with™ depth 20' 0,15 0,

'7'—6" 5'-0 and 3' -Q, rela 1onsh1p bé%ween the welght of the .

»

truss amd the depth ef the truss dqpplayed 1n a graph and

optrmum depth - W1th smalle t welght'~ 6' 04- ‘wa's selected by

r
k]

_inspection. . 4 " .
" . ' . o -
“c y) B . .
Y - ‘}' * -
Using this program required a considerable amount of
, VTG . ' - ' T

o

manual work, .therefore DEM was further alttered.

\ 4 ' ' 0

DEM waspghanged to DEMTDP to be used in prellmlnarv
de51gn to produce five de51gns, varying the depth automatlcally

. It was arranged exactly the same way . es)ln the manual de51gn.

A -

From 1nput of prellmlnary member areas ahg loadlng condltlons

)
4 s
/ A8

membeY forces are'%?mputed and new discrete members. are L. ,\
chosen from a list according to CSA S16 satisfying all

- ' ANy R s - re
’ str%hgth and slenderhess requirements. Then the structure
' ) . : [ .

v M

ié again“hnalyzed with the new member aréas andy the'cycle

is repeated untll the weight of the truss does not change®

'

. bY mpte than 1§ between consecutLVe cycles. If.allowable

f [

" %3eformations are exceeded, all member areag_are upgraded, in

» .

c‘, ' / ) " (
the same rat%g. . ( .

Y

s : :
This design sequence"is repeated for variocus depths

.o ! , : .
of truss., At present,‘the program will produce designs sfor

. '
Y s ' R o~
. - ' . ]
' 4 i . s B N
, N R

© 1

. k‘ k

.



r r'
i
’f1¥e dlfferent truss depths (2 span truss - see Chapter 5)

-

1 >

’_de51gns.

. r
"in.about 15 seconds of CPU time. . N Y 4

-’

-

g Thusl with DENTDP the prellmlnary design s fully auto-

.

&

matic excépt ﬂ!’cmooslng the, optlmal depth from the varlous'

»

The graph s5till has to be drawn manually with the
added 1nfluences of the cost of the wall, cost of the columns,

cost of the approachs, etc., included. Thls also caﬁ be *

»

* done by computex. but the addltlonal programmlng effort was

c’n51dered oq’ of range for thls study.

7

I ~ . \\ ’ . B B . . ' . S -~
E/N ! . B . ' . .
. {4».2 . MINTWC 8 . ‘
3 M '
e This program 1n its orrglnal form generates changes

* h

in the memper forces caused by doubllng the areas of the -
' Al .

\ . . .
From these changes the coefficients
w“‘ .

QIigih—

members one at a time.

AN ‘.
for the stress constraint equation can be compiled.'

ally, it'%as.applicab}e to a structure of four members only
.o S ' . ~ -

and apparently was designed‘directlyffor the sample problem
in [1] ’{‘a 4-bar truyss. ;o ¢

a)' MINTWC was altered to be applicable to a truss of
N : ) ’
any number of members and also made to generate the
N 1 - . .

coefficients required for compiling the deformation

constraint equations.;(Oriéinally,'this program re-

+ quired subm1551on of pember data four times and was-

’

) - modifled to readlng member data onée oply

A

-—

)

N




1 o s

'
’ -
a2 . . ~ R , -

0 . . MINTWC in this form was used onceé to generate

o, ’

. . ‘ coefficients for a shortened version of optimization of

. - the 15'~0 deep truss of preliminary design. - The co- ' .
’ q '

‘ efficients for constraint equations were compiled man-

4

ually from the ‘data generated by MINTWC and data cards

) ’ ‘ ‘e : * - . * " "
were prepared for using in LINQBOG. Only one optimiza<~
\ . ’ ‘ o . a ) * . .

tion cycle was compLeted.It worked well and the conver- . .
' Yot * . L
. - . T
’ . gence with LINPR)G was fa.st but time spent on pre- “

paring. the data even for one cycle was exce551ve. ‘\\5
. R 6

- Y . }'Consrderlng that complete opthizatlon mlght take
several cycles and data would have to be prepared each "

time upt%l there is less than 0.5% weight,difference S

between two consettutive designs if was obviously [im- . '
[ IS . N Y , .
. . ] i AR . .
practical. ~ . . ' - .

. s ~ - "
. PR N Y

3
(S

. ' y :
b) . MINTWC was chanded\into MINTW. to compile the ¥

- ) coefficients directly in a form aeééptable to LINPROG.
) N . . . ) .':"‘ a , \ .
4.3 LINPROG : Cae L T o i

I

* This program was‘nOt‘qhanged except for minor modi-

-

. (W
ficatin when it was used as.a subroutlne and the data was

not,’ submltted w1th thevdata cards but read dlrectly from memory

e ' as 1t was compiled by the Program MINTW

o ~



2

problem in two Qifferenttways:

4 ’ ) . .
4.4 USE OF THE COMPUTER PROGRAMS IN v .
_OPTIMIZATION T . e

R ~ . N
< » [} . °
.

.
~ &
v

P

-

\ These prog}ams,were used in solving the optimization - \

,

N

ST NG

!

.a) by assumlng that member areas are available ‘in. grad—

L]

ually varying "sizes and’ thé allowable compre551ve stress

remains cbnstant during the design process. Thése are~

the aésumptions madéfin [1] and {5] °It. can be vt

14

. ¢.~con31dered reasonaBle 1f the prellmlnary desxgn data

[3

_‘1s close to optlmal and only, small changes are a;mt:.cil--v~ !

pated. Even so much of gheJCOﬁputed optimality is . (g"‘
lost at the end while ch0051ngﬁfhe nearest avallable w

-~ ™ ! .\'\' ‘f

section for the optimal. membex' § area. Its main ad-
- vantage is computational efficiency. ' _
d o e B RN

-~ B -
. -~

. A . 3y . . “, -
b) by us&ing dlsc;ete member sizes-and chodging a new buckling

"

stress. - allowable compressive stress - after each’

~

ophimization cycle. ThlS ;ncreases the computa—

©

tional st6ps‘but appeara to ‘match better with whe

.actual structural.des1gn process.

B i .
' . L

- [ i S Lo oo
Both procedureserée tried by comhining the avail- . -
| " . . :»\' ,
A v oot - .
able programs. : ’ / Cad v vy

\
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)

-

4 ¢4s4.2 Member Sizes From a List

Y

4.4.1 Gradually Vary®ng Areds and Constant
o + Allowablé Compressive Stress

<
o

In thlS form MINTh& was used.as the/?aln program
4 - - .
~'Comblned with LINPROG and DEM as subroutines. ‘

- -
— . r

- -

'

MINTW receives as 1nput on data cards member data
and allowable- compressrve stresses and deflectlons from a pre-

liminery design. MINTW compiles coefficients for constraint
equations:and objective'functions dn prlmél form. The linear -
programmlng problem"ls solved by LINPPOG. The Optlmlzed )
. areas are adjusted for any constralnt v1oIat40n; by DEM.

Then the welght of the truss is computed and comparedaw1th

’ ! ~

the weight %f_tbe truss from the previous cycle. If the

“difference in weight is more ehan 0.5% the cycle is repeated
o

<

untll the dlfference~1n .weight becomes smaller than 0.5%

td

N
or'the prescrlbed max1mum number of eycles is completed
The result is "then accepted as optimal.

Iy PO ]
3 ’ A

LI A . T IV 2N v
- A . A . -
+ - \ .
. . 0
) “ -~ N i
- 1‘ R ] LT v ¢ N
~ . . ¢ \
‘I

With the member sizes selected from a ‘list the pre-.

- llmlnarv design is comblned w1th ‘the flnal de51gn.

,'v( » ‘«Z-

. LIV N
¢ ' : . 4
As the maln program is used DEMTD with subro&ﬁineé’

s!

'MINTW LINPROG and DEMTR, where DEMTR 1s a sllghtly mOdlflfled

¢ 1

Ver51on of DEMTD. DEMTD. is 1dent1cal to DEMTDP except that it

‘de51gns a: truss~of ohe depth (Optlmal depth from prel;mlnary

'y oo . s
desrgn)d. LD
“ DEMTD recerVes as-lnput the truss geometry only



The convergerice is better if the member areas are close to

the optimum but unit values ‘would work also. Allowablé'

L 4

] L 5 -
4 * L] ‘ L L] .
. compré?xcve stress is calculated vhile discrete member is
selected) following the same code requirements as in the

{ . preliminary design. ‘The resulting arﬁas and compressive
. 3 - - - * E

stresses are then used by MINMW to proguce ‘the coefficients

’ [
X v for the constraint equations and objective function. The
/ v - - ‘
linea¥ programming problem is solved by LINPROG and optimal

. \greas adjusted by DEMTR agaih selecting discrete sections

from the list. 'These new disggste member areas agﬂ'%ew

i

allowable compressive stresses”are used by MINTW andf%xé‘

cycle is repeated until the di'fference in weight of the truss

<

C/ between the successive cycles is less than 0.5% or the pre-

[y

“scribed maximum numbér of cycles is completed. .The discrete
[} - .

: a
¢« ' sections from the. last cycle are then the final optimal ones,

-

.

This last procedure with discrete member sizes and
“\\gggiiminary design combined with final design is considered

to be the better of the.two alternatives for optimal

-

‘design of -a truss,

1

- e ’ '—
,4.5 LIMITATIONS OF THE PROPOSED METHOD

DEMTD with subroutines has some limitations, which
] ' - .

‘can Be éemoved by mQre programpming work.

>

1)  all loading combinations have to,be directly

1 »

‘r, inpué as there ‘are no provisions for adding up any p;é—
A ) . .

) N 2
.

-

.
«




4

scribed loading gases.- The program 6nly éhows max.

. min.(meﬁber forces from the loading cases giv&n as

input and designs a member for it.

2)

L) i

3)

4)

‘ \ . ’ ,
At the present time,.the list of discrete members is

1imited and includes only double angles with 3/8"spac-

ing. . , . .

N \
N . , . « .\
. o \ t - )

» - N

The éﬁange ih dead weight of the truss\if'hot .

[}

[,
included in the loads after each cycle as \t was consider-’

ed small comparea with the total loads.
‘. ( .

dyfimization in LINPROG takes much computé} time.

_For the general case of many loading conditions and .

correspondingly I%rge numbers of, constralnt equations,

it would be less tlme-consumlng to solve\the dual prﬁ}lem

instead of the primal,
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- N
. CHAPTER 5

’ A ’ )
‘ PRACTICAL EXAMPLE - 2 SPAN TRUSS

< at

]

This prébleh wag’éqlved in two different ways in
order to demonstrate the use of the existing programs in their

. \
various stages of development.

¥

1) DEM, MINTWC, LINPROG were, ue in their original forms

(with onlx small changes) aS). dependent programs.

All the necessary calculations and data preparation

>

for linking them together were done manually.

-,

New
Yata cards were prepared for, each program. As
expecteqd, this-arrangement uses much of the designer's

time and comparatively little computer -time, and is not

$

really an " automatic design sequénce. However, it
- P ’ ' '
checked out the component programs and clearly
. 3 ’
established the need for automatization. In this’

. scheme,\i{.is assumed that the allowable compressibn

t

stress remains constant during the optimization |
pfocess in MINTWC and LINPROG and the member areas

. are available in gradually wvarying sizes.
[ ’ ~

2). DEMTD, MINTW, LINPROG, DEMTR with modifications *

' were linked together as a program with subroutines- and '~

3
4

only one data submission.
i B ] ' L
’ Preliminary design to establish the optimal depth is

done by DEMTDP. ‘ = |

~ , . . . ’ |
~ . .

»J




The optimal beometry with member areas from-the

ﬁ.frest'preliminéry design are submitted to DEMTD
. \ )
with subroutines MINTWC, LINPROG and DEMTR. In-.this

scheme new discréte members are chosen from a list
o L)

after each cycle of thimiéatiqn and gew compressive

~ : stress (buckling §tress$ is chosen for each new cycle,.

L ’ t
o

| . .
’ ' . ~ This process is fully automatic except for choosing .

| ' h ' "

l -the optimal depth from the varlous prellmlnary de51gns which

Stlll have to be done by 1nspect10n from a gﬂ(ph showing '

the'relationship between'the truss depth apd~the'weight.
. . N

¢

W
H

Problem statement, agi;mptions‘for design,mathe- "o

tmatical model and loading cqndltiéhs are the same for both ' y
5 \\\ prbcedufes lf and 2),.and éré stated only once. c’ RS
2 . . . ) '

) el ¢

. Problem Statement o ’ ”

' . , “ t -

- \ . . Design a:two—spaﬁ truss for given loads with
spans -30"' and.lS' choosing the depth of the trii: and ..~ Ly

. - member areas so that the total weight of tﬁe tr@ss is minimum.

. .The depth of the truss does notﬂinfluence any other cost

. items. \

Assumptions for.Design

Material -steel F = 44 ksi (ESA G40.12)

. .
W . 1 . +

" Design specificationg - NBC 1970 and CSA S16-1969

‘ s ‘Connections~ welded - ! ek .,
’ ST . ' ¥ - @

a~
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A 4+
1 L\
‘ -
|
- 5 B .
.
°
N
¢ ) -
\
N
L
-
-
-
-
*
-
4
N\
®
(\
<
Al .
P
3
“ '
.
K
\ .
) -
v \ Yot
s [

. -
‘ ©

‘Minimum area of a member 2.12 sqg. in (2W 2% x2 x 3")-

Weight of steel 490 1bs/ft™ ¢ 0.284 lbs/in® ‘
4 . . . -
N oa ’ ' . .
. f?‘ ~ ' T . )
Deformations restricted on freedo'msr; P"3 and P6 with
- e | " ,x allow =.0.18"" .
Identical member areas : Al‘= A3, A4 = A5, A8 = A9.
‘ , e - i .
External Loads >
vy - . - .
a) Dead load: Peck and bracing P, = Py = Pp = -IK , .
< Weight of a“tx;uss' with depth h = "15'-0" is _
) - computeda from assumed areas: s,
$ ) @ ! o ‘ i
= p =4 in? \
. ,Al. A3 ‘ 4 in .
) = 2 L
_Az 5 in | .
A, = A5 = 5in? L A
‘ Lo . - "' .
e = 3 in?, ! ”.
) ‘ ' _ . '2 _ . . N ) rrn
A.7 = 2 in s P - )
. 3 = iy 2 , ‘
s AB A9 -‘;4 in , 2 o r ] 5
R - S 2 Y
Byg= 2 In R . R
~N . \ ' : ) , o
o e N e
h. § R .
. .. /“I}« il o
: 0. ' g ' ’
N ) 4 - ' A v " Y
' N . ™ )
. ¢ \\
" \
L 8 ) . .
! (" ' ; » )
’ . ( . . A4 ? . i
» » N " ‘ [
o : .
s oo . T
v \ .." i - '
1 ¢ N N
[ 1 h N v e



Joint loads due

&nneétio‘és) .. . < ‘1 )
/ _ ‘ ' i 490
P2 = —-3(245 x 4 x 180 x 5 x 180 x 2 X 254 X 4) X ——3 X
. 123
/ . . x 1. l& - 511 Ibs
‘ ‘ |
Py= Py = - 511 1Ibs | . “
P, = -5(1‘80 x 5° x 180 x 2 x' 254 x 4 x 180 x 5) x4—9%x
g 12

s

Total weight of, fruss: ’
@ W = (2x254 x5+ 4x18) x5+ 2x 180 %2 +
. ‘ 0. 2/ 254 x 4) x 0.284 x 1.10 <
t = = 2299 ibs. e
1 - 1 2 3 “ g
’l \ . - ' A

: _ Cae -
b) Live Load: (LQ%\

"\‘ . ! « ch
~
L LC3
] S t
LC4
€ ' 4

11

to weight

" % °1.1Q= - 450 lbs O
- - . -

;76 ; : ,
'Py.= ©40 k A L
Py = =40 k I | |

- ' PR A\
P1=+20k P3 =.\+23k,P4'=.‘-—3~0k:

, Ps = +S Ok PG = 0k :P? = +50 ﬁ
P8 = +5 Ok . ] ) ) Y

\! . ..&, - C

ﬁﬁ - N .

. o l
N N A
LY . ~ ~ .

p‘:)-éo k

= 254"

='l?/0.707 = 21.2'
; ; :.: = ! ='~ &
Ly = L, = 15' = 180

F
; )

of truss (10% added for °

-




.& \\a o » W - ' A
“ I Loadlng cdndi‘ti/ns for des:.g_ are live load. with -
- v ";’
dead load of ﬁk bratnng and truss added S
- . ' b
AR . . 3 CL
‘1c S P =-(1+o 511) = -"1,511 k., ' A
1 a 2 . o~ : ) ' 1
' - = . . Cot
— . Py=-(1+ o 511) - b.511.R ¢ . - s
. L P =\ (1 +0.495 4 46. 0% = - 41.495% o0
' r " ' , ) » ’ . - ’
: ‘ PR . ' : ¢
ch‘r P, = -(1.511 + 40) '= - 41.511 k - . ot v v
J/\“ Pi='-\ 1.511 k - .- ) KR . )
) . - < ) . /-f\.\_' .7 / ‘.
. ' P = 1.495 k AN
. - ‘ ) .
\ @ ‘
. ‘ - ) ’ - P ¢ ° )
| at.” b, = 511" k Cooe ' ‘ ’
C3 2 -- lc i * . - . s - . ‘e
. N N . ' ! *
2 By == (1.511 +40) = - 41.511kx = - ° o -
N ‘P,e' =,"1.-495’.}§ . - g
/_. ‘ 4
s o ~
i ; o ' . ‘ ¢ .. ¥ \ [}
v A @) Iy ,
&, LC, T o Py o= = 2000 KN . -
. - ' N & ' b oooe e,
P, =- I.511 k. 0 . . JUREAEE S y
i N 4 o x 2 L.
. .Po=+ 20.0 . g '
. \V""'"3 . ' » L] »” ‘:: ) \ . '?5. 6 i
- ‘R, = - (F 511 + 30) = - 31.511 k \
S Ce ) . » et E \ . . ’ *
Py = + 5 0 k- . N \ o
- Pe T (1 495 + 30\0) = - 31.495 & i
-~ , . N » t f v T
e B, =+ 5, o k , o . <
L ! P8 = + 5 0 k * Q.:, * . . e“d\\. ' )
_ . . R R B A R
A . - Although the we:.ght of the triss will be different
v for dlfferent truss depths, ‘the welght of_ .a 1.5' -0 deegﬁtruss is -
\ ’ . . !
used as dea 1oad for all other cases. ThlS varlatlon is \
N e W4 . .
. ¢ [ v [y .o lu. N 1 ';‘ . -"
o . v . . 5 ‘ / et PR ‘ . o' ‘
N , N ) . u ) ’ PO <
. o \“ o . :'.'. o . v, \ v
A ! \ i a ! «: . « . ‘ - o “ R *
4 oy . oo o . . ! e - o
N A ! : .




» .a . ‘ . v Y
expected to be small. in this case, compared to the total

.

DL + live joint loads. . -

.- .. 5.1 A: DEM, MINTWC, LINPRQG USED IN THEIR™ o AN

O . ~. * ORIGINAL FORM . : — °
¢ b D r ~ v
= - . s N ) ~
EY ‘J
Wlth this procedure truSses of the depths 20',15' 7'—6"
5! and ;‘—Q were de51gned g *~~\~' ~

For given loads, geometry -and assumed member afeas’the‘~\;

truss s analyzed by DEM and for the resulfing member forces

~

N b new members are designed. As this is a statically indetermin-’
ate truss, new member areas will influence the-membe; forces-

° Thereﬁore, the truss is~reanélyzed with the -new areas éqd for

-

- the new-distribdtion of forces the meﬁbers are designed .

3 K] . -

o -+ Y again. This cycle is repeated uhbil,tﬁe difference in the

s 3 ) * A .
1v ) . . . ? - . ~ N . . I . . . . . .
| o truss weights beétween the last two consecutive designs is
| , ‘ ) ki s c g
S .. lesg than 1%. This is, then, assumed- to be the optimal weight - g

.
. ¢ v
. ! . ¢

for that depth; .

; : . \ 1 o
N . * i |
\ . o Co~ \ . ' .l

In thie exaﬁﬁIe there is no chanée in’'the member areas

L \\\\\and truss Welghts between the second and thlrd analy51s. Y. |

:.1
) 1

o the areas of the 3rd ana1y51s are assumed as optimal for .
R*pgelimdnary.design of that depth. =~ ~ - -
oo 4 ‘ '

+ ! )

b ‘ ' Foll?wing ar€ the results of the analysis and design
v L ' * 4

"for the ;rﬁse ‘of .depth h = 15' arranged in Tables 1 to 6.

W

2
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.. The Relatlonshlp Between the Depth of Trusas and ‘the Weight of
‘ Truss - Truss Analysis by. DEM- Minimum Weight of Truss is_at -
‘ Depth Approx.lmately 6'-0" SO
. B : . - J“‘\r M
‘ ' . - ~ GRAPH NO. i, 0 - ' . N
| N N . . . \ -‘ ./ vl. . . ' 0 ) ‘:,
: .- . . ¢ < . T ‘ ‘“r - : '



L’ .4 . ] ' i lr - ’ Il] . '. e * e
S . .. ; o S e e l ' * S
» . O . ! . . o . 85 .
{ ¢ K . 4 &. oo . . | o
> . .— ) 1 * . ’4‘\‘. .A f‘\ . 'l\ .
' I Identical sets of analyses and dESlgns were done for
- ,’ trusses, with depths 20'-0,-7'—6?, 5'-0” and 3'T0"”w1th
- . -t , . . '; ‘.\/'" of . d
L the following resu}ts: o o ﬂ° . '
o N s e ' ‘
B . ' h =720" . Optimal weight.of .truss W= 4940 “1bs \
& ’ ' . Lot .. *’ , . ‘
: h = 15° . ) . i =\3390 lbs
. h=7'e6" o o . T +7 W= 2310 1§ '
‘ el . . / . ro4 -
h =5'-0" - ! . W= 2301 1lbs
‘ ho=3'-0 S W= 2071 1bs
- ' ) ' . oo
T These results are dlsplayed in Graph N0-~1 ' '
‘ show1ng the‘relatlonshlp between the weight .and the depth
. . of trusses. Optimal depth Was ‘chosen by inspection to.be .
N 4 . ’ ' » ’ * - <&
h=6-0 - ° / - e
. ' It was assued that the depth of the truss did not aff%dt '
4 . , " \ 3
any other cost factors in this particular case. ' See , )
) N : BN

; ‘ ; also.prohlem statement.

Flndlng optlmal depth ‘this way 1nvolves a consider-

o able amount’ of manual caleglatlon. For each depth,_ s |
: ) ‘ i A ) - |
‘approximately .three ‘analyses -and three désign cycles are.
- . : - ) s . )
, / required. This means redesigning the truss 15 times.

. . -‘ i ) l " .
. , _Analysis by“DEM is fast but the data still has to

N
. \ >

‘. be prepaqed and submltted 15 times. That is for most

i cases unreasonably expen31ve in designer' s time although

- w» =
. -

sav1ngs in welght can be large. . B ' .

g

¢




' Rede51gn1.ng the Truss forQOth.mum o ,t

DeEth o Lot V . o h =.;:‘r,6"0‘ !
" - /‘ '?'0: . e . ’ |,I ::/’A::‘ ¢ ) . : '
. , lst Cycle, A:O:eas J.n \\ g SRR
@ , v :p ; . - T . AU ‘ e . . ,
.‘ j’ v “9° :[ - - '. ’ . N ‘
.- B[ =7.06 Ay = %:34 Ay &7.06, A, = 2,62 A5 = 2.62
L s Bg=4.96 Ay ="2.12 " Ay = 7.06 . Ay = 7.06 . Aj,= 4,96 .y
e B | : v
& * & \ -~
| o ) o‘ 2t . . v
‘ Loe 2nd Cycle, Areas in%: ;o i N
/ * . . . !
o ' . i ’
l ‘° ", i Lo, . B |
. IR 706,’A2=-2.94'A3'=706 Ay = 2.62. - A = 2.62
P ) . N 1 - Y
- . A A6 = 5, 30 A, .= “2.,12‘ 'Ag = 6.50 Ag = 6:50' A 0= 3.46
Al . - Dn. . ' " ) ‘ﬁ .\ | ) . ) ., .
- \ , optimal weight‘ W = 2300.0 1lbs.: '
’ VoL ’ ‘ ) T ‘ : L
T Cramparlng welghts of trusses ‘with ‘depth 20' and optimal:¥ - 3
) S A x . ’ .o
o e 'h = 200 W = 4940 1bs
'd “ * :\ . ',.‘ i ‘ .
: A ~\ | h= ¢ W= 2300
' . * . ’ .
T . ‘ ’ Y e WG = ?640 lbs , L
A oW = 2640 5354 N &
. . Sa_vings AW = z-m 3( 100 = 53-5%\ p . I ,
‘ To demonstrate the use of MINTWC, LINPROG and bﬁﬁ-foi:'.: R
. -, ' Y . - ’ © L o
- optimization in final design the truss of depthh = = 15'~ 0.’
, ‘qu chosen. Member areas and &llowakle compressive stressels
B are taken from the preliminary degién, I
) - » ' " S ., o o - .
\ ., ~
. w N
N f o ! - a .



i’ . ) ' « ° - ' .|‘* .
; ' . L
The coefficients AF' .and AxX for compiling - '

K
constraint J.nequalitles for the linear programm1ng problem are

1N

generated- by’ MINTW{:. But coefflclents for the objectx.ve

)

&
function and also for constraints have to be calculated =

manually. See Table 7 P. 90. ' . : .

- R 0/ ' ’
¢ ’ This proced\uxe on structx;/ral désign is based -on 'linear;
/ R ‘Jprogramming. See also Sectiori/ 3/7. The form 6f the ocbjective
'4 ) . . function,stress and deformatlon constra;mts for ‘the 2 —-span truss
a )
o Lo with 10 members and elght free/doms is ‘as shown.
‘ Y ' 5 » @ - : . ' ' l \
- ¢ . * . Qbjectiwe function:
Min z = (a.°L F+A°L-‘U 4B L Ut it
"§ . N l 1 2 . 2 2 —— 3 3 3 . e o o ¢ "
IR ) ’ ' a )
. : ¥ 10 L10“10) 0.284 . |
| af _ L . )
o = . 5 v -
where ‘L = inches, A = inz, Z ' ' ) R ]
| ) ' .
- = " ’
> Y Ll - L3 = 254 » . N
/ L, = L, . 7 =Dy 180" ‘
' o .
s/
: /o
; - j'. c_,0_,0_,0_, O_ ' 2
/ Ay A,y Rg . g A0 7.06 in ‘
) " / ! i .
S = 7.06 in® v \
. . - . ‘ .
o _ 2, , 0 13 0 _gran s 2 O _ 20 _ o ga in2 |
(3] A{z = 3 56 ln H A4 AS 2.12 lm" AG' Au’ " 2.94 in |
-’ | ‘
. . R - ® ‘
. ; : o

i



¥ - Stress cpnstmr'aints : . - ° y >
> ) Tl
* %‘ i s ' o N R ll.“ ‘
. . U ' u U N
‘AF"j‘.lk 1 + AFlzk 2+- . ’- . '*'[AF: (f k)aLL A ’ ] ‘ i + .. ::
: lo] : o PR
. ‘ 0 '-l ®* a + F %kUg + AF lok 10 — F ik’ ForJF i'k' -5_ 0 - ?‘
¢ - . LL. o_"' ‘ ."' I
/‘ ) AF lkUaL' + AFle 2+.... +[AFilk : (£,)a ,z} 1]"1 +
\ [ - -
. ) . - A\
. o o | X
~ \ + .AFig U9 + AF:LlO 10 - ¥ iKk? For“::"pik <0 N )
i '.'/ ' s . ) ' \
' M ’ L
i= 1,2, ...10 ~ k=1,2,3,4 '
s Z s . n
“ i . . ! .
1 ' ' Y \
, In these equations (fj,)all = 26 4 ksi for tensn.on
) e ® A " members
L e (£ix)all = buckling stress - from
' Ve ~ ‘ prellm.mary des1gn for
. v / compression members.
S Deformation constraipts: AR -
A - BRpplp b eld b bRy g AXjrohio 2 Ky)atk -
. e q, O' 4 ; 6,:_-
a : o R oo N
< : o . ' ’ " . ‘.
- Forﬁ x 'ik < 0 ® ) r" . :
. & 4 ; - 2xo ik ’ ' "
' ) E SN ’
3 ‘ . R [ L4
For. X.,.>. B - :
I A S |
- - - 'i = l 2 LR X 8 k '-T. ,]'7213'$ vt \_'_‘;.‘;a B .
& ‘ \ . o . H o tr§0:- ,1 ‘)
) ; . i ,‘ . \ . 3 ot wt,‘u:ﬁ’ L L.b .‘,
AF'"‘and .'AX are compiled by MINTWC. -~ Y T® ., q,
. v v ° ) o . \ :b” , .‘.q’
' T O LK 5 g
- . ’ / &" |
. , & ¥ g L
. .o v ) ot @ o; )




Slde Constralnt5°

. [ -

2 -:“ Upper and 1ower bounds on solutlon varlables ‘are -

.
-~ ) . ]

Lo set ‘as ey ;20 and 0 80 g e
. . : . - o
, . e - ".‘,' R o . tT ' . )
. " :-The mlnlmum areas for all mgmbers A%ﬁn = 2.12 inzn
o . ., Identical Member Areas - )

. , ! ]
. s ‘ ““

All 1nequa11t1es are made into equatlons by u31ng.slack

varrables.’ The linear programmlng problem will be solved by the’

-

\@implex algorlthm with.lnfea51b111ty function (artlflcial-

0

. ’ ° -

* variables) to start. All equations are brpught to¥a form

- C . where. the right-hand gide is positive.

{/ ‘Units .Useds J ¢ . - S . .

»

=
=)
e,
c
‘et

t
i

30,000 ksi =~ 3

e




AX =% inches Lo ‘

4 B
kips N
L4 . ™ s ?’

»  Coefficients AFijk,.AXijk, FOik, Xik are. taken -.

from MINTWC directly. AFijk - (fik)all. A°i and
) . [+ -
(Xik)all -~ 2%x%ik will be computed before writing constraint

equations. Seg Table 7. P-90.

.
Y 5 o

T

For a 10 member¥ truss and 4 foading conditions,

if all stress qonstraints, defd*mafion constraints and
A

side constraihts are applied the linear prégramming problem

becomeé'quite large and not very well-suitable for demonstrat-

3

ing manual data preparation, ‘ .

LY

The size of tﬁéévarious mat:ices‘in the.Simplex
X N . -

Y

: « ‘
tableau will be as follows: . .o 0 e
/
- <o I3
Stress constraints . -[AF] 40 x 10 .
" Deformation constraints : [AX] 32 x 10 oo 7

, M /’1,"
Upper bound$ on solutien variables [I] 90 x 10

Lower bo&ﬁég on solution variables /[I] 10 x 10

Minimum areas of members . [AO] 16 x 10
Identical areas of members g [I1 3 x10
£ . . ‘ o . o
. ' NR =40 + 32 4,10 + 10 + 10 *'3 =" 105 ‘ v
n = 10 - number o6f design variables .. °

A .

- v

105 - number of slack variables assuming all constr?intg '

3
i

to be inequalities ] .

.
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3 ) . ‘ 4 .
m'= 105 - number of artificial variables -\

+

N columns = 10 + 105 + 105 = 220

-

Y

\ S Simplex tableau will have 105 + 2 = 107 rows, ' ¢
° 220 + 1 = 221 columns, with a basis matrix 105 x 105.

T . That is a’ large matrix to handle$_ \
\TI\ s + » )

To simplify this demonstrasion problem for manual
data prepa;ation,.itIWas reduqed’by using one loading ' r

condition, LC4 ‘only.

| . - °

»

13

Deformations are constrained in freedoms X3 and X6

. , - . . _
o ' only, but all side constraints are observed. oo ' ~

- | | To reduce the p;o}j’lem further,she condition is
considered that, some members are specified to have identical
» areas. By assuming the original aréas of those members.
identical, tﬁe oﬁtimal design variables will be identicg]J
o~ " #lso. That reduces the numbei of iﬁdependgnt design variables

5 s ~ 3

by 3. ‘ : v S ¥

*y

{

a

In this problem:
L g ' ’ H

_ ‘ o o ' =
) Al = A3, Al A3 P the;efore Ul U3 (
* . a,="a., A°%=2° therefore U; = U '
. 4 5’ 4 5 ' 4 5
. . |
> ‘A8‘= Ag,- Aaqm= Ago, therefore U, = U

T

That leaves only 7 independent vériables in this

- problem'and also eliniinates 3 cons;raint equ;tibns, specifying _ ‘-

2



¢ N
Al v

¥
~

the identical member’areas.-l}be new design variables will

be: ,{ ' : v ‘ v .
| " e - 11 . .
} . * e R T R o
¢ = \ = |
. Uz Uz '
3 ! 0. ,' !
-« ' -
~ U3’ = Uy = Ug ,
N ~— " -
| o , .U4 U5 , ‘ )
‘ 1 [} ’ ( - , :
. . . U.'"'=1U ) i
. 5 7 : ,
L t ) ) & . '.I ' ’ ’ . o )‘
' = = o
- : : .. - Ug =Ug = U .
’ ' - ‘ ‘
? Uz % Yy
Numberiof rows in simplex tableau basis: . C
) ‘\\‘ & ' . ' e .
e, ) . b S R
. ‘NR =10 + 2 + 7 + 7 + 7 = 33 ‘ ) .
- - | . L . \ t , ) ] I
' Number of columns: " . : o o
B * ! ’ ’ "“b' ) ) ) ‘
\ “ ' ) ' . ‘ . - ) '“ ‘
NCOL '= 7 +'33 + 33 = 73 t . . , |
Basis matrix for this.reduced problem will be of |
L a sizer 33 x 33. -Constraint gguations with slack variables, |
. added and right-hand side made positive, with objective .,
. , . ) . Voo !
' functions for the linear programming prgblem as handled
by LINPROG ate as follows: . . -
1 . : - . . \ ~ . \\\.\‘ . .
) . Stress constraints: = _, ‘~‘. Ty \j\i\\&\
Y ' b : '
— . .
4 s
‘ , . .
. - o 1] 7/ )
. . ,v
1 - A



‘ /oo | | ) ¢ - 94
1) 184.4166U1+0.196505+7.36070}-0. 1145é'+o 056803-1.4464U;-
S : © =4.079%6U1-1.0Uy = .8.8679
; : 2)-2.121403 +95.5105+5.3303-0. 153703 ~1.15796+0.2278U5-1.176 20}~
‘ g YD -1.0Uy = 1.6619"
‘ 3) 182.83501-0.39300}+15.215U}-.22900}+0.113604-2. 892704~ ,
9 .. -8.159205-1.0U, = 8.1446
: 4) 1. 1176Ui+0 1390U5+50. 795U3+0 OBlOU& -0.0401UL+1.02290} +
: + 2.88470%-1, oull = 48.7294
5) l.2315Ui-0.0762Ué+45.608105+0.Q§92U& 1. 2783U5+2 8450U; + |
: : + 7.4779U4-1.0U0,, = 19.6321
6)-2.23520}-0. 2779U'+10 4096U%+9. 69ooua+o 0803U%-2.0455U¢ ~
| + 5. 7594u; 1.0U;5 = 0.7591,
7) 0.11380}-0.2152U)-5.0796U}+0.0083U)+76.2600U;+1.8176U; +
} : ©° + 4.59320%-1.0U,, = 7.3858
‘8)-1.4195Ui~0{5008Ué+0.;771U&rq.1029ua—1.6943Ué+36 22100 + ‘
' ‘ + 2.416105-1.00 . = 21.7666
D 9)-0.16110i+o.3043Ué+7.1837u§—o,01;7ua+1.7511Ué+183 4287U§: :
‘ - = 6.4957U3-1.0U, q 34.0787
10)-2. 3491Ui 0.06270)+15.502503-0. 17ozua+1 3185U1-3.8631U% +
. ‘ + 5918400U1-1.0U),= 61.7868
a - _ S . §

11)

12)

13)
14)

15)

[)
0.60474Ul ’ 3 ) :

+

+

J

U

u.

Deformation constraints:

20

21

\ t

i

+0.001466 U'+0.090200'-0.000200'-0 0521U0; 0.055300& +

+ 0.011270%-1.0U,,= 0.0712

7 18

“

0.09354U' 0 00061U +0. 05834U3+0 006272U 110, 00919U +0. 03004U6 ¥
) _ .+ 0. ozgssu; 1 .00, = 0.065 \
Upper bounds on}aesign variables: . " S R 4 ‘
= 1.20 .' : . SN \‘f
= 1.20 o - -
\ :

+

U

22

1.20
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. . ¢ R - . . .
®& « ) “‘ .' ) A . ) Lo
.2 ! ¥ ‘ ,
] 3 .
16)7 Uy +Upy =1.20 .
o : . : . v
] -
| 17 U+ Uy, 51,20
18) U + U.. = 1.20 R
p % " Vas.
] N — '
19) Uy ¥ Upeo= 1.20 o
- )

Lower bounds on degrig'ng variables:

& . : ' '
' " * . E:‘.\
t - - .
_ / 20) Ul 'U27 0.80 ., .
! - =
) 21) U2 '?28 0.80 .
. e " Y
‘ 22) Ué, - U29 =.0.80 )
I‘ - - [
23) U, \030 o.%o
] - = 5
24) U5 A U31\‘ 0.80 )
o1 - =
25)° U§ p32 0.80 a .
| B , = ]
26) U7 U33 0.80 \
{ ! )
' . ' Minimum member areas: e .
27Y 4.0 U3-Uy, = 2.12
"28)5.0 Ué- 35 = 2.12 * ¢ - " ’
' S TN ‘
'29)5., LI, ‘= A :
)5.0 Ul-Use = 2,12 »
31)2.0 Ué-U38,="2.12 L : ) 1
32)4.0 Ué_oU39 = 2.12 ) ‘ e
a ¢ . “. .c '
ga)ﬁLp U77Us07% 212 ]
D , b Yyt .
. . 4 o; L \
5l i . T"J ’f’}:'
. ] r ‘




B

~0bje&tive function: - . " ' ‘ tw o

'

\ ' t ' T ' 1
341 1028.0Ul+168U2+218.U3+150.U4+}50.Us+1028.Ué +

' =
+ 369.U7 Z

Data cards were prepared (34 cards) and the optimi?%tiqn problem

was solved directly by . computer prbgram'LINPROG. “‘ X

"~

~

-
R

A reduction in ared is indicated for all members

¢

> except A, and A5 which were a minimum@oridinélly.

The total optimal weight of the truss is

ey

v .. L . ' . N *
| Z = 2540.31 1bs ¢

as compared with preliminary design
' 3

W = 3082 lbs L
F) T .

a saving in weight

©

AW = 3082-2540.31 ='541.69 lbs
J
_ 541.69 i} a | o
‘ ‘ W = 2322 L 100 = 17.5% ,

for one cycle. Not all of this saving can be realized as

- + N . &
discrete sections cannot be matched exactly to the required

area.

o B

This result was accepted as a proof that the.
programs MINTWC and LINPROG are in working order and can be

used for final design with the necessary changes to reduce

3 * , ot




" all the necessary coefficients for objective function "and

. the manual work on input.

Next, the saﬁe probiem with h = 6'-0 was solved using

the computerwprogram MINTW as modified from MINTWC to compile

~

constraints. See (4.2b). Theﬁ_it was<iinked°with LINPROG

"and DEMTR as subfaut%nesu Member areas and allowable com- .

5 il
pressive stresses were takem from the preliminary design.

ol

: jTﬁe optimum weight was reached in. three cyclés
. . . > i Q» ., ’

N . . .° b, .
and again considerable saving was indicated.

MY
’
.

Preliminary design weight ° W, = 2296.37 1bs ,
Final design - optimal weight W, = 1974.77 lbs
' C 321.60 lbs
. 321.50 _ ‘
Saving 3296.37 x 100 = 14% ’ j
5.2 DEM, MINTWC, LINPROG WITH MODIFICATIONS v

AS AN AUTOMATIC DESIGN SEQUENCE CHOOSING
MEMBERS FROM A LIST - \

Preliminary design by DEMTDP.

-

The same design procedure is followed as that of

-

Section 5.1 except that it is done auﬁpmaticqlly by computer.

.
1%

1)> By. submitting data for a truss Qf'depth 11'-0", the
L : : . -
computer .program DEMITDP designs 5 optimal weight trusses

with one. foot dkfference in depth b§§weeh the "successive.
{




. 98
(\ -
d N s — ' } 3
, esigns "y
. . s Ha
- h = 11" !\w = '92510.47~1bs ®
: > " h = 10 iW.= 2259.49 1bs
h =" 9 = 2170.54 1lbs, .
"h = 8 W= 2164.08 1bs '
. h= 70 W = 2180.74 1bs
o /- - . ¢ L} -
| 2) From data for a truss of depth h = 9': . ,
o . . o L !
. ‘ h= g9 W= 2169.50 lbs:
o . h= g | w="i?§4.08 1bs -
: C h= o7 w= 2080.74 1bs |
QI R - . - . s
h= ¢ W'= 2278.99 1lbs!
- S h =5 W = 2288.52 lbs\
. . . _— ‘ . - " )
- T T ' ‘ , o \
3) 'From data for a truss of h = 15'-0"and step
» . - f 8
of 3'~0": A ' >
& ' //’ ' .
-  #®° " n =15 W = 3070.13 1lbs \
‘ " h=12'.; W.= 2461.82 lbs
N ! ’
4 h= 9 . W = 217034 1bs '
" h= 6 °* W= 2278.99 1lbs ‘
h =. 3 , W= .5331.40 1bs
' ¢ . [
(0" "_' . P .
»v ¢ . .
q h - 4 < s ( ; ! '
_ ' &
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submitted.

tion by solving the linear programming problem. ,

i As we can see from.overlepping &ésigns the weights

‘

S

! ) . C o tetas
of the trusses_are the same no matter what depth is injtially

- ‘ , These results are disple;zh in Graph .No. 2, on

4

page 98, showing the relationship between the depth of the

[~

truss and the weight. . The results are not qulte identical ' |

to those of procedureS l" bu,t they are close’ and 1nd1cate that ° /

/

the curve in the optlmal aréa lS quite flat. In this 1ast

procedure where we have more data in the optimal depth regldn¢

3

the optlmalfdepth establlshed by 1nspectlbn is approxiniately

o

..F
~ - d‘ -~ -

17'-‘6“- : ~ - < ’ E (] " -

~ ' @ .
. - o

Final Design .

AN

In a normal design there will not be so many truss

)

“depths investigateé and .chances are remote that the optfhel

depth\nill coincide with one of the coﬁputed values. There-

'

fore, the fYnal design sequence is provided with a prelimin-

ary design part DMTD which will do prelimina}y design and
optimization of the truss of the optimal'depth the same way
as DEMIDP. The data from there will be taken by MINTW,

LINPROG and DEMTR which will do the final design and optimiza-

-

-
. . L
.

< - L 3
The final design requires only one data submission

of optimal depth h = 7'-6" and the member areas from the

~Dpreliminaty design of the truss with the depth closest to the

o



- optimai. ' )
. . . .

. The final result was the truss of weight E

g ‘ \L

W = 2134.74 1lbs and-member sizes as follows: S S

. Member 1" Sectlmp 2774 x 3x1/2 Area 6.50 in2

\ .,,.Af”“ .
{ ' yMember 2 SectionZ2713 x 2 X 5/16 Area 2.93 1n2 U

o Member 3 Section, 274 x 3 X 1/2 Area 6.50 in? ' h
Member 4  Section 27 23 x\l& x 5/16 Area 2.30 inz,
. Member 5 Sectien‘ 27072% x 13 » 5/15° Area 2.30 in2'

-

AN

Member 6 . Section 2713} x 3 x 5/16 Area 3.86 in
& \ S

r

Mémbex 7. Section 27124 x 2 x 1/4 Area 2.12 in'z ' )
. Member 8 Section: 2714 x 3 x 7/16  Area 5.74 in? "
Member 49 LSec|tion 2714 x 3 x 7/16 .. Area 5.74 in? . ' .
Member 10 Section 27)r3% x 3 x 5/16 Area 3.86 in? -
. . . . -
In procedure 5.1 a truss of ;he depth‘h = 6'-0" was .

optimized with ‘the total weight W = 1974.77 lbs. Here, it

was .done assuming that members of any area are available -and* ‘
f ! ’ .
’ LA that allowable compression stress remains constant during the i

-

.design process.

The same truss with a depth h = 6'- 0“ ‘was then

| ' optimized and des1gned by procedure 5. 2 with members selected '

”~

| - . from .a list. The optimal weight of the truss in this case, is
| - .
larger than in procedure 5.2.

.

/

o W = 2278.89 lbs . ;
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o

‘Such a resull{: was to be expected and.p'rovegé .ﬂi:hai:,: for' practi‘—'

- i A i
, cal desigh procedure 5.2 'is to be -recommended. .: .
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CHAPTER 6 . . S
| ) e \/5 i / : 5 .«
o . CONCLUSTONS & ~ : ‘
oo N _ ‘ Yoo,
' N - - » - . \-' o . .
(1). ., A design and optimization sequence added to®a "

- L

,

‘structural analysis program saves .a considerable

. . PRy

amount of material and'desﬁgner's time . N—" L oa
N P . -
. ? . ‘ ‘Q ) . X R
(2) It is preferable to.use:giscrdﬁ sections in “the

ooptimizétion process using a new calculated allowable

buckling stress for each cycle.

) ' Vo T ¢ A . -;

. ' I‘:: .

(3) If the choicerof depth of the truss is to be made.
.by the structural designer, the proposed metth of

preliminary dgsign'with various depths ié practical

and can save more material than the final optimization

% .of truss members for a given depth. . ;

.

L]
. 1)

—4) , : 'Preliminﬁiy design to achieve fully stressed" .,
‘ ' ,‘ l ’ ’ :{;{d ¢ A ‘

i ) *. design uses comparatively little computer time and /
o H . L [] o ¢

o ' oL ~ brings the design .close to the optimal. It can

. : )

‘o - also be used as the final design pro¢edure where -

4 .

a1 -
~ )
.

-t ’ conditions do not warrant the expense of additional
\ " wcomputer time for the final. design and’optimization by

.. H
linedr- programming.




Y

.

(5) For'multiple 1oadilng conditions, and stress and

R deformatlon gonstraints, design and 'optlmlzatlon by linear
v L Y \ % ,
v programnung useg a cons:.derable amount of computer

- 0
’

time when the solutlon is sought by solv1ng the primal
problem .Sav:.ngs. in compute.:q time .can be effected by

solving dual‘problems ‘instead. This would require

considerable modification of the MINTW and LINPROG computer

programmes and Was%)c,bnsidered to f)g beyond‘ the scope Pf

this study. i : R
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i . APPENDIX A

-~ e - ¢ * S °
DETAILS AND LISTING OF COMPUTER PROGRAMS DEMTDP

’ AND DEMTD : '

: ) .
o <2 0 .
. . AV
. ’_I:\.\ i} -

-

. x Comput'er outputs used for the practical problém solved
in this study (2 span truss) are available from the

‘ kel . .
. author. ’
o . .
i ' .
57 ¢ ’\-
. - } 4 . - /‘
.
‘ v o 0
+ —e , 3 . A
{
7
1
. .
i .~ =
N .
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‘1 : _ WAPPENDIX A ' | v
. DETAILS AND LISTING OF COMPUTER PROGRAMS

' . \\ ; . . DEMTDP AND DEMTD , ‘.
, ' . a

» ‘ta )

i 4

T - Al DETAILS OF COMPUTER PROGRAM DEMTDP
, T ™ -

i “

This is.ﬁdsggally the'éomputer brogram."Direct lement
Méthodslof Truss Analysis® [1]. It has been modified and
exéénded to do.preliminary‘design for a series of .trusses with

varying depth. . . , ; .
. ' / 4
]

It analyﬁes a truss with given'geometry, member sizes

o

and loading. Ther designs new members for maximum or mini- l
N ‘

;mum member forces;according to C.S.A. S16 choosing members

from a list, and calculates the weight of the truss. Then analysis
. : . .
is repeated with the new member areas, for new member forces

t / new sections are chosen from the list, thegweight of the truss is

' ' 7
computed apd compared with the weight from the previous design.

' . . o
1f the difference between the two successive designs is more

than 1% of the total truss weigh®, the design cycle is repeated |
s L ) -
until the difference is less than 1% or the maximum number of

cycles is reached.For each cycle the deflections of preselected
. . . I P -
. %, joints are checked and if they are larger than allowable all

A

member areas . are upgraded so that this violation is removed.

his. is tﬁ%ﬁégdopted as the optimum design for that depth of

t

"Then automatically, the depth of the "truss is reduced

. “w
v
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" by 12" and the same design pfodédure is repeated. At presenﬁ,

.the prbgfam will design 5 trusses in a row with a depth varying

by 12 dnches between successive designs.

),

'In the prograﬁﬁ‘ ﬁP = degrees of freedom of truss
l. * //’ —
- ,NF7= number of members.of truss
v, — . .
. NLC = number of loading conditions !
’ ' ot ’ ~
Max NP = 21 . . »
- T - ~ &
. Max NF = 21 /
‘ Max NLC = ' '

10 . S

<

The procedure of analysis-is described in detail in
" Section 4.1. Some explanatory noteé about the prog;amé

follow. . ' .
Is 4 3

o Ay
L]

Lines 1-6 Dimension statements

<

7-232Read and print design constants and

\ ! 3

. " .1list of available sections
‘ 2 24-28 Read and print member data
29-34 Computes’' constants us é in designing member§'§§}l
‘. according to C.S.A./1516
k | 35-140 ggmp?iég’and prints’ X matrix
N 60 Computes the weight of the truss

83-84 Prints weight of truss . ,
: \ )
N 85-92' Check the difference of weight between

' two consecutive designs and also check if

the maximum number of cycles is not exceeded

.




141-159 - Computes and prints ratio X allow/X

" 160-182

‘
i

4

183-196
197-245

246-275
276

and sé;ects the- largest

Computes and prints member forces in
order of loading conditions

Find ;aximum and minimum of memger forces .
Design truss members for maxiqum and

minimum forces according to C.S.A. S16

choosing membars from the list

Make areas of identical members equal

Repeat design cycle with new areas until
difference in weigh£ between the two

successive Eycles is less'thgh 1% or .
when ﬁgximum’numher'of cycles is
reached. If deflection constraints are
violated, member areas a?e adjusted up-
wards, final analysis with those areas
is made and neW"mémbers'choser.l to suit.

This is then accepted as final des%gn
Z

1forcthat depth of truss.

v

o

Depth of truss is decreased by 12" and analy-

sis and desiign is repeated for the few depth

. of truss.

o

END of progr%m.

\‘ W™ YN
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A.2 DETAILS OF COMPUTER PROGRAM DEMTD.

N

fe

. This program conéists of the main program DEMTD and

three subroutines MINTW, LINPROG and DEMTR.

\

DEMTD and DEMTR are modificatipns of Ehe

,computer program "Direct Element Method of Truss Analysis"’

. ) | . .
[1] which is almost identical to DEMTDP except that the

!

depth of the truss is not varied. @

» -
.

’/g;;;D designs and optimizes a truss of optimal depth

as established in the preliminary design by the program -~

DEMTDP .

The main program DEMTD repeats the same analysis and

4

design sequence. as DEMTDP but fof one depth only. .

g @

Then the subroditine MINTW is called and cbmputes the

necessary coefficients for the linear programming probiem. e

Next is called subroutine LINPROG which solves the

linear programming problems by the Simplex method and computes

¢

the optimal membex areas. .
® ) ‘ P

2

'. Then subroutine DEMTR is called. It analyzes the truss

with éhe optimal member areas, adjusts all mgmber areas to
remove defléction' violations if any, and.designs new members
fdr the new member fdrces. The néw memBer~areas and ngw éllqw—
able stresses are returned to MINTW and the optimizatién process
is
0

[y

‘repeated until the difference in weights~betwéen two successive
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designs is less.than 0.5% o'x" max. numher }f cycles has.

N N * N\ . . ; . . o '
‘been completed.  Thisllis”then taken as optimal design.
. \ - . -

Input and constants for DEM'i‘D are the ‘same' as for‘ DEMTDP <
. and wil_l not be repeated. Some explanatory ‘noAt-es in the |
‘ 'programmi'ngjcomponents f*olié_w. . o )
N ‘ g . R ! g
A2.1 Main Program
DEMTD is as DEMTDP except that the design is d(;ne f?r. o
one depth only. (Optimal depth £rdm ‘graph of pré’limir;ary %
design). - — . ‘

0

22.2 - Subrodutine MINTW

-

Lines 1-15 . Base, dimensions and notations /

{ }6-30 Read and print additional, da

31-283 Comkute changes in member £y '

” & n

joint deformations due to sficcess

changes 'in member areas (increased 100%)

one at a time -
P

¢ 284-297  Generate - sl'acl% variables for stress
b . comstraints ) >
. 298-—3‘21 Generate coefficiénts for deformation
- ° ‘constraints | ,
L 322-332. "Gen‘erate coefficients ‘on diagonal
. 33%/ Make all ‘st:r.-'ess constraint equations
- < T right}—hand side positive.
‘ _34‘3-357 ~ Gemerate slack variables’ for deformation

sconstraints,



358-368 Make all defq;mation constraint%°

%
rlght~hand sxde positive B
‘ 369-390 - Generate upper and lower bounds of de51gn

variables and constralnts of'mlnlmum .

area for members

391—400:! Generate coefficients for identlédl area
equa&ioﬁs ) .
‘401—40'2‘ Prlnt coeff1c1ents for Slmp'x tableau
403 Calls LINPROG 3
404 Calls DEMTR_ .
.

|
407-416 . Compare weights of the last two consecu- ‘
tive designs. If difference (s more than
f . N ‘
~ ' 0.5% repeat the'design cycle MINTW-LINPROG-

DEMTR until it is less than 0.5% or the
I d ' - ’ A\l
‘maximum pumber of cycles is completed. °*

whichever comes first. Return to 7

DEMTD and end the progran.

22.3 Subroutine LINPROG -

<

v -

LINPROG solyes by the Simplex method the standard linear

¢
programmlng problem given with all the coeff1c1ents for the

tableau. The program adds art1f1c1a1 variables and solves® éhe

minimization problem. ¢ . o . T

LA . ”z‘i



"Lines l—:ll .

_‘Q

’

12-17

18-23 -

23-27

28~41

- 42-48

49-68

4

69-83
. 84-98

94

'99-106

. Generate artificiaY variables - .

,

-y .
’I - » - W (] i
Give basis, dimensions, establish .

'qonstants for Simblex tableau.

Generate infeasibility functions.

Generate and prints column humbers

*for injtial base
Select pivot column f&naing largest.

(absolﬁte value) ‘negative coefficients ° -

in "W" row '

‘Check if B column ‘is not negétiVe.

/ -
~ If negative print "infeasible solution"
r N ' N

and stop program.

LA 4

Generate ratios R(I) = A(I,NB)/A(I,IS). '

Find smallest R({I). If all A(I,18) - -
negative, print “Funqtion,unbounded”

A

and stop program.

Solve for the new basis L oo

Repeat cycle of solving infeasibility'

'fﬁhdtion until qli coe%fibientsihn -,

| 1eﬁ§_h§né side in infeasibility funcEien
are positive or zero. If B column in

infeasibility function is not zero ptint,
"infeasible solution" and stop program

Set MW = M + 1 and do optim{zatioﬁ

- o

cycles for objective  function A

Print final tableau of 6ptimum solution’.

O
4
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\4"5’ . 3
and values

hl

%

[

a N

from LINPROG, upqradés all areas if so

-~ .

-

T
;

,Oof variables

/

&

o

.
‘e

This program is almost-identical !L,DEMTD.. It

o

’

< s . ‘ . \ . I
" analyses ‘the structure with the new optimal member 'areas

Al

me deflection con-

straints are violated  and designs new members for the new

[
member forces.
) H . & v < )
weight and returns to MINY] for a new

- f A
truss Weights-between/two-consecutfve designs is more tnan’

»
0.5%. & 7
< i dl
; -
.
«
. 7
1. ,
X'. :}
‘ v
a.
&
-
v .

(X4 .

At th

e end, the program cOmputesifhe truss

L

)

7

107116 Print all design yariawies in ascending
¢ order - ‘ '
. - ‘ ‘e
117, ’ Cpmpute-sye fiew optimal member areas
i ) . _and print ~
i ~ 123 Return - . -
. - PO . . . .
fol124 END ' -
. , ,Q{ r ‘ . . \{
A2.4 ° Subroutine DEMTR ' >

cycle iﬁjtg; difference in
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,A.3 LISTING OF COMPUTER PROGRAM DEMTDP
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PROGRAM DEM
Y

252
‘15

25¢

51

253
20 254

30

35

N R
40

"’ 103
45

"%

105

. 20¢

s¢

\

e . - e coc e60d §'Y Y3-0-P296 0P1at 7408

PROGRAM OEMTOP(INPUT,QUTPUT) , )

OIMENSION ASAT(ZZ;ZZ),P(?i.O) X(22,8), F(iﬂ).INDEX(Zi)
DIHENSION "NO(Zl’9NPN‘21)“’,HVA(21,3)

OIMENSION FALLOH(ZZ),H(iO),Rx(ZZ 8)

DIMENSION NA(GO,S).NS(ZB),FHIN(ZB),FHAX(ZB),NO(60).NAHE(6092)
REAL NA

READ 101, NP, NF, NLC.KCH,KHH,NL.NLNIN NTPL,NTPZ
-FORMAT (91I5)

PRINT 101 ,NP  NFyNLC, KCH o KHMy NLy NLMINyNTPL ,NTP2
READ 102, E,FY,XAtL . ¢
FORMAT(2X43F10.4) 2
PRINT 10 E FY,XALL
PRINT 252 )
FORMAT 125X ,17HLIST OF SECTIONS.,) - .
DO 250 I=1,4NL

READ 251 ,NO(I), (NAME(I,J) 3J21,2),(NA(I,J) J=1,5)
FORMAT (IB.ZX:AiU A6,5F10o9) -
00 253 I=1,NL *
PRINT254,NO(I).(NAHE(I.J),J-l,Z),(NA(I.J)'J=1'5)
FORMAT (I5,2XyA10,3A6,5F10.4)

NO(I)= IOENTIFICATION NUMBER,

NACI,1)= AREA NAC(I,2)= RX NA(I,3)=x RY

\5 NACI, )= B WIOTH OF FLANGEs NA(I,5)= T THICKNESS OF FLANGE., -

PRINT 104
FORMAT(LQHJO IRECT ELEMENT METHOD OF TRUSS ANALYSISII) »
D0 206 I=1,4NF
READ 106, HNO(I),(NPN(I,J!,J-tgk),(HVA(I J) e Jd=1,3) SFALLONHCI)
FDRHAT(SI5,BF10 )
FALLT=0.6%FY
CO0=30.0-FY/5,.0 .
IF(C0.GT.20.,0) CO=20.0 ) . -
CP=SQRT(286000.0/(FY~ 13.0)) \ . : -
IF(CP.LT.78.0) CP=78.0 R [ 4
XM={0.60*FVY=-149000.0/(CP*CP))/Z(CP=-CO) : . o
LJ=NT91 . *
LE=NTP2 .
KH=4 :
KC=1
NPPL=NP+L - .-
00 103 I=1,NPP{ B »
00 103 J=i,NPP4 ' :
ASATSI,J)=0. .
PRINT 105, : . ’ .
FONHAT (27HOHEHBER NP1 NP2 NP3 NP4, 7X, ‘1HH, 11X, 1HV, 11X,
1 1HA, 11X, 1KL, 11X, 3JHCOS, 12X, IHSINJ12X, 6HFALLOW 12Xy 2HNS/)
=K( ) . .
WD =l0.0 . .
00 108 I=1,NF . ’
HEMNO=MNOLI) ’ , :
NPL=NPN (I,1 . o .
NP2=NPN(I,2) )
NP3=NPN(T,3) : T .
NPL=NPN(I,4)
H=HVA(I,1):
VZHVAL(L,2) -

.
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PROGRAM

-

T

60

107

65

75

)‘ 108

149

. 21¢

110

: 111
95

. \eiIF

. ' 112
113

100
. 114
115

105-

116

© 4110

DENTDP )

AzHVALT,3) F : X
XL2SQRT (H*H+Y#V)

XCOS=H/XL

XSINZV/XL
H(J!-M(J)*A'XL‘D.Z&“

t

COC 6600 FTN v3,0-P296 OPT=1 7u/08

Ry

PRINT 107,MENNO, NPI,NPZ;NPJ,NP%,H V,A.XL,XCOS,XSIN,FQLLOH(I)

14NSUD)

TEMPi=E*A*XCOS*XCOS/ XL

FORMAT 11"0m15,16,315.hF}2-hp3F15.B.SX,IS) * . s\\\\_’

TEMP2=E*A*XCOS*XSIN/ XL

TEMP3=E¥A®XSIN®XSIN/XL

ASAT(NPL  NPL)= ASAT(NP&@NP!)#TEHPi
ASAT(NPL,NR2)=ASATINPL1,NP2)+TEMP2
ASATINPL,NP3)=ASAT(NPL,NP3)~-TEMPY
ASATINPL 4 NPL)=ASATI(NPL,NPK)=~TEMP2
ASAT(NP2,NPL)=ASAT(NP2,NP1)+TEMP2
ASATINP2,NP2)=ASAT (NP2, NP2) +TEMPJ
ASAT(NP2,NP3)=ASATINPZ, NP3) -TEMP2
ASAT(NP2,NP4)=ASATINP2, NPL)-TENP3
ASAT(NP3 ,NP1)=ASAT(NP3I4NP1)=TEMPL
ASAT(NPZ, NP2) = ASAT(NP3I,NP2)=TEMP2

ASAT(NP3, NPJ)‘ASAT(NP3,NP3)0TEHP1.

hSAT(NPB,NPh)-ASAT(NPS,NPb)‘TEHPZ
ASAT(NP& ,NPL{)=ASAT (NPLyNP1) =TEMP2
ASAT(NP4,NP2)=ASAT(NPU4,NP2)-TEMP3
Asurtnpu.ups)zasnr(NP«,N93)+TEHPZ
ASAT (NP4 ,NP4)=ASAT (NP4, NP4) ¢+ TEMPI
PRINT 140,d4,HtJ)

FORHAT (25X, 7THWEIGHT ,12,3H =
IF(KC.EQ.KCM=1) GO TO 215
J=KC

IF(J.EQ.1) GO YO 215

IFGJ6Ted) Jixgt

T=ABSIN(JI1)=HIJ) I /W (JI1)
TF(T.AT.2.010)60 TO 138
IF (KCJ.GE.XCN) GO TO 135
DO 110 I=1,NP
INDEX(I) =0 |
AMAX=~1,
Q- %u I=1,NP
NDEX(I)) 11
TEMP=ABS(ASAT(I,
IF (TENP=-AMAX) 11«,11«,113
IcoL=1 ,
AMAX=TEMP A
CONTINUE
IF (AMAX) 120,134, 15
INOEX (ICOL)=1

1112111'0

PIVOT=ASAT(ICOL,ICOL)

ASAT(IGOL,ICOLY=1.0
PIVOT=1,/PIVOT

00 116 J=1,NP *

ASATIICOL 4J)= ASAT(ICOL,J)‘PIVOT
00 118 I=1yNP

IF (I-ICOL) 117,119,117

U .

sF10eb)
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PROGRAM DEMTDP’ ‘COC 6600 FTN v3.,0-P296 OPT=i 4708 '

]

117 TEMP=ASAT(I,ICOL) " ' . ‘
: A'SAT(I ICOL) =040 . , 3
/, . «00 L3 yzt,NP . ' -
118 ASKT(I,J1=ASAT(I,d)~ ASAT(ICOL,J)'TEHP :
/115 113 CONTINUE g L
/ 60 TO 111 ) , )
.o 120 CONTINUE « . .
© IF(KC(GT.1) GO TO 12% ' . T
00 121 I=1,NPa '
120 D0 121 J=4,NLC !
. 121 PtI, NN =0, ¢! ' - N -
\ 122 READ 123,I,J,PIJ v .
. 123 FORMAT (2I5,F10.4) , i . ’
IF (D) 125,129,124 :

125 "L 1Eh P(LyJI=PLY . : .
. GO TO 122 N *o <
. 125 PRINT 126 . C
\ S 126 FORMAT (13HO0THE MATRIX P) .
- DO 127 I=1,NP ° o ) . )
130 127 - PRINT 128,01, (P (I,J) ,J=i,NLC) kY 4
128 FORMAT (4H ROW,I3,1X, uane 7)7(8Xa 4 (1PEL6. 2 )) ¥ Too. f
DO 129 I=1,NP - .
00 129 J=1,NLC . ‘ L )
X(I,J)=0, '
135 00 129 X=1,NP
129 X(I,J = X(IpJ) +ASATCT, x)wm..n 4 L ‘
#  PRINT 130 i ,
- . 130 FORMAT (13HOTHE MATRIX X) .
. o . DO 131 I=1,NP - ;
140 131 PRINT 123,1,(X{I,J}5J=1,NLC) s .

00 201 I=1,NP
00 200 J=i,NLC

- JIFIXU, ) 260,261,261 - T .
260 nx(r,.n-x(r,aw( XALL) S
145 : G0 'TO 200 e . . ) -
. & 281 RX(I,J)=&(I,J) 7XALL - : . o

206 GONTINUE : ’ ’ - . i
201 <CONTINUE . - .
. 00 216 I=L3yLE,3 : .
150 PRINT 211, (RXCI,J),3=1,NLC) : > .
- -211  FORMAT{(33X,F103%4) - " . ’ :
210 CONTINUE :
RXMAX=RX (L3,1) ‘
00 302 I=L3,L6,3 Lo
155 : 00 202 J=1,NLC ‘ S
‘ - IF(RXMAX LT RXCI,J)) RXMAXSRX(I,J) ’ . .
: 302 CONTINUE :
= - PRINT 31@,RXMAX
,"31C  FORMAT (25X, 8HRXMAX = F10.4)

|

\

. |

132 FORMAT (49HITHE HEHBER FDRCES IN ORDER OF LOAOING CONDITIONS/) * J

160 & PRINT 132
00 133 J=1,NLC
© . 133 XINPPi,J)=0. - oo . ‘ .
\, DO 134 I=1,NF o ; . S
165 .o MEMNG=MNO (I) . . ’ [ .
- - N
| ; . - . N '1 :
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A Y i:
i ”
: N\
o 170
@
| |
| |
175
o
|
g 180 13¢
, .
{ 127
: c
| . ., c
; 185 c
!
\3 - \ - 202
190 202
. 265
26¢
c
‘ 195 _C
. * * ' .c
i’ ! Tis
x 200 1235
i
’ : \“0‘.
; . v 405
i .
.., 205
\
: . 234
i 210 v
; c
c
c
23¢e
g 237

- 4
PROGRAM DEMTOP

NP1=NPN(1,1) -
NP2=NPN (I, 2)

NP3=NPN(I,3) . *
NP4=NPN(I,4) ‘
H=HVA(I,1)
V=HVA(I,2) : .
AzHVA(I,3) . .
XL=SQRT (H*H+ V*V) -t
XCOS=H/ XL

XSIN=V/ XL N
FMINCI)=0.0

FHAXCI)=0.0 - . ¢

00 136 J=1,NLC

F(JISE®AZXL® (XCOS* (X(NP3,J) ~ X(NPi,J))OXSIN‘(X(NPb,J)-X(NPZ,J)))
CONTINUE -

i o

" PRINT 137, MEMNO,(F(J),J=14NLC) T

FORMAT (1H ,15,5F12.4/(6X,5F12.4)) %
FIND MAX AND HIN -MEMBER FORCES.

DO 265 J=1,NLC ) ' P
IF(F(J)) 202,203,203 , ’
IF (FMINID) «GToF (J)) FHIN(I)=F(J) )
GO TD 285 _ .
IFAFMAX (DD JLTAFUI) FHAXLT) ‘=F(J) b
CONTINUE ,

PRINT 266 ,MENNG  ,FMINCI),FMAX(II, XL
FORMAT (4H ,15,3F12.4)

FIND SMALLEST SECTION FOR TENSION.

AT=FMAX (I)/FALLY .
I1=MMIN

IF (ABS(AT),LT.0.0041) .60 TO 236
IFINACIL1,1) LT AT) GO TO" 234,
IF(XCoGELKCH=-1) GO TO 40&
GO 7O 4OS

IF(NACI1,1).LT.HVA(I,3) *RXMAX)GO TO 234
IF(NATIL,2) LE.NACIL,3)IRIL=NA(IL,2)
IF (NACT1,2).GT.NACI1,3) JRIL=NACTL,3)

IF  (RI1,LT.XL/300.G) GO TO 234

IF (ABS(FHINCI)}WLT.3.0004) GO TO 270
GO T0 236

I1=11¢1 . -
IF(I1.GT.NL) GO TO 240
GO 'T0 235

< .

v -

(COC 6600 FTN V3,0-P296 OPT=1

L)

‘74709,

FINO SMALLEST SECTION FOR COMPRESSION AND TEST FOR LOCAL BUCKLING. ~

I2=I11 ~
IF{NACTI2,2)4LE. NA(IZ 3)IRIZ2Z=NALI2,2)
IFINALIZ2,2) oGTNA(I2,3))RI2= NA(IZ2,3)
1F (RIZ-LT-XL/ZOG.G) G0 70 238
FY=644,00
8=NA(I2,4)



PROGRAM " DEMTOP . . COC 6600 FTN.V3;0-9296 OPT=1 74/08&

T _ . TaNA(IZ,5) . .
g IF(B/T, GY.(?S.O/SQRT(FY’))FY—i.G?‘(FY-a.SD-0.067'(Fv-21.6)'EIT

@

COMPUTE ALLOW, COMPRESSTON STRESS FOR EVERY SECTION UNTIL A sarrsrncro
ONE IS FOUND. \ S
; T IF(XU/RIZLLELCOP FAT2=0.60%FY : N
e - IF (XL/RI24GT ,COs AND. XL/ RI2.LE.CP) FAI2=0,60%FY=
v .. 1XM® (XL/RI2=C0)
' IF (XL/RIZ.GT.CP) FAI2143000.0/ ((XL/RI2N* (XL/RIZ}) -
) 230 IFCABS(FAI2*NA(I2,1)) LT.ABS(FMINII))) GO TO 238
C IF(KC.GE.KCH=1) GO TO 406 N

OO

225

60 TO 239
406 TIFINA(I2,1).LT, anrr.s)'nxnnx)co T0 238 v
: GO Y0 239 M. \
23s 238 12=124} .
. IF(I2.GT.NL) GO TO 240 ' ¢ 7
60 TO 237 . ™o \
270 NS(IV=It - \
o - HYA (I, 3)=NACIL,1) )
2u0 FALLOW(I)==0.1 ' ) ¢ 3 .
GO TO 134 ! .
NS(I)=12 .
- HVA(I,3)=NACI2,1) ' .
FALLOW(I)==-FAI2
CONTINUE ’ i : ) —
IF (HVAC(1,3) .LT.HVA(2,3)) GO.TO 300 .. o .
IF(HVA(L,3) «+GE.HVA(3,3)) GO TO 301
IF (HVA(4,3).LT.HVA(5,3)) GO TO. 332 .
IF (HVA(4,3) JGEJHVA(5,3)) GO TO 303 -t A, \
TF (HVA(B,3) JLT.HVA(9,3)) GO TO 306 :
IF{HVA(8,3).GE.HVA(9,3)) GO TO 305 '
GO 70 309 - . .
HVA (1,3)=HVA(2,3) . , . .
NS(1)=NS(D) ' . R
FALLOW{1) =FALLOW(3) :
G0 TO 307 \
HVA(3,3)=HVA (1, ) ' " w 3
NS(3)=NS (1) Y .
FALLOW (3)=FALLOW {1) )
GO TO 307 , , : .
HVA (4 ,3)=HVA (5,3} -
NSC4)=NS(5)
FALLOW(4)=FALLOW(5) .
GO TO 308 . ) .
HVA £S5, 3)=HVA (4y3) P . -,
. NS(5)=NS(W) . .
“FALLONW(S5)=FALLOW (&) . : 4
GO TO 304 _ .
HVA (83)=HVA(9,3) . .
NS(8)=NS(9) ) .
FALLOW(8)=FALLON(9) : . .
G0 TO 309
HVYA(9,3)=HVA (8,3)
NS(9)=NS(8) . ‘
FALLOW(S)SFALLOW(3) - ' : o . . |

| !
4
.

~-




PROGRANW

309

138
240 :
, /
™ 407
b8
285 .
240
241
139

!

.

296

295 "~ 350
410

'MCRE MEMORY WOULD HAVE RE

DEMTDP

. KC=2

122 -

o

-

i>; 6 OPTzy 7

.

®

'60C 6600 FTN V3.0

!
4708

CONT INUE
KC2KC+1 )

GO TO 204

IF(KC.EQ.KCH) GO TO 139
KC=KCM=1 .
IF(RXMAX.GT4140) GO TO 407
G0 10 139 2

00 408 I=z1,NF
HVA{I,3)=HVA (1,3)*RXMAX
GO To 204 T
PRINT 241
FORMAT QY1 HO INF
KH=KkH+L

IF CKH.GTiKHM)

E)SIBLE WITH PRESENT LIST OF SECTIONS)

GO TO 10
DO 350 I#1,NF -
IFCHVA (142D e LTo040) HVALI22)=HVACI,2)412,0
IF(HVA(T,2) 4GT4040) HVA(I,2)=HVA(I,2)=1240
IF(HVA(I)Z)DEO.OOO{ HVA(I,2)=HVALTI,2)+0.00
CONTINUE .

GO TO, 204
sroeP

END |, )
SULTED IN BETTER OPTIMLZATION

.
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LISTING OF DEMTD




|

PROGRAM ‘BEMTD TRace *COC 6600 FTN v3.0-P296 OPIz0 74/08

~

i PROGRAM ODEMTO(INPUT=1018,0UTPUT=1018) )
¢ OIMENSION ASAT(22Z,22),P (21, 8),X(ZZ§8),F(10),INQﬁX(le \

; DIMENSION HNO(Zi)-NPNtzigb),HVA(Zl.B).
' ; OIMENSION FALLOW(22)yW{10Q),RX(22,8) ~
; 5 - OIMENSION NA(GO,S),NS(ZG),FHIN(ZO),FHAX(ZG),NO(GO),NAHE(GO,Z)

- REAL NA
' : - READ 101,NP,NF4NLCyKCMy KHM,NL s NLMIN,NTP1,NTP2
g _101 FORNAT (3I5) ,

. - PRINT 101,NP,NF,NLC,KCH KHH,NL  NLHIN,NTP1 ,NTP2- ’)
t .10 READ 102, E, Fv,xALL )
' 102 FORMAT(2X,3F10.4) :

‘ PRINT 105. EyFY,XAC
. PRINT 25
252 FORMAT (25X, 17HLIST OF SECTIONS.)
15 DO 250 I=i1,NL ™
250 READ 251,NOCI), (NAHE (1,3 yd=1,2) y (NA (T yd) pdads5)
2 251 FORMAT (I5,2X,A10, A6,5F10.04)
7

\ ' D0 253 I=1,NL
i 253 PRINT254,NO(I), (NAME (I, J),J:i,a),(NA(I,J).J=1.5)
i 20 ‘ 254  FORMAT (I5,2X,A10,A6,5F10.4) . "
. c NO(I)= IDENTIFICATION NUMBER,
c NAC(I,1)= AREA NA(I,2)= RX NA(I,3)= R4
" 0 c NA(I,u)= B WIDTH OF FLANGE: NA(I,5)='T THICKNESS OF FLAN%E. ,
PRINT 104 s i »
25 104 FORMAT(GOHQOIRECT ELEMENT METHOD OF TRUSS ANALYSIS//) ‘

, DO 206 I=1,NF .
206 READ 106,MNO(Il,(NPN(I,J),J 236D, (HVALI,J) yJ= 1,3) FALLOW(I)
106 FORMAT(S5ISs4F10.4)
FALLT=0.6%FY

30 C0=30.0-FY/5.0 - .

IF(C0.GT.20.0) C0=20.0 . ' . .

CP=SORT(286000.0/¢FY=134.0)) : :
- IF(CP.LT.a78.0) CP=78.0
‘ XM=(0.60°FY=149000.0/(CP*CP))/Z{CP=-CO)

. 35 LI=NTPL

—_ ' L6=NTP2

KH=1 . ~ 1 '
KC=1 * \y . .
: 204 !NPPL1z=NP+i . * )
" %0 DO 103 I=1,NPFL . ’ . —
| 00 103 J=1,NPPY : . -
1 - . 163 WSAT(I,U)=20. .
RINT 105 . ' ‘
l 105 FORMAT (27HOMEMBER NPL. NP2 NP3 NPh, 7X, $1HH, 41X, ‘LHV, 11X,
l 45 1 1HA,- 11X, 1HL, 11X, 3HCOS, 12X, 3IHSIN,12X,6HFALLOW,12X+2HNS/) .
! ~ 208 J=KC
i W(J)=0.0 : ®
~ . DO 108 I=1,NF I ‘ ' ‘
o MEMNOZFND(T)
50 - NP1=NPN(I,1) .
, NP2=NPN(T,2) . ' oo -
l . \NP3I=NPN(I,3) , v ' . ~
‘ " NP4=NPNUI, W) .o \
| A . H=HVA(L,1) ~ : » *
’ 1 © V=HVALL,2) . ' . .




PROGRA®  DEMTO™  TRACE - ' COC 6600 FTN V3.0-P296 OPT=0 74/08.

A=HVA(I,3) ' .
XL=SART (H*H+V*V)
XCOS=H/XL

L

o ' XSIN=V/XL N -
s 0 IE(KC.EG, KCH=1) GO TO 411 .
% L HUJI=HES) +A®XL* 0. 280
PRIN} 107 yMEMNO, NP1, NP2 , NP3, NPl 4 N 1VyAy XLy XCOS,XSIN,FALLOWCID |
1,NS(D "
' 107 FORMAT (1HO,I5,16,315,4F12.4,3F15.8,5X,15) p’
i .. 65 411  TEMP1=E®*A®*XCOS*XCOS/XL - v
.. . TEMP2=E*A*XCOS*XSIN/XL ~- '
TEMP3=E*A®XSIN*XSIN/ XL
, ASATINPL,NP1) =ASAT(NPL,NP1) +TEMP1
‘ Lo « ASAT(NPL,NP2)=ASAT(NFPL,NP2)+TEMP2
' . 70 ASAT(NPL,NP3)=ASAT(NPL,NP3)~TEMPL °
' ASAT(NP1,NP&)=ASAT (NP1,NP4)-TEMP2
{ : . ASAT(NP2,NP1)=ASAT{NP2,NP1) +TENP2
‘ C ASATINP2,NP2) =ASAT INP2,NP2) +TENP3
ASATINP2 ,NP3)=ASAT (NP2,NP3)=TEMP2
75 ASAT(NP2,NP4) =ASAT (NP2, NP4) -TEMP3
: ASAT(NP3,NP1) =ASAT (NP3, NP1) -TEMPY ,
ASAT (NP3 ,NP2)=ASAT (NP3, NP2)=TEMP2 )
ASAT(NPJ.NPJ)’ASAT(NF3 NP3)+TEMPL '
ASATINP3,NPL)=ASAT(NPI,NP4) +TEMP2
80 ASAT(NPL,NP1)=ASAT (NP4, NP1)=-TEMP2 ;
- ASAT (NP4 ,NPZ),-—'ASAT(NPQ.NPZ)-.TEHP:{
ASAT (NP4, NP3) =ASAT (NP4, NP3) +TEMP2 '
108 ASAT(NPGLyNP4)=ASAT(NPY,NP4) +TEMPJ N
‘ IF(KC.EQ.KCM=-1) GO TO 215 <o
85 PRINT 140,J,H(J) ) .
: 140  FORMAT (25X, 7THREIGHT ,12,3H = 4F10.4) ,
. J=KC -
IFtJEQ.1) GO TO 215 . . .
© . & IF(J.GT!l, J1=J"1 ) 2
90 - T=ABSINIJL) =H(JYI/7HJL) . '
IF(T.LT.0.040)G0 TO 133
) IF (KC.GE.XCM) GO TO 138
. 215 D0 110 I=1,NP S
. 110 INOEXII)=0 )
95 111 AMAX==1,
) 00 114 I=1,NP -

IF (INDEX(I)) 114,112,114 -
112 TEMP=ABS(ASAT(I,I)) .
s IF (TEMP-AMAX) 114,114,113 o
o 100 - 113  1cot=l
| i AMAX=TENP .
- 114 CONTINUE ] : J
IF (AMAX) 120,138,115 .
115 INDEX (ICOL)=4 . . ' ! -
105 PIVOT=ASAT(ICOL,ICOL) : . .
ASAT(ICOL,ICOL)=1.0. ‘ .
PIVOT=1,/PIVOTY . .
00 116 J=1,NP . - .
‘ 116 ASAT(ICOL ,J)=ASATCICOL,J) *PIVOT
110 00 119 I=1,NP




PROGRAY

120

12%

130

.

135

140

145

“156

155

160

165

7122 READ 123,1,Jd,P1J , -

DEMTO TRACE : . . COC 6600 FTN V3.0-P296 OPF=0 74/08 .

IF (I-ICOL) 117,119,117 g : _
117 TEMP=ASAT(I,ICOL) , \ ~
ASATCI,ICOL)=0.0 t

$ 00 118 J=1,

118 ASAT(I,J)=ASIH(I,J)~ASATLICOL,J) *TEHP

119 CONTIN ‘
60 To T11 lo

120 CONTINUE F ' e
IF(KC.GT.1) GO TO 125 | |
00 121 I=1,NP \

. D0 121 J=1,yNLC .

121 P(I,Jd)=0. . ’ ' \

123 FORMAT (2[5,F1044) . ) —. ‘
IF (1) 125,125,420 ¢ -

124 PtI, =PIy \
60 TO 12 )

125 PRINT 126 . f : , |

126 FORMAT (1JHOTHE MATRIX P) _ \
00 127 I=i,NP = ) "

127 PRINT 12851, (P(I4J),J=4,NLC)" . /

128 FORMAT (4H ROW,I3,1X,4(1PELE.T) /7 {8X, u(xpegb.rxtx
00 129 I=1,NP ) .
00-129 J=1,NLC- ’ . .
X(I,J)=0e - , - : ' . .
D0 129 K=1,NP - . N

129 X(I,J)=X(I,J)¢ASAT(I, K)‘P(K,Jl : /
PRINT 130

L

. 136/ FORMAT (13HOYHE MATRIX X) ~ ' ) . ..

DO 131 I=1}NP ]
PRINT 128,I,(X(I,yJ),sJ= 1 NLC) - - !
D0 201 I=1,NP )
D0 Z00 J=1,NLC : Lo
IF‘X(I,J)) 2&0,2619261 -

260 RX(I,J)=X(I,J)7(=XALL) FE .
60 TO 209 .

261 RX(I,J)=X(I,J)/XALL A

206  EGONTINUE . :

201, CONTINUE : . ) \
00 210 I=L3,L6,3 . >
PRINT 2114 (RX (I 4J) yJ=1,NLC) °

211 FORMAT(33X,F10.4) '

210 ~CONTINUE

RXMAX=RX{L3, 1) . -
DO 202 I=L3,L6,3 . ’
DQ 302 J=1i,NLC
C IF(RXMAX.LT, RX(I,J)) RXMAX=RX(L,J}
302 CONTINUE
PRINT 310,RXMAX

(310 FORMAT (25X, BHRXMAX = F10e4) . ' "

PRINT_ 132
132 FORMAT (49HLTHE NEMBER FORCES IN ORDER OF LOADING CONDITIONS/)
00 133 J=1,NLC
133 X(NPP1,J)=0. .
00 134 I=1,NF ~ o/// .
v , l
1
. ¢
o v » !
‘ ,
1 Yo
i o o |
1Y t [




PROGRAM

170"

175

180

185

190

195

G
200

208

210

215

Z2o

E LS

Vo -

v 0 12

. ’ ’ \

DEMTD ‘KTRAOE ) COC 6600 FTN V3.,0-P296 OPT=0 74408

MEMNO=MNO(I) ‘ Co '
NP1=NPN(I,1) ) . ) , .
NP2z=NPN (I,2) . v .
NP3=NPNI(I,3) ) . . .

NPL=NPN(I,4). : . . g

H=HVA(I,1) . : /

, V=HVA(I,2) - ‘

13¢

137

-
aAano

2az

202
26¢

< 26€

(¢ X3 X v]

235

Qou

405

234

OO
.

23¢
237

A=HVATL,3) .,
XL=SQRT (H*H+V*Y)

XCOS=H/XL . ’
XSIN=VZ XL . . e ' : .-
FMIN(I)=0.0 .o N
FMAX (1)=0.0 . / y
00 136 J=1,NLC

FUJ)=E*A/XL* (XCOS* (X (NP3 J)-x(NP1,Ja>+xSIN'(x¢NPw D=X(NP2, I )
CONTINUE .
PRINT 137' "EFNO;(F(J’,J%’.’NLC’ 3 °
FORHAT (LH ,I5,5F12.4/7(6X,5F12.4)) 4

FIND HAX AND an MEMBER FORCES. . -

00- 255 J= 1,NLC , " o e -
IFLFLJ)) 202,203,203 K - s ~
IF (FMINCI) .GT.FCIYY FHIN(I)-F(J) !

GO TQ 265 ’ v .
IF(FHA[}L*’[T F(J)) FMAX (1) =F(J) . : i
BONTINUE : o ’ ;
PRINT 266° ¢4 MENNO' ,FHIN(I),FMAX(I),XL

FORMAT (LW, 15,3F12.4) . .

FIND SMALLEST SECYIgp FOR TENSION,

AT=FMAX (I} /FALLT o= : : . ‘

I1=NLHIN ¢ »?

IF (ABS(AT).LT.0.0061) GO TGO 236 :

IFCNACIL,1),LT.AT) GO TO- 234 . -

tr(xd.ce.xcn-1) GO TO 404 . ‘
GO TO 405 !

IF(NACI1,1).LT,. HVA(I,S)'PXHAX)GO T0 234 ) A .
IFINACIL,2) o LE.NA(IL1,3))IRIL=NACIL,2) :
IFINACIL,2) e GToNACIL,3))IRIL=NA(LL,)

" IF  (RI1.LT.XL’300.0) GO TO 23& .

IF (ABS(FMIN(I}) +LT.0.0001) GO TO 270
G0 TO 236 1
I11=1141 &

’ ' -.
‘IF(I1.GT.NL) GO TO 240 -,

6o T0 235 ° - - . . C.

. . S

FIND SHALLEST SECTION FOR COMPRESSION' AND TEST FOR LGCAL eudKLINGg/ SN
. 5

r

-IZ I1 ‘ . )

IF(NACI2,2) +LEJNACI2,3)IRI2=NA(I2,2) ’ . ’
IFINALIZ2,2)4GT.NA(I2,3))IRIZ2= NA(IZ,3) . ’

TIF (RI2Z.LT.XL/200.0) GO TO 238

FY=44.00 * 9



L 22549 o
f. 2301/" fp
t

o . uo&
235
N ‘ , 238
b ' o .
' 270
‘ . z T 239
C s ’ .
134
§ Yo
- 307
s . 250\
! , 304
| 34,
' [ 25%
. s e . v
| : . .301°
. , % . -
o= 0 260 v
A | ItV
- . T, '
! 2% '
/. :p L4 3010
. .E‘ L (9
' !
> t, r
276% 304
. / '
!‘ 305
275 .

TNSEIN=I

“ ;°,¢§ocRAn . DEMTD’ TRACE: ‘ . © GOC 6600 FTN v3.0-P296 OPT=y
“ \ ' S y N 4 . ® l )
R ‘ . B=NA(I2,4) . . ). ‘ .

4 s . T=NA(]2,5) »

IF(BIT.GT-(?S.OISQRT (FY)))FY= =1673 H-'Y-B.G) 0-067"(FY°21.6) *8/7

P

COHPUTE ALLOW: COMPRESSION STRESS FOR EVERY SECTION UNTIL A SATISFACTO

ONE IS FOUND.
IF(XL/RI2.LE.CO) FAI2= Be60%FY
IFC(XL/RI2.GT.CO. AND XLIRI2,LE.CP) FAI2= 0.60'FY-
1XM* (XL/RI2-CO0}
IF (XL/RI2.GT.CP) FAI2= 1«9300.0/((Xg/RIZ)'gKiIRIZ))
IFCABS(FAIZ*NACIZ2,1)) .LT.ABS(FHIN(I))) 6b To 238
JIP(KCJGELKCM=1) GO TO uoe . .
0 Yo 239
(NACL2,1), LT.HVALI i;‘Rxnﬁx)co TO 238
GO 70 239 , 4 4
12=12%1
IFUI2.GT.NL) : - .
GO To 237 - \
HVA (I, 3 =NA(I1,1) .
FALLONC )—-o 1 Ca ‘
Gé.T0 134 ., o
NSTLIV2I2 - . ) .
HYACI,3)=NACI2,1) w.oo T ]
FALLOWUI) =-FAT2
CONTINUE .
IF (HVACL,3). Lr.an(sas)) GO T0,3&0 ‘

IFCHVA(1,3),GELHVA(3,3)) GO'TO 301
IF (HVA(4,3) LT 4HVA(5,3)) GO TO 332

IF (HVA (L 43) «GE. HVA(S,IH) GO 10 303 \ ﬁ s

.

’

GO TO 240

IF (HVA(3,3).LT.HVA(9,3)) GO TO 304
IF(HVA(8,3).GE, HVA (T, 3)» GO TO 3085
G0 TO 309

HVA (1,3)1=HVA(3,3) .
NSU1)=NSID) R “ o .
FALLOW( 1) =FALLON(3) . '
6o TO 307
HVA(3,3)=HVA(1,3)
NS(3)=NS¢E1) ¢ . ) to
FALLOW(3) =FALLOW(L)  F R SR
GO TO 307 ' . .

>
o,

*HVA Lty 3)=HVA (5, 3) L > .

NS (&) =NS(5)F

. FALLOWU4)=FALLOW(S) . . .

K0 TO 304 R
HVA(5,3)=HVA(4,3) / 5

NS (5)=NS(4) : . =l

FALLOW(S5) =FALLOW (&) . .
G0 TO 308 : :

HVA (3,3 F=HVA(9,3) 4
NStB)=NSt9)

FALLOW(8) =FALLOW (3) ,

GO T0O 309 . . . .
HVA(9,3)=HVALS,3) - .

NS(9)=NS(8) T v R

Ky

-

1

74708



PROGRAM
! .
! . ]
280
b, a8s o
i \
.l
' 290 )
i
L,
- ¥ .
L]
| J
|
.
~ PX "’
. Vo ,.'* .
] )
] ) H N
. )
N N
9 i
S - ! ¢

74708,

DEMTD \ TRACE ! COC 6600 FTN V3.0-P296 OPT=(
FALLOW(9)=FALLONIB) N - )
309 ‘CONTINUE . .- !
KC=KC+1 , . ‘ | .
GO TQ 204 . I
138 IF(RXMAXeGT41400) GO TQ407- .
GO0 TO 139
407 KC=KCM-1 . .
DO 408 I=1,NF '» e "
‘408 , HVA(T,39=HVA (T,3) *RXMAX ;
. .GO TO 204 + *
240 PRINT 241 ' :
241 .FORMAT(41HOINFEASIBLE WITH PRESENTALIST OF SECTIONS) .
GO TO 410
13¢ CALL MINTW (NP,NF,NLC,E, HNO.NPN,HVA FALLOW,FALLT P ,KH,

410

INQy) MAME,NA,NS,FMIN, FHAX,H co, CP,XN,KC,KHH.

- INL ) NLMI N,y FY 5 KOH) ) T
sToP : : )
END : - .

. » L ¥
- -
' . 5}
P !
. h - »
. .
} - Ak
’ * . r
Pad
- 1 \\ ’
i u - ‘ L4
g ' .
- . . P -
{ . - . N
. ‘ ey —
- ‘ ! 1'
- L - . - )
. . R
:p ¢ ! /"h—
N . I’ - -’
N L]
1
\ +
- r >
4 = Y
~
’ - o
N ? . ' )
» PR .
LT b - ‘ 4
« R
‘\ o ” : - ' :
) " - v \/
.1' -
A & .
i . - .
b ) ’
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: : ;0 : s
SUBROUTINE MINTHW TRACE coc 6600 FIN v3.0-P296 OPT=0 74/08
’ {
SUBROUT INE MINTH (NTP,NF,NLC,E,MNO,NPN,HVA, FALLOW, FALLT P, KH,
INOy MAME yNAJNS ) FMIN,FMAX 9 W )COyCP o XM, KCy KHM
INL, MMIN,FY,KCN)
DIMENSION AShT(ZZ,ZZ)vP(Zl,G),X(ZZ,GD,F(ih’oINDEX(Zl)
OIMENSION NP(M),SA(#),SAK(ZZ,ZZ),DELF(iﬂ).NPN(éi L) yHVA(21,3)
‘DIMENSICN ASE(22,22) yOELX(81,0022,22),MND(21)
, - DIMENSION BASE(85,175), FALLOW(22)
OIMENSION NA(EO,S),NS(ZG),FHIN(ZS),FHAX(ZB)pNO(&U)gNAHE(GC,Z’
DIMENSION W(10) ~s
REAL NA - oo
NTP=TOTAL NO OF FREEDOMS. NF= TOTAL NO OF MEMBERS. NLC= TOTAL NOOF
LCADING CONDITIONS NID= NO OF IDENYITY EQ., NCP= TOTAL NO CONSTRAINED .
, DEFCRMATICNS NTPi, NTP2 NUMBFRS OF CONSTRAINTED FREEDOMS,UB, XLB=UPPER’
LOWER BCUNDS ON OESIGN VARIABLES. AMIN=MINIMUM AREAFOR A MEMBER
XALL=ALLOWABLE DEFLECTION.
s READ 101,NID,NCP, NTPL,NTP2Z - o !
101 FORMAT (16IS5) .

ao00a

- READ 102,UB,XLByAMIN,XALL

20

25

30

-35

4o

45

50

55

102 FcRnAtggsxo.u) ,
LLL=NF#2% (NFPNLCHNCP*NLC#3*NF) +NIO+{
LL2=-NF+NF*NLCHNCP*NLG+3*NF
M1=NF*NLC#NCP*NLC#NF¥3¢NID+1 :
M3=Ni~1 . . .
10 PRINT 800
1800 FORMAT (L1X,3HNTP,2X,2HNF ;3X,3HNLC,2X,IHNTO,2X, 3HNCP,2X,4HNTP1,1X,
1 GHNTP2/) .
-~ " 'PRINT 101 , NTP,NF, NLC,NID,NCP,NTPI NTP2
811 PRINY 810°® -
810 FORMAT (3X,1ME, 9X,2HUB,BX,SHHLB,7X,kHAHIN,bx.aHXALL,SX,SHFALLT/)
PRINT 102,E,UB,XLB,AMIN,XALL,FALLT
820 NPP1=NTP+1
DO 201 I=1,M1 .
00 301 J=1,LL1 ' ’,
301 BASE *(1,J1=0.0
‘. DO 103 I=1,NPP% , ;
D0 103 J=1,NPP1L -
103 ASAT(I,J ) =@,
A12 -PRINT 105 ) :
105 FORMAT (27HOMEMBER NP1 NP2 NP3 NP4, 7X, iHH, 11X, 1HV, 11X, °
L 1HA, 11X, L1HL, 11X, 3HCOS, 12X, 3HSIN,12X,6HFALLOW/)
. - DO 11 I=14NF
NEMNO=MNO(I) :
NPL=NPN(I,1) ~ ’ * :
NP2=NPN(I,2) E ‘.
- yhos =NPN(I,3)
. NPL=NPN (I 44) .
Vo MERVALL, 1) .
V=AVA(L,2) , .
C AzHVA(T,3)
~ XL=SQRT (HoH+ VoY)

[

.

S

a0

CALCULATE ORIGINAL WEIGHT OF TRUSS. . : /J

QOO

BASE (M1, I)=A'XL‘0-286
CS=H/XL



o .+ SUBROUTINE MINTW TRACE . » COC 6600 FTN V3o0~:9296 OPT=0 74708,

1 ; SNav/XL . , .
) PRINT 107 ,MEMNO,NPL,NP2 NP3, NP4, H, ¥V, AyXL, cs, SFALLOWCT) :
. 107 FORMAT (15.16.315,bF12.k,3F15.d) g\\\\\\ .
. . TEMPL=E*A*C5*CS/ XL 4
60 " TEMP2=E®ASCS*SN/XL .

- - renps E®A®SN®SN/XL - o .
-, A TANP1,NP1)=ASAT (NP1,NP1) +TEMPYL
o ASAT (NP1 ,NP2)=ASAT(NPL,NP2) ¢+TEMP2
} ASAT(NP1,NP3)=ASATINPL,NP3)~TENP1
Sy 65 ASAT (NP1, NPu) =ASATI(NP{,NP4) -TEMP2 R
S ‘ ASAT(NP2,NP1)=ASAT (NP2, NP1) +TEMP2 : C.
i . ASAT(NP2,NP2)=ASAT (NP2, NP2) ¢+ TENP3 ' T

i ASAT(N?.NP:S):ASAT(NPZ,NPB)—TEHPZ : .

ASAT(NPZ,NP4) =ASAT (NP2, NP4) ~TEMP3 : ' o .
, - 70 ASAT (N3 ,NP1) =ASAT (NP3, NPL)-TENPL
! . ASAT(NP3,NP2)=ASAT(NPI,NP2) -TENP2 ] o
' : ASATYNP3,NP3)=ASAT(NPI,NP3)+TEMP1 : ' -
. . . ‘ ASAT (NP3, NP4) =ASAT (NP3, NP4) ¢ TENP2 . ; ‘
: . ASAT (NP4 ,NP1)=ASAT (NP4y NP1) ~TENP2 . e .
! 75 - ASAT (NP4, NP2) =ASAT (NP4, NP2) ~TENP3 : '
ASAT (NP4 ,NP3)=ASAT(NPL,NP3) +TENP2 ‘
L . 4 11 ASAT(NP4,NP4)=ASAT (NP4, NP4)+TENP3
T 12¢ 00 110 I=4,NTP , -
‘ _ 110 INDEX(I)=0 ; oo "
P a0 111 AMAX=-1, . . . :
1 ‘ 00,114 I=1,NTP ‘ ' ' .
. IF (INDEX(I)) 114,112,110 v
, 112 TENP=ABS(ASATII,IN) oo . - :
v . . "'IF (TEMP=-AMAX) 114,114,113 ”\\\ ) N
| 35  » 113  lcoi=I . . " : {
[ 4 AMAX=TEMP . I .
! 114 CONTINUE L .
; ) N IF (AMAX) 120,138,115 ' : -
' 115 INDEX (ICCL)=1 . r v '
S 90 PIVOT=ASAT(ICCL, ICOL), . : .
ASATC(ICOL,ICOL) =1.0 - . ) .
PIVOT=1,/PIVOT . . :
. ' D0 116 J= 1,NTP ‘ %
. 116 ASATCICOL,J) =ASATI(ICOL,J) *PIVOT
nge 00 119 I=1,NTP
L IF (I-I1G0L) 117,119,117 .
. 17 TEMP=ASAT(I,ICOL) - . .
. v s ASATU(I,ICCL)=0.0 ® . ' :
DO 118 J=L,NTP ' v :
., 160 8 ASAT(I,J)=ASAT(I,J)=ASAT(ICOL,J)*TENP : ‘
. 148 CONTINUE -

. GO 10 111 : :
.- 120 CONTINUE ~ .
612 PRINT 601 . ~
105 . 601 GFORMAT(#12,2 INFLUENCE COEFFIEIENTS#//) .
00 214 Ix1,NTP , .
PRINT §02,I ’ - ‘
602  FORMAT(Z ROW NOe=2,I5) - -
. (PRINT 6035 (ASAT (I J) yJ=1,NIP) N : |
. 110 - 603 FORMAT (8EL16.7) - .- ) ‘
\
\

t
Vaal
v




- 21y

- DO 127 I=1,NTP

125
126
115 127
128
120 )
129
" 130
125 ¢ 131
LY
L 132
. 133
130 ;
¢
S
o
135 3 ¢
-
140
O
¢
¢
145 c
540
13¢
150 . 134
137
2¢6
156
204
160 . . g
165

t

"SUBROUTINE MINTH TRACE - _ ‘ COC ‘6600 FTN V3.0-P296 OPT=0 74/08

CONTINVE - L : .
PRINT 126 . . :
FORMAT (13HOTHE WATRIX P) °

"PRINT 1238, I.(P(I,J) J=1,NLC)

FORMAT (4H ROH,IS;iX.u(iPElG 7)/(8X,h(1P516.7)))

00 129 I=1,NTP .

00 129 J=i,NLC . e .

X(I,J, 0. ) . ' s

DO 129 K=1,NTP :

X¢(I, = x(I,J)»ASAr(I KD‘P(K J)

PRINT 130 S )

FORMAT (13HOTHE MATRIX X) . : -

DO 131 I=1,NTP ) .

PRINT 128,15 (XC(I,J) J=1,NLC}

PRINT 132

FORMAT (49HATHE MEMBER EORCES IN ORDER OF "LOADING CONDITIONS/) !

00 133 J=1,NLC ‘

X{NPP1,J)=0, {

00 134 I=1,NF

MEMNO=MNO(I)

NPL1=NPN(I,1) . o

NP2=NPN (1,2}

NP3I=NPN(I,3) ‘ 1

NP4 =NPN LI, &) . : N j
\

.

H=HVA(T,1) . _

V=HVA(I,2) \ ' ’
ASHVACI,3) - : t -
XL=SQRT (H*H+V*V) o

CS=H/XL

SN=V/XL

00 136 J=1,NLC

GENERATE #B2 COLUMN FOR STRESS CONSTRAINTS .

FEUY=E*A/XLS CCS* (XINP3, ) =X (NP1, J) ) #SNEIXINPL,J) =X (NP2,J)))

LL=NFe(J=1)e] .

BASE(LL,LLL) ==F (J) ° °

CONTINUE . -

PRINT 137, HEHNO.(F(J),J‘L,NLC) ‘ ,' ~
FORMAT (1M 4 I5,5F12,4/(6X45F12.4)) .

PRINT 250 .

FORMAT (53HOLFANGES IN BAR FORCES DUE TO SUCCESSIVE AREA CHANGFS/)

DO 201 I=1,NPPY H
ASAT(I,NPPL) =0,

ASAT(NPP1,I) =0,

00 202 I=i,NF . . .

MEMNO=MNG () ‘ : xS

NP1=NPN1t1,1) .
NP2=NPN(I,2)
NP3=NPN(I,3) : .

NPL=NPN (T 43 ‘ ‘ - ]
HzHVA(I,1) : - .
V=HVA(I,2) . v ) 1 -
A=HVA(I 3 , .



170

175

189

185

190

195

« 200

J ' 205

2190

SUBROUTINE

NINTH

202

205
206
207

2ul

DELFIKI=DELF(K) +SA(L) *X (L1,K)

£0C 8600 FTN v3.0-P296 OPT=0

" TRACE ~

XL=SQRT (H*H+V*YV) - ' —
CS=HZXL ’ . . v
SN=V/XL { e
NPCL)=NPL ¢
NPL2)=NP2
NP (3)=NP3
NP (%) =NPY
SA(1)=-E*A*CS/XL

SA(2)==ESA*SN/XL -

SA(3)=E*A*CS/XL

SACL)=E®A®SN/ XL

DO 202 J=1,NTP .

SAK (MEMNO,J) =Us

00 2G2 K=1,4

K1=NP(K) .

SAK (MEMNO , J) =SAK(HEMNO, J) #SA (X} *ASAT (K1 ,J)
DO 203 I=1i,NFf
NEMNO=MNO (I)
NPL=NPN(I,1)
NP2=NPN(I,2)
NP3I=NPNI(I,3) -
NPG=NPN(I,4) s

H=HVA(I,1) '

VIHVA(I,2)

A=HVA(I, D)

XL=SART(H*H+V2Y)

CS=H/XL

SN=V/XtL

EACOL=E*A*CS/XL

EASOL=E®A*SN/XL

TEMPL1=EACOL*CS ®
TENP2=EACOL*SN -

TEMP3=EASOL*SN

NP (1) =NP1 °

NP(2) =NP2 _

NP(3) =NP3 .

NP (4) =NPL .
00 213 J=1,NF . . .
IF (I=-J) 205,206,205

SAt1)=0, )

SAC2)=0 .
GO TO 207 . ‘ -
SA(1)=<EACOL . . ) ) )
SA(-2) =-EASOL e
A=SAKC(J,NP1) =SAK (J,NP3) .,
B8=SAK(J,NP2)=SAK(J4NPG) '

SAC1)=SA(1) - TEMPL*A - TEMP2%8 ’

SA(2)=SA(2) =~ TEMP2*A - TEMP3*B i - -
SA(3)==SA(L) '
SAtW)==SA(2)
D0 204 K=1,NLC
DELF(K) =0,

D0 20% Lz21,4
LL=NP L) .

3
B P .-

i

(‘

cmre e

al

135

x

74700,




T

SUBROUTINE MINTW

225

275

a

OO

302

213
263

218

5J4

221
220

‘
.

. TRACE
o

PRINT 137,u§nuo,¢oELr(K),xsi,NLC)

COC 6600 FTN-V3.0-P296 OPT=Q 74/08

! ‘.
GENERATE COEFFICIENTS FOR STRESS CONSTRAINTS.

00 302 X=1,NLC

LLENF* (K=-1)¢J

BASE(LL, I}Y=DELF (K)

CONTINUE

CONTINUE .

00 217 J=1,NF

00 218 I=1,NPPL -

D0 218 '’K=1,NPP1

ASB(IbK):0.0 .

PRINT 60 ,J -

1AREA/ OF MEMBER NO, #,15/)

I=J .
MEMNO=NMNC (I) {
NPL=NPN(I 1)

. NP2=NPN(T,2)

NPI=NPN(I,3) .
NPG4=NPN(I b} .
H=HVACLy 1)

V=HVALI,2)

A=HVA(I, 3)

XL=SQRT (H*H+V*V)

CS=H/XL

SN=V/XL

TEMP1=E*A*CS*CS/XL
TEMP2zE®*A®*CS*SN/XL
TEMP3I=E*A®SNASN/ XL

ASBINPL,NP1) =ASB(NPL,NPL) +TEMPL
ASBINPL,NP2)=ASB(NPL,NP2) ¢+ TENP2
ASB(NPL,NP3) =ASB(NPL ,NP3) ~TEMPYL
ASB(NPL NP&4) zASR(NPL,NP4) ~TENP2
ASH (NP2,NPL1) =8SB (NP2 ,NP1) +TENP2
ASB (NP2,NP2) =8SB (NP2 yNP2)-# TEMP3
ASB (NP2 ,NP3) =ASB (NP2 y,NP3) ~TEMP2
ASB{NP2,NPL) =ASB (NP2 ,NPG) ~TEMP3
ASB(NP3,NP1) =ASB (NP3 ,NP1) -TEMPY
ASR (NP3 ,NP2)=ASB (NP3 ,NP2) -TEMP2
ASBUINPI,NP3) =ASB (NP3 ,NP3) +TEMPL
ASBUNPI,NPL) =ASBINPZ ,NP4) +TEMP2

ASBINPL,NPL1) =ASB (NP4 ,NP1) =TEMPZ -

ASBINPY yNP2Y =ASB INPYL ,NP2) ~TEMP]
ASB(NPL ,NF3) =ASB (NPL ,NP3) +TEMP2
ASB (NP4 NPL) =ASBINPYL JNPLL*TEMP]

DO 220 I=1,NTP !
00 22C L=1,NTP

=0.0 !

DO 221 K=1,NTP
T=T-ASAT(I,K)*ASB(K,L)
CeI,L)=T .

Foazfﬁttu:.:cnnncss IN JOINT DEFOR

A

S

, o
5A1fg;; DUE TO CHANGE IN| THE ,

&

~




,SUBROUTINE

OO0 o

v i et s s Ln e — e - o ——

QOO0

00 224 I=1,NTP o
D0 222 XK=1,NLC o

T=0.0 '

DO 223 M=41,NTP

.o . /
MINTH TRACE ' COC 6600 FTN V3,0-P296 OPT=0 74/08.

223 T=T+CUI, M) *X (M,K)
222 DELX(X)=T , /‘
¢ - "
c GENERATE SLACK VARIABLES FOR STRESS CONSTRAINTS.
c . e
M2=NF*NLC ' ' ‘
D0 503 I1=1,M2 . °
J1=NFeIL ;
00 511 K=1,NLC * , -
IF (~BASE(Ii,LL1)) 510, szn.szo .
510 BASE (I1,J1)=-1.0
GO TO 511
520 BASE(I1,J1)=4.0 ?
511 CONTINUE ) ;.
502 ' CONTINUE , .o 7 -
GENERATE ;ﬁtrr;crsnrs FER DEFORMATION CONSTRAINTS.
1Y e ‘
IF (I.EQ. 1) GQ TO 303 '
IF(ILEQ.NTP2) GO TO 304 ‘ oy
GO0 TO 224
, 303 00 305 K=1,NLC
IF(X(NTPL,K’) 350,351,351
350 BASE(NLC*NF#K,LL1)==XALL~ Z‘X(NTPI,K)
GO To 305
351 BASE INLC*NF#K,LL1) =X ALL=2*X(NTP1,K)
305 BASE(NLC®NF#K,J) = DELX(K)
GO TO 224 . .
304 00 306 K=3,NLC Lo
IF(XINTP2,4K)) 355,356,356 '
355 * BASE(NLC*NF#NLG#K,LL1)=-XALL- 28X (NTP2,K)
GO Y0 306 -
35¢ 8ASE(NLC‘NF0NLC*K,LL1)=XALL z'xcurpz.x)
30€ BASE(NLCANF&NLC*K,J) =DELXLK)
224 PRINT 6034 (DELX(K) ,K=1,NLC) :
217 conrrnue Ny { — "
cceaennte srasssconsta. GOEFF. ON DIAGONAL (DELF (IL,])= FALLOH(I K®A(I)) ) (:
D0 307 K=1,ALC
DO 307 I=1,NF ~ . .
L2=NFe(K=1)+1 : , s .
IF(BASE(L2,LL1Y) 900,900,910
9006 BASE(LZ,I)= BASE(LZ,I)-FALLT'HVA(1,3) .
Go T0 397 .- .
910 BASE(LZ,I) = EASE(LZ,I)-FALLOH(I)‘HVA(I.J)




’ "% ¥ - .
- ;38
. . . N ".. ,
’ . SUBROUTINE NINTH TRACE s, COC 6600 FTN V3.0-P296 OPT1=0 74/08

¥ 4
S 1

| 307 _ CONTINUE -

' c ) . ) . i

] c MAKE ALL STRESS CONSTR, EQ. RIGHT HAND SIDE POSITIVE,.

‘ C e .
o 335 Hu=NF*NLC S .

v . D0 450 J=i,LL1
o . DO 450 Il=1,Mb - . , .

- ) IF (BASE(IL,LL1)) 400,410,410 N -

' , 40U BASE(I1,J)==BASE(I1,J)

360 410 CONTINUE

i ° 450 CONTINUE .

ot c . :

! € GENERATE SLACK VARIABLES FOR DEFORMATION CONSTRAINTS, 1

! c .

' 345 DO 308 K=1,NLC . -
‘ g . JENFENFANLCH+K o
. IFCXINTPL,K) ) 460,670,470
, 460 BASE(NLC*NF*K ,J)z=1,0
.+ GD-TO 504
350 w 470 BASE(NLC*NF¢K,J)=1.0

564 JL=NFENFENLC+NLCHK
IFCX(NTPZ,K)) 480,490,490
BASE (NLCANF#NLC+K,J1)==140
GO 70 3

: 355 \ 49h BASE (NLC*NFONLC#K,J1)=1,0

| . 308 CONTINUE _,

' 480

Nnoa

1 I
! 360 : MEZNFONLC#L . '
. MT7T=NF*NLC+NCP®*NLC
00 491 I=N6,M7
00 491 J=1,LLA
- - IF(BASEC(I,LL1Y) 492,494,494

‘365 492° BASE(I,J)==RASE{I,J)
494 CONTINUE

1 CONTINUE

370 c
. DO 309 I=z1,NF
' T1=NF*NLC+NCP*NLC+I
. J1=NFANFENLC + NCPANLC +I
BASE(11,1)=1.0
375 BASE(IL,Ji)=1.0 .
BASE(IL,LLL) =UB
I2=114+NF
J2=J1+NF .-
BASE(IZ’I)FI «0
380 BASE(I2,J02)==1,0 *
L : "BASE(12,LL1) =XLB :
I13=I14NF*2
J3=JLeNFr2 .
. . BASECI3,I)sHVALL,3).
385 BASE(133J3)=2=1,0

0
|

MAKE ALL'OEFORM., CONSTR. RIGHT HAND SIDE POSITIVE.

Fod . f

’

ENERATE SLACK VARIABLES FOR uUB, ‘LB, AMIN,®




, 390

395

400

405

410

»
— e =
&
1Y
n

SUBROUTINE MINTW ~ TRACE

4

-30¢

502 _
¢
c
¢

500
501
138

541

COC 6500 FTN V3.,0-P296 OPT=0 74/08.
BASE(II,LLL) =ANIN : -

CONTINUE '

PRINT.502 ) .
FORHAT(1H1.50X,35HCOEFFICIENTS FOR LP SINPLEX YABLEAUII) dan

A~—\\,

GENERATE COEFFICIENTS FOR IDENTICAL AREA EQUATIONS.
I2=NF*NLC+3*NF+NCP*NLC °

BASE(I2+41,1) = 1,0 - *

BASE(32¢1,3) =<1,0 . . . Al

BASE(I242,4) = 1.0 '

BASE(I2+42,5) =-1, o

BASE(I243,4)"

BASE(I2+3,9)

00,500 I=1,M1

PRINT 501,((BASE(I,J)yJ= 1,LL2),BASE(I,LL1))

FORMAT (13F10.5)

CALL LINPROG. (BASE,M3,LL2Z HVA,NF KH, KHM)

CALL DEMTR(NTP ,NF,NLC,E yMNO,NPN, HVA,P FALLOW, FALLT ; XALL, .
1 NTPi, NTPZ,NO,NAHE NA4NS, an~,rnax,u,NL,NLMIN,co,cP,xn Kc,xy,xnn, N
1FY , KCM)
« KH=KH¢1 .

IF (KH,GT.KHM) GO TO Sti . ¢ . . .

J=KC . ‘ t

J1=KC-1

T=AESIHIJL) =N CJ) I/ HEJL)

IFC(T.LT40.005) GO 7O, So1

GO0 10 823 . )

RETURN 5

€NO . . I .

nn
]
[y
.
(=]

<
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o

ING OF SUBROUTINE LIN

LIST

E

A

3
[in
i

2

PROG

140




N
.

SUBROUT INE

o

10

is

20

25

30

35

Lo

45

50 -

‘66

e 20

N
N

a

LINPROG  TRACE . COC 6600 FTN V3.0-P296 OPT=0 74/08,

c

200

2
3

4

5
203
, 6
12

9

3
10

i1
13

16 .

204

18

23
20¢
20
25

26
27’

¢ PRINT 203, (IBAS(I),I=1,M)

T 121
LhQP(A(Mw,x) AGNH, J)) 8,9,9

NS . ' 0

SUBROUTTINE LINPROG CA,MyNyHVA,NF o KH,KHN) Ce

LINEAR PROGRAMMING SIMPLEX TABLEAU . S
DIMENSION A(85,175) , IBAS85),R(85) ! ‘ -
DIMENSION DES(85),HVA(2143) b -~
PRINT 2U0sHyN .

FORMAT (2I3) . !

NM=NeM ‘
MZ=M+d , .
MHzNe2 " ?
MH1=HN . < . \

NB=N+Me L .

I=0- . .

J=N -- . )
I=141 , .

J=J+l ’ . 1

<AlIyN1=1.0

IF. (J=NM) 2,3,3

00 4 I=1,N

ACHW,NB) =A(MH,NB) =A (I,NB)
DO & J=1,N

A(RH,J) = A(NH,J)-A!I,J) - .
CONTINUE

80 5 I=1,M
IBAS(I) =NeI )
CONTINUE ’ .

FORMAT (2613/)
X=0
K=K+1

sd=2

=J .
J"JH. ) ~
IF (NW=-MHW1) 11,10,10
IF (J~NM) 12,12,13
IF (J-N) 12,12,13
IF (AtuM, D ¥.0001) 16.17.17
IS=1 i .-
PRINT 204 ,KyIS i
FORMAT (2%,13,17HCYCLE INCOMING ,I3)
I=1 '
J"U ' , M . - ‘L
TF (ACIGNBD) 19,20,20 ) .
IF (ACI,NB}=.0001) 23,26,20 : - '
PRINT 205,K,1,A(I,NR) ) . <!
F ORMAT (213,F10 2,11HB NEGAIIVE) '
GO 10 S5t
IF (A(I,IS)) 25,25,26

R(I)= 1000000-000 ‘ . ’ -7 -
GO 10 27 ’
R(II=ACI,NBIZALILIS) d
I=14+1" ’ - . . : .
IF (I-M) 18,18,29 ' .




.

60

65

70

75

A0

a5

90

SUBROUTINE LINPROG

PN

95

160

\e

165

110

e

4

29
30
20€
31
34
32
33
35

207

L3

36
37

38

39

LY

Y44

208

17

43
= B3=-A(MH,NB) .

45
47
48
49
21¢
46

51

211"

LY

a0
901

212
218

TRACE

IF (J-M) 31,30,30
PRINT 206-

FORNAT (19HFUNGTJON UNBOUNBEO)

FORMAT (2X,I3,17HCYCLE " OUTGOING

GO TO 100 -
I=1

J=2 )

IF (R(IV~R(J)) 33,32,32
I=J

J=J+1

IF CJ=-M) 34,34,35

IR=I -

PRINT 207,K, IR

18AS(IR) =1IS
82=A(IR,IS)

00 36 J=1,NB
ACIR,J)=A(IR,J) /B2
CONTINUE

Iz0 . A

I=1+1

IF (I-IR) 38,37,38
B8==A(I, IS} ’
00 34.J=1,NB

AT 0 SALT,J)+B*ACIR, D)
CONTINUE

IF (I=-MR) ;7 hl,61
PRINT 208, ~

?

FORMAT (ZX,IJ.ZlHCYCLE REDUCED

GO O 6
IF (MW=HW1) %2,u3,43 -
IF (A(MW,NB)) 45,046,047

GO TO 438

83=A (MW ,NB)

IF (83-.0001) 46,465,069
PRINT 210,K

FORMAT (I3,12HW sNOT
60 -T0 51
HH=M+1 o
G0 T0 6
PRINT 211

.

ZERO)

COC 6600 FTN*VW3.u~P296 OPT=0 74/08

*HI3)

TABLO)

FORMAT (6X,20HINFEASABLE SOLUTION)

60 TO0 100 1 N
2=-A(MZ,NB) .
00 900 I=1,MZ

PRINT 901,(A(I,J7;J—1 NM) ,ACI,NB)

- FORMAT (1X312F11.5)
PRINT 212.2
'FORMAT (6X,22HOPTIMUM

'SOLUTION
PRINT245,(18AS(L) JA(I,NB),I=1,M)

FORMAT ((6X72HX,IZ,2H',F10.Z)/)

.00 401 I=1,NF
00 02 J=1,M °

IFCIBAS(JI .EQ.I) GO TO 403
. GO TO 402 '

- &

.

= 9F10-‘2./I)

Y

-3
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3

21€
4«04

] 100
. 104

B N e 4
w
, . .
RYSRN , ST s r
. .
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. T
.
, .
- \

r o
PROG~ TRACE ¥ . -

DES{Y) = ALJ,NB) S .
60-to 401
CONTINYE v
GONTINUE ' '
DO 404 I=3,NF o "
PRINT.218,1,0ESID)
HYA(I,3)2HVAYT,3)*DESIT)
PRINT 218,1,H¥K(1,3) .
“FORNAT ((6XfHA,I351H=,F104217)
CONTINUE - .
;60 TO 101 R
IKH=KHM¢L ..
RETURN ’ oo :
END . ’ '
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SUBROUTINE

s

AN

OEHTR - TRAGE g  COC 6600 FTN V3.0-P296 OPT=0 Pu/0s,

204

SUBROUTINE DEMTR(NP, NF, NLC,E,HNO,NPN.HVA,V(FALLOH,FALLT,XALL,
1 NIPL.NTPZ,NO.NAHE.NA NSy FMIN,FMAX,HoNLyNLMIN,CO, cp,xu,xc,xa,xuu.
1FY,KCM) .4
DIMENSION ASAT(22,22),P(21,8),X(22,8),F(10) , INDEX(21) J
DINENSION MNO(21),NPN(21,4) ,HVA(21,3)

OIMENSION « °  FALLOW(22),W(30),RX(22,3)

DIMENSION NA(6D, 5),NS(28),¢HIN(28),FHAX(ZG).NO(GU).NAHE(SO,Z)

REAL NA

IFIKHeGToKHM) co 70 136 N w\k c
L3=NTP1 \ o
L6=NTP2 . .. N . R .
NPP1i=NP#} \ :
00 103 I=1,NPPL ™ - ’ ’
00 103 J=1,NPPY ’ )

103 ASAT(I, =0,

PRINT 105

. ' ‘ ) ’ ~
105 FORMAT (27HOMEMBER NP1 NP2 kP3 NP4, 7X, 1HHy 11X, L1HV, 11X,

107

L3

P23

L)

-

v

1. 1HA, 11X, tHU, 11Xy 3HCOS, 12X, IHSIN,12X, 6HFALLOW, 12X, ZHNS/)
WL=0.0 ' - Nl ™ :
00 108 I=1,NF - { .

MEMNO=MRO (1) © T . g

NP1=NPN(I,1) . » 5 .

NP2=NPNLI,2) . & . .. .

NP3I=NPN(I,3) n

NPLINPN LT, 4) " -

H=HVA(I, 1) o - ’ e
\ VEHVALT,2) ’ ‘ :

ASHVALI,3) . : N\

XL=SQRT LHPHV V) :

XCOS=H/ XL .

XSIN=V/XL R .

HL=WLFA®XL*0 4280 -~

PRINT 107 ,MEMNO,NP1y NP2, NP3, NPl yH,V A, XL,y xcok,xsru FALLON(D) - .
1yNS( N e

FORMAT (1HD,15,16,315,4F12.4y3F15,8,5X,15) , ‘-? ~

TEMP1=E *A*XCOS*XCOS/XL o S )

TEMP2=E®A®XCOS®*XSIN/ XL \

TEMP3=E*A*XSIN*XSIN/XL - S :

ASAT (MPL,NP1) =ASAT (NP1, NP1) ¢ TEMPL

ASAT(NPL,NP2) =ASAT(NP1,NP2) ¢ TEMP2 ‘ ‘ '

ASAT (NP1,NP3)=ASAT(NP1,NP3) =TEMPL :

. ASATINPL,NP4) =ASAT(NP1,NP4)~TEMP2 o )

ASAY(NPZ.NPi)—ASﬂT(NPZ NPi)#TEHPZ. - . >

ASATINP2,NP2) =ASATINP2,NP2) +TEMP3 . ‘

ASAT (NP2,NP3) =ASAT (NP2, NP3} - TEMP2 R
© ASATINP2,NP4) =ASAT(NPZ,NP4) -TENP3 )

ASAT(NP3I,NPL) =ASATINP3,NPL) -TEMPL

ASATUINP3,NPA) =ASAT (NP3, NP2)-TENMP2

ASATINP3,NPR) =ASATINP3,NP3) +TEMPL
. ASAT(NP3,NPLB =ASAT (NP3, NPu) +TEHP2 ‘

ASATINPU,NPL) =ASAT (NPL, NPL) =TEMP? .

ASAT (NP4 4,NP2)=ASAT(NPL, NP2) ~TEHPJ

ASAT(NPU,NP3) =ASAT(NPL,NPJ) +TENP2

ASAT (NP4, NP4) =ASAT (NP4, NPL)+TEMP] L -

PRINT 140,HL \ .

- . LY
f A . - .




g .
SUBROUTINE OEMTR._  TRACE . COC 6600 .FTN v3.0-P296 OPT=0 74708
! ,
| 140 FORMATU25X,SHHL = ,Fide®) S "
‘ ; 215 00 110 I=f,NP: . : . T .
| ; 110 INDEX(I)=0 ) C {
| ' - : _ 111 AMAXs=1v -0 N
.t 60 v D0 116 I=1,NP ' - .
- IF (INDEX(I)) 114,112,114 x
R 112 TEMP=ABS(ASAT(I, 1))
| ! IF (TEMP-AMAX) 114,114,113 .
| . : . 113 Ic0L=I ) !
| | 65 AMAX=TEMP . >
: . 114 CONTINUE
| ! IF (AMAX) 120,138,115
| { "' 115 INDEX (ICOL)=1
| PIVOT=ASAT(ICCL, ICOL)
: © 76 ASAT(ICOL,ICOLY=1,0
<o o PIVOT=1./PIVOT > , .
| ! ’ DO 116 J<L,NP
R 116 ASAT(ICOL,J) =ASAT(ICOL,J) *PIVOT
| 00 119 I=1,NP
| 75 ' : IF (1-ICOL) 11X,119,117
| 117 TEMP=ASAT(I,ICOL) -, : . .
| L L ASAT(I, ICOL) 20,0 : ‘ .
, DO 118 J=1,NP ' )
’ 118 ASATUI,J)=ASATC(I,J)=ASATCICOL,J) *TENP ;
80 119 °CONTINUE . | b . .o
g <60 TO 111 . ‘ -
: 1120 CONTINUE ‘ .o
/ 125 PRINT 126 . s,
126 FORMAT (L13HQTHE MATRIX P) ° )
85 00 127-1I=1,NP ‘
127 PRINT 12571,(P(I,J),J 1,NLC)
L e 128 FORMAT (4H ROW,I13, 1X,h(1P:16.?)/(8X.h(19€16 7)) -
. 00 129 I=i,NP
! .- DO 129 J=1,NLC ,
96 - , XC(I, =0,
-1 . ‘00 129 K=1,NP
129 XAL,J)=X{I, JVHASATHT KD *P (KyJ)
. PRINT 130 1
bt 1306 FORMAT *(13HOTHE MATRIX X) . '
! 95 ‘ 00 131 I=1,NP = . : ’ ..
. 131 PRINT 128,1, (X{I,J),J=1,NLC) < ‘ :
1 00 201 I=1,NP . v
’ DO§ 200 J= 1,NLt -~
- IF(X(I,J)) 260,261,261 . . R ™
i 100 260 RXUI)d)=X(T,4)7 (=XALL) ' “ oo -
! p) GO TO 209 , :
’ 261 RXUI,=X{I,0)/xXALL .t ° - ,
200 CONTINUE : _ : ’
, . 201 CONTINUE ) . ‘
, 105 D0 210 I=L3,06,3 , '
; S . PRINT 211,(RX{I,J),J21,NLC) | )
~ 211 FORMAT(33X,F10+4) - ) ’ :
210. CONTINUE . . . : -y
. ) ) RXMAX=RX (L3, 1) - v . s —
. *110 . : DO 302 I=2t3,L6,3 . s

a3
[
.
~
‘

'R . : *




115

| "150

hid

OO

SUBROUTINE OEMTR

302
. ‘PRINT.310,RXNAX

310

132

133

13¢

137

20z

203
26¢

235

w5

234 S 11=I1+1

L XINPPL,,J)=0,. .

TRACE :

DO 302 J=4,NLC
IF(RXHAX-LT RXCIyJ)) RXHAX2RXA(I,J)’
CONTINUE

1]

FORMAT (25X, 3HRXMAX = F10.4)

"PRINT 132 v
FORNAT (49HLTHE MEMBER FORCES IN ORDER OF LOADING CONDITIONS/)

00 133 J=4,NLC

00 134 I=3%,NF
MEMNO=MNOD(I)
NPLi=NPN(I,1)
NP2=NPN (1,2}
NP3=NPNI(T,3)
NPL=NPN(I,4) -t
H=HVA(I,1)
V=HVA(1,2) )
A=HVA(I,3) o
XL=SORT (H*H+V*V)

XCOS=H/ XL

XSINz=V/XL

FMIN(IN=0.0

FHAX(I)=J.0 ’

D0 136 J=1,NLC - ¢

F(J)'E‘AIXL‘(XCOS‘(X(NPS.J)'X(NPiyJ))'XSIN‘(X(NPQ’J)-X(NPZ,J)l)

CONTINUE
PRINT 137, MEMNO,(F(J),J=1,NLD)
FORMAT (1H 9 15,5F12, u/(ex,SFiz.u:)\

FIND MAX NNDQNIN MEMBER FORCES.

DO 265 I=1,NLC
IF(F(JY) 202,203,203
IF (FMIN(DWGToF (J)) FMIN(I)ISFOQ)

GO TO 265 .
IF(FMAX (D) JLT.F CJ)) FMAXCD) =F(J) .
CONTINUE )

PRINT 266 ,MENNO  ,FHMINCI),FMAXCI),XL
FORMAT (1H ) 15,3F12,4) \

¢

i

FIND SMALLESY secrIon FOR TENSION, .

AT=FHAXCT)ZFALLT

I1=NLMIN .

IF (ABS(AT),.LT.OQ, 0001» G0 TO 23

IF(NACIL,1) 4LT.AT) GO TO 234
IF(NA(Ii,l).LY.HVA(I,3)‘RXHAX)GO To 234
IF(NACIL,2) ,LENA(IL,3)IRILENALTIL,2) *
TIF(NACIL,2) s GToNA(IL,3)IRIIENALILLI)

IF  (RI1.LT,XL/300.0) GO TO 234 :

IF (ABS(FMIN(I}) .LT.G.0004) GO TO 270

GO 10 236

\’w

IF(IL.GTNL) GO TO 240
.60 10 235 -

COC 6600 FTN v3,0-P296 OPT=0

v

]

76708
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% ) c
c -
} c
{ 23¢
170 237
Ly
) i
; © 175
o -
o c
; C
~ 180 A
- 1
L e
| 185" 40€
v . 238
{f 190 270
P 235 _
. 195
i , .
b 134
o200 307
‘ 3u8
’ 205 300
3
K L 301
- 210
. ' 332
; 215
f v 302
|
: '
A 220
o v
4 .
S

1XM*(XL/RI2-CO) .

o

SUBROUTINE OEMTR TRACE COC 6600 FTN V3.0-P296 OPT40 74/98

.

FIND SMALLEST SECTION FOR COMPRESSION AND TEST FOR LOCAL PUCKLING,

12=14 s . ) -
IF(NACI2,2) JLELNA(I2,3) IRI2=NA(I2,2) ‘
IF(NACI2,2) 4GV, NACIZ,3))IRI2% NACIZ,3)

IF  (RI2.LT.XL/20U.0) GO TO 238

FY=44,00 °

B=NATI2,4)

T‘NA(I?,S)

IF(BIT.GT (75.0/SQRT(FY)))FY21,67%(FY=8.6)=0,067*(FY=214,6) *B/T

COHPUTE ALLOW, COMPRESSION STRESS FOR EVERY SECTION UNTIL A SATISFACTO
ONE IS FOUND, - -
IF(XLIRI?.LE «CO) FAIZ=0.60‘FY g
IF(XL/RT24GT«CO.AND, XL/RI2.LE.CP) ﬂAIZ‘U.&O‘FY-

IF(XL/RI2.GT.CP) FAI2=149000. Ol((XL/RIZI'(XL/RIZ))
IFLABS(FAI2*NA(I2,1)) LT.ABS(FHIN(f))) GO TO 238
TFINACT2, 1V LT HVACT,3) *RXMAXIGO TO 238
Ga 70 239

12=12+4

IFCI2.GT.NL)_GO TQ 240

“G0 10 237

NS(I)=12

HVA(T,3)=NACT1,1)

FALLOW(I)==0,.1

60 10 13

NSCI)=I2

HVA(T,3)=NACI2}1) @
FALLOW( [} ==FAI2

CONTINUE - ' '

IF (HVA11,3).LT.HVA{3,3)) GO TO 300 \
IF(HVA(1,3) ,GE.HVA(3,3)) GO TO 301

1f CHVAC(L,3) LT.HVA(S,3)) GO YO 232

IF (HVAC4,3) JGE.HVA(S5,3)) GO TO 303

IF (KVA(A,3),LT.HVA(9,3)) GO TO 304 \
IF{HVA(A,3) . GE.HVA(I,3)) GO TO 305 s\
GO TO 309 - \
HVA (1,3)=HVA(3, 3) o -4 . .
T NS(1)=NS(D) . L .
FALLOW(1) = FALLON(S) ' \

-60 YO J07 - ' '

el

THYA(3,31= HVA(1,3|

NS(3)=NS (1) /. (/' . -t
FALLOW(3) FALLOH(L) .
GO 10 307 ) \ .
nvnt«,s;-nvuts,s) \ :
NS (4)=NS (5) - : . | N
FALLOWIG) =FALLON(5) \

GO TO 304 : i

HVA(S,31=HVA(4,3) . , : . Y .
NS (5)=NS (1) ' s T o
FALLOWIS) =FALLOW (&) A LA S
60710 308 .



s

SUBROUTINE OEMT

304
| 2%% 309
!
309
230 286
1
235
240 -
14 *
245
i
o 281 -
250 . 350
320
)
' 243
255 261
. 138

Y

.Hé&D)

»

R TRACE +0~P296 OPT=0 74/08

HYA(8,3)=HVA(9,3)

NS(&)=NS(9) _

FALLOW (8) =FALLONW (9)

GO TO 309

HVA (9,3)=HVA (8,3) '

NS (9) =NS (8) ~

FALLOW(9) =FALLOW (8)

CONTINUE

PRINT 280

FORMAT . (27THOMEMBER NP1 NP2,
1HA, 11X, 1HL, 11X, 3HCOS,

KC=KC+1

=KC
JK=0.0 ‘)

00 350 sl=1,NF
MEMNO=MNO(I)
NPL=NPN(I,1) -
NPZ=NPN(1,2)
NP3=NPNU(I,3)
NPGL=NPN(I,4)
HZHVACTL 1)
V=HVA(I,2)
A=HVA(I,;3)

XL=SORT (H*H+V*V)
XCOS=H/XL ¢
XSIN=V/XL

H{J) =W (J) $ABXL*0,284
PRINT 281,MEMNO,NP1,NP2 NP3, NPl H, v.u,xL,xcos,xsxu,FALLow(I) NS(I)
FORMAT_ (lHu,IS.Ib,JIS,uFlZ.h.SFlS. 95X, I5)
CONTINUE

PRINT 320,KHyJyR (D)

FORﬂAr(zsx,uHKH -.Is,sx,7HwErBHT 113,30 = ,F10. W) -
GO TO 138

PRINT 241

FORHAT (41HOINFEASIBLE
KH=KHM+1

RETURN
END °

COC 6600° FIN V

{

P

NP3 NP, 7X, 1HH," 11X,LHV,11X,
12X, 3HSIN,12X,6HFALLOW,12X, 2HNS/)

A

[}
A

°

<

WI ESENT LIST OF SECTIONS)
vth % ' .
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