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Ol'TIMUM DESIGN OF STEEL TRUSSES

Keti STASA

Polytechnic University otTimna, Al bania

Abstract: A procedure is presented for optimum design of steel tru sses with
coust rurnts on st resses , displacements and desi,,'ll variables. Buckling is considered in
the compression st res ses const raints. The procedure intends to sol....c pract ical
problems and it complies with the Albanian Steel St ructural Design Code KTP-lO-78.
Optimum design of trusses is fo rmulated a s a problem of nonlineur murhornuticnl

programming and it is so lved by the optimization method of Sequen tial Lincur
Progranuning with Move Limits. The difficu lties introduced by the buckling
constraints ure successfully overcome. Due to the use of some approximation concepts,
the procedure is presented computat ionnlly as a n efficient one. Based on the results of
some exa m ples. usefu l recommendations are given for a favourite initi,,' design of the
procedure nnd also for the move limits pnramete r.

Keywords: Steel trusses, non-linear programming, opt imum desil:lI.

1. INT HODUCTlON

Ba sed on the fact of not having R singlo hest optimization method for steel trusses
[41, it would be of interest to have a package of some optim um design procedures by
the most efficient optimization methods.

The presented procedure intends to enter such II package solving prucucet
problems and com plying with t he Albanian' Code KTP-lO-78 [6). Tho procedure
present s the optimum design of steel t ru sse s funnuletcd us II norrlinonr proCflllnming
problem with const rain ts on st resses (includin g buckling), displacements a nd design
vurieblce, and solved by the optimization method of sequent ial linear program ming
with move limi ts (I ), (4). (l01, [11).

Trusse s are assumed to be with fixed topology and geometry, and subjecte d to
constant joint loads ,
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2. DESIGN VAHlAll LES

T he design variables in the presented procedure of the op timum dpsign of stee l
t ru sses ere the cro ss- secuonel arees of truss members. Ench cross sed ion is assu med
to he described by a single design variable.

In fact, considering buckling, the cross sect ion shou ld be described li t least by twu
design variables. nam ely, the area. and tho radiu s of gyrnrion corresponding to the
muximu m slenderness ratio of the member. But , because of doubling the design space
dimen sion , the use of these two kinds of dOIOI I:,'11 va riables is compu tn t ionally
inconvenient.

So, to be efficient from the standpo int of computational effor t through the use of
/I smcle design variable for each cross section and to consider buckluur too, it is
as su med thut the a rea lind the rndiua of gyration arc two dependen t proper t ies of a
cross sect ion. Such 11 dependence can be described by empirical formulae established
frum discrete dute of standard steel sections [21. [31. (41. (71 .

The empirical for mula used here is

rmin "" pIA (1 )

where r min is the cross-sectional minimum radius of gyration; A is the cross-sectional
area; p is a parameter determined by the least squares method. Equat ion (1) can be
used even when the radius of gyration corre spo nding to the maximum slenderness
ratio is not minimum. This is possible due to the usc of the modified buckling length
10m [21.

i: :: max ( K., i: Ky loy )

tha t determines the maximum slende rness ratio ..t,

..t "" lom
rmin

(2 )

(3 )

where lO.,. loy are the buckling lengths of the t russ member in the planes of buckling
having us neutral axi s X and Y principal axes of the cross sect ion . respectively ; K." Ky
lire parameters relat ing the radii of gyration of the cross section r." ry (Figu re 1) and
rmin us follows:

( a )

y

( b)

y

Figure 1. Cron sections oft russ members
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. K.... in the case when r mi n =ry and K, when r min =r .... are determin ed from the
discrete da ta of standard steel sections as the mean value of the quant ities r I r and

min ....
rmin / r, respectively (2)-

3. FORMULATION OF OPTIMUM DESIGN PROBLEM

The optimum design problem of trusses with constraints 0 11 stresses (including
buckling). displacemen ts and design variables is for mulated as follows:

Problem P

Find I XI such that

W = y t I IT {X } -~I min

subject to

I J>L J< I D, I s I V U J, k = 1, ,K

I if- I s {", J s I~ J." = 1, ,K

I XL ) S I X I s IXu l

( 5)

(6)

(7)

(8)

where { X I is the vector of design variab les, cross-sectional arcus; W is the objective
function represent ing the truss weight ; r is steel density; {II is t he vector of members
lengths; { V k l. I cr" I are the vecto rs of cons trained joint displacements and members
stresses un der the k-th load condition, respectively, {vL l. ( Du j, t d· ). { aU I. t XL I,
{ X U I are the vecto rs of lower and up per bou nds on const rained joint displacements.
members stresses and design variables. respectively; K is the number of load
conditions .

Th e clements of { D it. I and t crk I are usually implicit nonlinear fun ctions of { X It
resu lt ing with implicit nonlinear const raints fur structu ral behavior (Equations (6)
and (7». For any given value of I X ) the corresponding {ilk I and { ak J lire assumed
to be computed using the displacement method of structural analysis.

The only nonconstant bound vector of problem P is ( d- }and is defined according
to the Code KTP-IO-78 us follows,

a;-=-fIlt m R ; e e I, ... •E (9)

where a;- is the e- th element of { d- }; fIlt is the buckling factor of the e- th member;

In is the factor of service conditions; R is the design stre ngth of steel; E is th e number
of truss members.

f/J. is determined for any given steel in terms of the maximu m slende rness ratio of•the e- t h member I t by mea ns of formulae established from da ta of the re spective
tables of the Code Kl'P-IO- 78. Based on Equations (1 ) and (2), 1.. is taken us
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(10)

where l om _t is the modified buckling length of the e-th member ; Xr IS the cross
sect ional urea of the c- th member .

l rfl l is defined us

d{ =R; e = l, ... , E' (1 1)

where dj is the c-tb element of taU} .

1'0 comply with the following requirement of the Code KTP-IO- 78

)... S [A I; e = 1, ... .E (12 )

and Lased un Equuticns (1 ) and (2), { XL} is defined 8 S follows:

X; ' = max CAmin' AA) ; e = l , ... ,E (13)

where X!- is the c--th element of { XL }; Amin is the cross- sectional min imum area; [).)

is the limiting slenderness rat io for compression or tension member by the above Code.

l'roblem P of Equation (5) through Equation (8) is presented us u nonlinear
programming problem.

4. OPTL'\!IZATION METHOD

The optimiza tion method of sequential linear programming with move limits 111,
141 , POI , [11], u sed here to solve problem P, consis ts in replacing this problem by a
sequence of linear programming problems PA whose solut ions converge to that of
problem P. The for mulat ion of problem PA is based on:

1. The use of explicit linear a pproximat ion of st ructu ral behavior constraints,
based on the fir st order Taylor series expansion of a funct ion ( { X I ) about a

given point { X }.

2. The use of move limits.

:3. The use of the constant vector of lower bounds on members s t res ses I aL }

computed us { d - }at the poin t I X } .

So, problem PA for a given point I X }is formulated us follows:
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Problem PA

Find t X I such that

W= y {l IT {X j -~, m rn

subject to :

I DL IS I D. I +[ VD. )({ X I - t X I) S{ DU I ; k . l •...•K

I;;L } 5 {". I +[ V " , )({X I -I X J)S{~ I ; k . 1.... .K

{ XL} S { X} SI X U }

{ XI - {o X I 5 {X I 5 I XI + lO X}

(15)

(16)

( 11)

(1 8)

(19)
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where { V k J. I a le I are the values of t o, I and { a k } at the point { X } ; I 'V V k I, I Vak J,
are the matrices of fir st derivetes of displacements IImI st resses under the II - th load

condition, respectively, with respect to design variables computed at the point {X} ;

-
I A X Iis the move limits vector lit the point (X I, defined as

(20)

where C is the move limits parameter taken as C = 0.2 or C =- 0.1.

The additional const rain ts on design variables of equation (19) lind the above
values of parameter C a re used to ensure the assumed approxima tions about

st ructu ral behavior constraints and the vector {cl- l to be adequate .

In addition, to so lve efficien t ly problem PA the followin g approximation conce pts

121. 14), [51.[8J are used:
1. Design variable linking to reduce the design space dimension.

2. Noncritical constraints deletion .

5. OPTIMUM DESIGN PROCEDURE

According to preceding discussions, an iterative opt imum design procedure of
t russes is constructed (Figu re 2).

The ini tial design { X} of each iteration cycle can be or not II feasible design of

problem P. Scaling of the design 121, [4), (5] leud s to a constrained feasible design {X }

wh ich is the best design on the line through the points {O I and { X } called t he design

line, nod is defined 8 S ,

{X } .S tXI: S >O (2 1)
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where S is the scaling' factor { X} which will be discussed later.

{ x J

{ x}
.

S T R UC TU RAL ANALYS IS a'

SC ALINa a r T • • DES ION {x} - {X }

v '" ... / , { x I . { x ~v f" T· PAC O N V E IIl O E NC £
oa

S TlltVC TU ItAL IIlEANA LYSJS a' {~ }

1
SENSIT IV I TY AN",LYSIS . , {X1

,. O IllMULA T I ON AND 5,,)1. U T I ON o r PIl O8 L£.~1 .. " , I ~ !-
{ X }OP T- ,. 4

{ X}OPT- r • {x }

Figure 2. Geneeal I low char t of opt imum design procedure

Based on truss pr operties, the structural reanalysis at t X } is efficiently carried
out as follows,

k = 1,... ,K (22)

(23)

- -
where t o, J. ( DI< 1. {air I. ru", I arc the values of {Die I and {"k I a t { X } and { X },

respectively.

The sensitivity analysis at { X } , used to determine the matr ices IVDIc 1 and

[V O'k ). is carried out by th e behavior space approach [3), [4J.

The convergence crite rion used here is:

jW/ - W/ -1l .s; c or t :so tV
IV,
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where t is the index of the curre nt cycle; WI' WI _1 are the truss weight at the t-th lind
(l- l)- th cycles. respect ively; £ is a pred eter mined tolerance taken here us £ = O.Ol j
tU is the upper bound on the cycles nu mber taken as tU = 20.

6. SCALING FACTOR

The scal ing factor of I X l for all the constraints ofproblem P is defined us

S = max (S, ) for all i (24 )

where 5 , is the scaling facto r of {X ) for tho constraints on such u quantity as a joint

displ acement. a member st ress. or a design variable.

While it is simple to com pute the above scaling facto rs of {X} for the constrain ts

bounds [2), 141. [5). the difficu lty prese nted for compression st resses const raints
lbuckling const ra ints) is overcome as subsequently.

Sculing the design i X I only for the const raint on the compression st ress at" (t he

c-th clement of (a.. » by means of an iterative search pro cedure, the obtained point

( X I , where the above constraint becomes active . give s

(2 5)

where S (atk ) is the scaling factor of {X I for the constraint on at"; X t , X t are the e-th

elements of { X ) and t X }.

As it is certified. ( X ) lies on the design line of I X I in the interval of the points

I X I a nd I X If. where the last point is

I X I,.S, I X} ; s,.~~,

where at l!. • 0;- arc the e-th clements of {a.. I and (~ I at t X ) .
•

(26)

The iterative search procedu re used to find I X I ut II given cycle tests for being

{X I the point {XI in the middle of the interval of the points { X I I and I X 2 } . This

interval has the following properties:

-
1. It contains { X I and lies in the interval of the points { X I and I X If. where

the la st interval is that of the points ( X l ) a nd {X 2 I at the first cycle .
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2. Unless the first cycle, the dis tance between the points { X I } a nd { X 2 } at a
given cycle is half of that distance at the preceding cycle.

.
The condit ion for being { X } the point { X I is as follows:

at" = 1± &';,L ,,

where aelt ' O{- arc the e- th elements of { a. I and {cl- l
.

at ( X ) ; x,

(27)

IS the c- rl i

•
element of {X I ; e is a predetermined to lerance taken as /; "" 0.05.

The above procedure is com putationally efficient one.

7. EXAM PLES

The examples of T l and 1'2 t russes (Fib'\UC 3) were solved usi ll l~ the computer
progrum ST- OPT, an im plementat ion of the optimum design procedure prese nted
here.

Two kinds of the init ial des ign of the procedure are conside red

IX I= IA.nml and I X} = I X }'''' .AD (28)

.

where I A . } is the vector of cross-sect iona l unnunum areas of truss members :m In '
{X }ST-AD is the optimum design by the optimiza tion criter ion of the feasible most
st ressed state and/o r the feasible biggest slenderness ratio state , an optimum design
obtaine d using the computer program ST-AD [91 .

While the move limits parameter C is assumed to be in the beginn ing of the
procedu re C = 0.2 and then C = 0.1, four cases of the number of cycles where C = 0.2
are considered, taking this number 8S 0, 2, 5, and 10. For each truss exam ple, from t he
results taken for the above cases, only the resu lts of the case of mini.mum weigh t truss
are reported here.

Truss members consist ing of two equal leg angles (Figu re 1 (a» a nd the material
of Steel S with R = 2100 daN /cm2are u sed.

In udditicn, unless the joints 7 and 11 of 1'2 tru ss, all the other join ts of 1'1 and 1'2
tru sses are assumed to be tied out of the truss plane .
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Figure 3. Examples : (n) Tl truss; (b) 1'2 lruss

Table 1 Members groups for 1'2 tru ss..
GHOUP MEMIlEHS

1 1- 8
2 9- 16
3 19, 22, 34, 37
4 25,28, 31
5 17,18, 38, 39
6 20, 21 , 23, 24 , 35, 36, 38, 39
7 26,27, 29, 30
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T able 2 Load conditions for 1'1 and 1'2 trusses

THUSS
LOAU JOINT

LOAUS (daN)

CONDITION X Y

T1 1 2,4 - 50000
1 4,6, 8,10,12,14 ,16 7540

'1'2 4,6, 8 7540
2 10 - 6595

12, 14, 16 - 5650

Table 3 Results for 1'1 truss,

INITIAL MOVEUMlTS WEIGHT OPTIMUM
DESIGN PARAMETEH PHOGHESSION DESIGN

- CYCLE WEIGHT MEMllEH AREA
\ X I C

lkol (cm2 )

1 2145.81 1 98.56
C = 0.2 2 1916.82 2 15.16

fort S; 10 3 1896.86 3 105.31
and 4 1750.38 4 51.21

{Amln I C = 0.1 5 1681.25 5 15.18
fort > 10 6 1709.88 6 15.18

7 1620.77 7 62.78
(t = index 8 1600.28 8 76.82
of cycles) 9 1571.07 9 84.29

10 15571.44 10 81.26
1 1708.75 1 120.62
2 1606.75 2 15.51

C = 0.2 3 1566.49 3 101.43
for t s 2 4 1548.96 4 54.49

I X 1ST-AD and 5 1532.24 5 10.34
C = 0.1 6 14.43
fort > 2 NOTE: {X }ST-AD 7 61.77

is tak en efter 9 cycles 8 68.70
9 72.84
10 32.73
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Table 4 Results for 1'2 t. nus
INIT IAL MOVE Ll.1U'l'S WEIGHT OPTIM UM
DBSIGN PAHAMETEH PROGHESSION DESIGN

- CYCLE WE IGHT MEMBER AREA
I X I C

(k"l <cm2)

1 4957.88 1 60.72
C = 0.2 2 4619.01 2 83.82

{Amm l for r s f 3 4356.18 3 22.25
lind 4 4295.42 4 22.25

C = 0.1 5 4169.23 5 50.06
fort > 5 8 4167.92 6 30.44

7 22.25
1 4101.07 1 74.58
2 4050.34 2 67.77

(X Isr. x» C = 0.1 3 4040.31 3 12.17
4 12.17

NOTK (X Isr_AD 5 47.08
is taken after 2 cycles 6 32.44

7 18.11

8. CONCLUSIONS

The presented procedure of minimum weight design of steel trusses with
ccns t reinte on "tresses (includin g buckling), displacements and design variables, a
practical procedure complying with the Albanian Code KTP-I D- 78, through the use of
approxima te concepts is computationally efficient procedure. The difficult ies
Introduced by the buckling constrain ts are successfully uvercome.

A favou rite initial design for the presented procedure is obtained by the compute r
progrum ST- AD, leading to the minimum weight design (global optimum ) with less
computat ional e ffort .

The move limits parameter C. is recommended being taken C = 0.2 in the
begin ning of the procedure for 5 to 10 cycles for the initial design {Amm I lind up to 2

cycles for { X h:~I-AD ; and t hen C = 0.1.
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