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Preface 

Structural opt imizat ion is a des ign system for searching better solut ions, wh ich 
bet ter fulfil engineer ing requi rements . The ma in requi rements o f a m o d e r n load-
carry ing structure are the safety, fitness for p roduc t ion and economy. T h e safety and 
producibi l i ty are guaranteed by des ign and fabrication constraints , and e c o n o m y can 
be achieved b y minimiza t ion of a cost function. 

The main a im of this book is to give designers and fabricators aspects for select ion 
of the best structural solution. A lot of structural vers ions fulfil the des ign and 
fabrication constraints and des igners should select from these possibi l i t ies the best 
ones . A suitable cost function helps this selection, since a modern structure should 
b e not on ly safe and fit for product ion but also economic . 

A s imple numerical example il lustrates this aspect . In Table 1 three cross-sect ions 
o f a bent box b e a m are shown. Thei r bending m o m e n t capaci ty (or sect ion modulus ) 
is near ly equal , bu t their cross-sect ional areas (or mass) and costs (for a b e a m length 
o f 20 m) are different. 

Fur the rmore , their safeties against p la te buckl ing (or plate s lendernesses) are also 
nea r equal . The l imit ing pla te s lenderness in the case of a steel of yield stress 235 
M P a for w e b s is 69 and for compress ion flange is 42 . The cost includes mater ia l cost 
and weld ing cost of four longi tudinal fillet welds . It can be seen that, to select the 
mos t sui table version, the b e a m of the m i n i m u m mass or cost should be selected, 
s ince this structural vers ion is safe and economic . 

This s imple calculat ion is m a d e by vary ing only few parameters . In mos t cases, 
t reated in this book , m u c h more u n k n o w n s should be var ied to find the best solution. 
In these cases one needs special mathemat ica l me thods , some of t hem are treated in 
this book as wel l . 
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1000x24 810x20 

820x12 

£ 
660x16 

1035x15 

£ 
1240x18 

cross-
sectional 

67680 63450 65760 

area mm 2 

section 
modulus 

22.3696xl0 6 22.1231xl0 6 22.3200x10" 

mm 3 

web 
slenderness 

820/12 = 68.3 1035/15 = 69 1240/18 = 68.9 

flange 
slenderness 

1000/24 = 41.7 810/20 = 40.5 660/16 = 41.2 

cost $ 11916 11734 12709 

The op t imum des ign procedure can be formulated mathemat ica l ly as follows: 
the object ive function should be min imized 

f(x)^>min, x = (xl,...,xn) 

subject to constraints 

g/x)<0, j = l...p 

where n is the n u m b e r of u n k n o w n s a n d p is the number of constraints . 

The solution of this constra ined function minimiza t ion p rob lem needs effective 
mathemat ica l methods . 
The above descript ion shows that the structural opt imizat ion has four main 
componen t s : 

(1) design constraints relate to stress, stability, deformation, e igenfrequency, 
damping , 

(2) fabrication constraints formulate the l imitation of residual weld ing distort ions, 
requ i rements for weld ing technology , l imitat ions o f plate th icknesses and main 
structural d imens ions , definition of available profile series, 

Table 1 Characterist ics of three different bent box b e a m cross-sect ions 
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(3) a cost function is formulated accord ing to the fabrication sequence and contains 
the cost of mater ia ls , assembly , weld ing , cut t ing and paint ing, 

(4) mathematical methods. 

In our sys temat ic research w e have deve loped suitable m e a n s for these main 
componen t s . Des ign constraints are formulated according to relevant Eurocodes or 
des ign rules o f Amer ican Pe t ro leum Insti tute (API) , Det Nor ske Veri tas ( D N V ) and 
European Conven t ion for Construct ional Steelwork ( E C C S ) . 

W e have worked out a calculat ion me thod for residual we ld ing stresses and 
dis tor t ions, for the cost function w e have created a calculat ion me thod main ly for 
we lded structures and w e use several effective mathemat ica l a lgor i thms. 

W e have solved a lot o f structural opt imizat ion p rob lems for var ious structural 
mode l s . Since these mode l s are the ma in componen t s of industrial s tructures, 
des igners can use t hem in their work . The cost es t imat ion in des ign stage is a good 
basis for the compar i son of candidate structural vers ions . 

O u r structural mode ls o f welded I- and box-beams , tubular t russes, steel frames, 
stiffened pla tes and shells can be used in all industrial appl icat ions i.e. in br idges , 
bui ld ings , roofs , co lumns , towers , ships, c ranes , offshore structures, be l t -conveyor 
br idges , mach ine structures, vehicles , etc. 

Some special structural mode l s are involved as fol lows: cellular plates, suspended 
b e a m s for roofs, w i n d turb ine towers , a tubular m e m b e r o f a t russ tower o f a fixed 
offshore platform. 

Since the functions are h ighly nonl inear only numer ica l p rob lems can be treated. 
Therefore , the conclus ions are not comple te ly general . In spite of this the solut ions 
give valuable aspects for o p t i m u m design, because the numer ica l data are selected 
realistically. 

The first step of the opt imizat ion procedure is the selection of var iables . For this 
select ion w e need to k n o w the main characterist ics of a typical s tructure as fol lows: 
mater ia ls , loads , geometry , topology , profi les, fabrication technology , jo in t s , costs . 
The better solut ions can be obta ined by changing these characteris t ics . 

The n e w des ign aspects of our book to be emphas ized are as fol lows. Seismic- and 
fire-resistant design me thods are treated in special chapters and their appl icat ions are 
worked out in the chapter for frames. In the case o f we lded stiffened pla tes and 
cylindrical shells the p rob lem of e c o n o m y of stiffening is systematical ly 
invest igated. 

A quest ion arises whe the r a thicker unstiffened or a thinner stiffened plate or shell is 
cheaper . The studies in the relevant chapters show that the e c o n o m y of stiffening 
depends on loads (axial compress ion , bend ing , external pressure or combined) and 
on stiffening type (ring-, longi tudinal- or or thogonal) . 

Summar iz ing : the general aspect of our book is the cost compar i son , wh ich is an 
effective m e a n s to select the most sui table structural vers ions . 
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W e part icipate cont inuously in the fol lowing conference series: Annua l Assembl ies 
International Insti tute of Weld ing ( I IW) , Wor ld Congresses of I S S M O (Internat ional 
Society o f Structural and Mult id isc ipl inary Opt imiza t ion) , Eurosteel European 
Conferences of Steel Structures, Tubula r Structures Sympos ia (organized by the I I W 
subcommiss ion X V - E ) . 

Bes ide the Conference Proceedings , w e publ ish our studies also in we l l -known 
international engineer ing journa l s i.e. Structural and Mult idiscipl inary Opt imiza t ion , 
Weld ing in the Wor ld , Compute r s and Structures, Engineer ing Opt imizat ion, 
Engineer ing Structures, Thin-wal led Structures, Journal of Construct ional Steel 
Research etc. 

S o m e of our studies have been worked out wi th a very valuable cooperat ion of our 
scientific par tner professors from Japan, South-Africa, Por tugal , Slovakia and 
Poland. 

This book is a cont inuat ion of our prev ious book " E c o n o m i c design of meta l 
s tructures". This n e w book contains our studies worked out in the last 5 years and 
publ ished in the above ment ioned journa l s and conference proceedings . 

W e hope that this book can help des igners , s tudents , researchers , manufacturers wi th 
the aspects shown in realistic mode l s to find better, opt imal , compet i t ive structural 
solut ions. 
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1 
Newer Mathematical Optimization Methods 

1.1 I N T R O D U C T I O N 

In the structural opt imizat ion process for an engineer it is important to k n o w the 
behaviour of the structure wel l , the stresses, deformat ions , stability, e igenfrequency, 
damping , etc . It is as important to have a reliable opt imizat ion technique to find the 
op t imum. The ques t ion is a lways the same: wh ich is the best , wh ich is the mos t 
rel iable technique? The answer is that for the user a lways that k ind of me thod is the 
best , wh ich he k n o w s the best. N o n o f the a lgor i thm is superior . Al l o f t hem can 
have benefits and d isadvantages . 

In our pract ice on structural opt imizat ion w e have used several techniques in the last 
decades . W e have publ i shed t hem in our books and gave several examples as 
engineer ing appl icat ions (Farkas 1984, Farkas & Jarmai 1997, 2003) . M o s t of the 
techniques were modif ied to be a good engineer ing tool in this work . 

There are a great number of me thods avai lable for s ingle object ive opt imizat ion as it 
was descr ibed in Farkas & Jarmai (1997) . Me thods wi thout der ivat ives l ike: 
C o m p l e x (Box 1965), Flexible Tolerance (Himmelb lau 1971) and Hi l lc l imb 
(Rosenbrock 1960). M e t h o d s wi th first der ivat ives such as: Sequent ial 
Uncons t ra ined Minimiza t ion Techn ique (SUMT) (Fiacco & M c C o r m i c k 1968), 
Davidon-Fle tcher -Powel l (Rao 1984), etc. Me thods wi th second derivat ives such as: 

Xftws (units) 
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8 Design and optimization of steel structures 

N e w t o n (Mordeca i 2003) , Sequent ial Quadrat ic P rogramming , SQP (Fan et al. 
1988), the Feasible SQP (Zhou & Tits 1996). There are also other classes o f 
techniques like Opt imal i ty Cri teria me thods (OC) (Rozvany 1997), or the discrete 
me thods like Backt rack ( G o l o m b & Baumer t (1965) , Annamala i 1970), the entropy-
based me thod (S im5es & Negrao 2000) (Farkas et al. 2005) . 

Mult icr i ter ia opt imizat ion is used w h e n more object ives are important to find the 
compromise solution (Osyczka 1984, 1992, Kosk i 1994). 

The general formulation o f a s ingle-cri ter ion non-l inear p r o g r a m m i n g p rob lem is the 
fol lowing: 

min imize f(x) xx,x2,—,xN, (1.1) 

sub j ec t t o gj(x)<0, ) = \,2,...,P, (1.2) 

hj(x) = 0 i = P+\,...,P+M, (1.3) 

f(x) is a mult ivar iable non- l inear function, gj(x) and hj(x) are non-l inear inequali ty 

and equali ty constraints , respect ively. 

In the last two decades some n e w techniques appeared e.g. the evolut ionary 
techniques , like Genet ic Algor i thm, GA b y Goldberg (1989) , the Differential 
Evolut ion, DE me thod of Storn & Pr ice (1995) , the A n t Colony Technique (Dorigo 
et al. 1999), the Part icle S w a r m Opt imiza t ion , PSO by K e n n e d y & Eberhar t (1995) , 
Mi l lonas (1994) and the Artificial I m m u n e System, AIS (Farmer et al. (1986) , de 
Cast ro & T immis (2001) , Dasgup ta (1999) . Some other h igh performance 
techniques such as leap-frog wi th the analogue o f potent ial energy m i n i m u m 
(Snyman 1983, 2005) , s imilar to the F E M technique, have also been developed. 

1.2 T H E S N Y M A N - F A T T I M E T H O D 

The global me thod descr ibed here , name ly the Snyman-Fat t i (SF) mult i-start global 
min imiza t ion a lgor i thm with dynamic search trajectories for global cont inuous 
uncons t ra ined opt imizat ion (Snyman & Fatti 1987, Groenwold & Snyman 2002) , 
w a s recent ly reassessed and refined (Snyman & K o k 2007) to improve its efficiency 
and to be appl icable to constra ined p rob lems . The resultant improved compute r code 
has been shown to be compet i t ive wi th of the best evolut ionary global opt imizat ion 
a lgor i thms currently avai lable w h e n tested on s tandard test p rob lems . Here w e wish 
to apply it to the pract ical stiffened plate p rob lem. For a detailed presentat ion and 
discuss ion of the mot ivat ion and theorems on wh ich the SF a lgori thm is based, the 
reader is referred to the original paper of Snyman and Fatti (1987) . Here w e restrict 
ourselves to a summary g iv ing the essentials o f the multi-start g lobal opt imizat ion 
me thodo logy us ing dynamic search trajectories. 
Cons ider the general inequali ty constra ined problem: 

m i n i m i z e f(x), x = [xl,x2,...xnf & R", (1.4) 
w.r.t. x 

subject to inequali ty constraints: 

�� �� �� �� �� ��



Newer mathematical optimization methods 9 

gj(x)<0, j = \,2,...,m. 

T h e o p t i m u m solut ion to this p rob lem is denoted by x* wi th associate o p t i m u m 
function value fix*). 

W e address the const ra ined p rob lem (1.4) by t ransforming it to an unconst ra ined 
p rob lem via the formulat ion of the penal ty function F(x), to wh ich the uncons t ra ined 
global SF opt imizat ion a lgor i thm is applied. The penal ty function F(x) is defined as 

m 

F(x) = f(x) + YjPj{g(x)}1, (1.5) 

whe re p} = 0 if g/x) < 0 , else pj = p (a large number ) . 

Thus w e consider the uncons t ra ined global opt imizat ion p rob lem that can be stated: 
for a cont inuously differentiable object ive function F(x): find a poin t x*(p) in the set 
XczR" such that 

F* = F(x*(p) = m i n i m u m of F(x) over x eX. (1.6) 
The SF a lgor i thm appl ied to this p rob lem, is basical ly a mult i-s tar t t echnique in 
wh ich several start ing points are sampled in the domain of interest X (usual ly 
defined by a box in R"), and a local search procedure is appl ied to each sample point . 
The me thod is heuris t ic in essence wi th the lowest m i n i m u m found after a finite 
number of searches being taken as an es t imate o f F*. 
In the local search the SF a lgor i thm explores the var iable space X us ing search 
trajectories der ived from the differential equat ion: 

i = - V F ( * ( t ) ) , (1.7) 

whe re V F is the gradient vector of F(x). 

Equa t ion (1.4) descr ibes the mot ion of a part icle of uni t mass in an n-d imens iona l 
conservat ive force field, whe re F(x(t)) represents the potent ia l energy o f the part icle 
at posi t ion x(t). The search trajectories genera ted here are similar to those used in 
Snyman ' s dynamic me thod for local min imiza t ion ( S n y m a n 1982, 1983). In the SF 
global method , however , the trajectories are modif ied in a manne r that ensures , in 
the case of mul t ip le local min ima , a higher probabi l i ty of convergence to a lower 
local m i n i m u m than wou ld have been achieved had convent ional gradient local 
search me thods been used. 

The specific modif icat ions employed result in an increase in the regions of 
convergence of the lower min ima including, in part icular , that of the global 
m i n i m u m . A s topping rule , der ived from a Bayes ian probabi l i ty a rgument , is used to 
decide w h e n to end the global sampl ing and accept the current overall m i n i m u m 
value of F, taken over all sampl ing points to date , as the global m i n i m u m F*. 

For initial condi t ions , posi t ion x(0) = x° and veloci ty x(0) = v(0) = v° = 0, 
integrat ing (1,7) from t ime 0 to /, implies the energy conservat ion rela t ionship: 

�� �� �� �� �� ��



10 Design and optimization of steel structures 

\v(tf + F(x(t)) = j\\v(0)\\2 + F(x(0)) = F(x(0)). (1.8) 

T h e first te rm on the left-hand side of (1.8) represents the kinet ic energy, whereas 
the second term represents the potent ial energy of the particle of uni t mass , at any 
instant /. Obvious ly the part icle wil l start m o v i n g in the direct ion o f s teepest descent 
and its kinet ic energy will increase and thus F will decrease , as long as it moves 
downhi l l , i.e. as long as - V Fv>0, where denotes the scalar product . 

If descent is not met a long the generated path then the magn i tude of the veloci ty v 
decreases as it m o v e s uphil l and its direction changes towards a local min imizer . I f 
the possibil i ty of more than one local min imizer exists and w e are interested in 
finding the global m i n i m u m , a realistic global s trategy is to moni tor the trajectory 
and record the point xm and corresponding veloci ty v m = x m and function value F" at 
which the m i n i m u m a long the path occurs , letting the part icle cont inue uninterrupted 
a long its path with conserved energy. This is done in the hope that it m a y surmount 
a r idge of height F, F" < F1 < F(x(0), cont inuing further a long a pa th that m a y lead 
to an even lower va lue o f F beyond the r idge. 

O n the other hand it is necessary to terminate the trajectory before it retraces itself or 
approximate ly retraces i tself in indefinite per iodic o r e rgodic (space-fi l l ing) mot ion. 
A proper terminat ion condi t ion, and that employed in the SF a lgor i thm, is to stop the 
first trajectory once it reaches a point wi th a function value close to its starting value 
F = F(x(0)) whi le still mov ing uphil l , i.e. whi le V F-v > 0. At this point , once 
terminat ion has occurred and after sett ing the best point xh := wi th cor responding 
function value i**: = F™, it is p roposed that a further auxil iary or inner trajectory be 
started from a n e w inner start ing point xs: = V2(x°+xb) wi th initial veloci ty V2 vm and 
associated starting function va lue F = F (JC s ) . Aga in for this n e w auxil iary or inner 
trajectory the function value is moni tored and for this n e w trajectory x™ and 
associated v m a re recorded anew. 

O n its terminat ion, again once the function value approaches F sufficiently closely 
whi le mov ing uphi l l , the starting point for the next inner trajectory is taken as Xs = 
l/2(xs +xb) wi th initial veloci ty Vivm, where xh again corresponds to the overall best 
point for the current sampl ing point . This genera t ion o f success ive inner trajectories 

is cont inued until xh converges or VF(xh) is effectively zero. 

O f course , the above strategy assumes that the trajectory obtained from the solut ion 
of differential equat ion (1.4) is exact ly k n o w n at all t ime instances. In pract ice this is 
not poss ible , and the genera t ion o f the trajectories is done numer ica l ly by means o f 
the leap-frog scheme (Snyman 1982): Given initial posi t ion x° = x(0) and initial 
veloci ty v° = v(0) = x (0) and a t ime step At, compute for k = 0 ,1 ,2 , . . . 

For the first step v°:=ViVF(x ) At. A heurist ic procedure is used to select an 

appropr ia te t ime step At (Snyman , K o k 2007) . O n c e the sequence of inner 

x k + 1 =Jc k +v k A?, (1.9) 

vk+l=S-VF(xk+l)At. (1.10) 
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(auxil iary) trajectories for the current i teration (i.e. current r a n d o m start ing point ) is 
te rminated the local m i n i m u m xk+[ wi th function va lue obta ined at that i teration, 
is evalua ted for its probabi l i ty of be ing the global m i n i m u m . This global componen t 
of the a lgor i thm involves a stochast ic cri terion that reports the probabi l i ty o f the 
lowest obta ined m i n i m u m to be the global one (Snyman , Fatti 1987). 

To this end, let i?j denote the region o f convergence o f a local m i n i m u m F- in the 

search space, and a • denote the probabi l i ty that a r andomly selected point falls 

wi th in Rj. Let R* and a denote the cor responding quanti t ies for the global m i n i m u m 
F*. Snyman & Fatti (1987) then argue that, because of its special characterist ic of 
seeking a low local m i n i m u m that for the local search me thodo logy descr ibed above 
one may , for a large class o f p rob lems of pract ical and scientific impor tance , m a k e 
the assumpt ion that 

a*=maximumj { a j • } . ( I l l ) 

Accord ingly , they m a d e use o f the fol lowing theo rem to terminate the multi-start 
a lgori thm. 

Theorem: Let ir be the n u m b e r of sample (start ing) poin ts falling wi thin the region 
of convergence of the current overal l m i n i m u m F"^ after it points have been 
sampled. Then , unde r the assumpt ion given in (1.6) and a non- informat ive pr ior 
distr ibution, the probabi l i ty that F ° p t be equal to F* , Pr[F°pl = F*], satisfies the 
fol lowing rela t ionship: 

Pr > q(it,ir)=l-(it+l)\(2x z'/-/r)!/[(2x it+\)\(it-ir)\}. (1.12) 

In pract ice a to lerance eF is prescr ibed in order to de termine whe the r a newly 
obtained local m i n i m u m also cor responds to the current overall m i n i m u m F ° p t . Thus , 
if at the end of the final inner trajectory, \Fk+l - F ° p t |< sF, then the n u m b e r o f 
successes ir is s tepped u p by one. Also a prescr ibed target va lue q* is set for q(it,ir) 
so that once q(it,ir)>q* the global p rocedure terminates wi th F* :=F°pt. 

O n c e x*(ju), the global min imizer of the penal ty function defined in equat ion (1.5) is 
found, it is a s traightforward mat ter to de te rmine the act ive constraints o f the 
original const ra ined p rob lem (1.4) . The exact s o l u t i o n * * to the constra ined p rob l em 
is then found by the one- t ime appl icat ion of the trajectory me thod to the 
minimiza t ion o f the s u m of the squares of the res idues of the act ive constraints , 
us ing x*(ju) as start ing point . 

The SF a lgor i thm w a s successfully appl ied at several structural opt imizat ion, such as 
at stiffened pla tes Farkas et al. (2007a) , Snyman , K o k (2007) . 

1.3 T H E P A R T I C L E S W A R M O P T I M I Z A T I O N A L G O R I T H M 

Programs that work very wel l in opt imiz ing convex functions very often perform 
poor ly w h e n the p rob lem has mul t ip le local m i n i m a or max ima . T h e y are often 
caught or t rapped in the local min ima /max ima . Several me thods have been 
developed to escape from be ing caught in such local opt ima. The Part icle Swarm 
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12 Design and optimization of steel structures 

M e t h o d of global opt imizat ion is one of such me thods . A swarm of birds or insects 
or a school o f fish searches for food, protect ion, etc. in a very typical manner . If one 
o f the m e m b e r s of the swarm sees a desirable pa th to go , the rest of the swarm wil l 
fol low quickly. Every m e m b e r of the s w a r m searches for the best in its locali ty -
learns from its o w n exper ience . 

Addi t ional ly , each m e m b e r learns from the others , typical ly from the bes t performer 
a m o n g them. E v e n h u m a n be ings show a t endency to learn from their o w n 
exper ience , their immedia te ne ighbours and the ideal performers . The Particle 
S w a r m method of opt imizat ion mimics this behaviour . Eve ry individual of the 
swarm is cons idered as a part icle in a mul t id imensional space that has a posi t ion and 
a veloci ty. These part icles fly th rough hyperspace and r e m e m b e r the best posi t ion 
that they have seen. M e m b e r s of a swarm communica t e good posi t ions to each other 
and adjust their o w n posi t ion and veloci ty based on these good posi t ions. The 
Part icle S w a r m method of opt imizat ion testifies the success of bounded rat ionali ty 
and decentral ized dec i s ionmaking in reaching at the global opt ima. It has been used 
successfully to opt imize ex t remely difficult mul t imodal functions. 

Part icle swarm opt imizat ion (PSO) is a popula t ion based s tochast ic opt imizat ion 
technique developed b y Eberhar t and K e n n e d y (1995) , inspired b y social behaviour 
o f bird flocking or fish school ing. 

PSO shares m a n y similari t ies wi th evolut ionary computa t ion techniques such as 
Genet ic Algor i thms (GA). The sys tem is initialized wi th a popula t ion of r a n d o m 
solut ions and searches for op t ima by upda t ing generat ions . However , unl ike GA, 
P S O has no evolut ion operators such as crossover and muta t ion . In PSO, the 
potent ial solut ions, cal led part ic les , fly through the p rob lem space by fol lowing the 
current op t imum part icles. 

Each part icle keeps t rack of its coordinates in the p rob lem space which are 
associated wi th the best solut ion (fitness) it has achieved so far. (The fitness va lue is 
also stored.) This va lue is cal led pbest. Ano the r "best" va lue that is t racked by the 
part icle swarm opt imizer is the best va lue , obta ined so far by any part icle in the 
ne ighbours of the part icle. This locat ion is called West, w h e n a part icle takes all the 
popula t ion as its topological ne ighbours , the best va lue is a global best and is called 
gbest. 

The part icle swarm opt imizat ion concept consists of, at each t ime step, changing the 
veloci ty of (accelerat ing) each part icle toward its pbest and Ibest locat ions (local 
version of PSO). Accelera t ion is weighted by a r a n d o m term, wi th separate r a n d o m 
numbers be ing generated for accelerat ion toward pbest and West locat ions. 

In past several years , PSO has been successfully appl ied in m a n y research and 
appl icat ion areas. It is demonst ra ted that PSO gets bet ter results in a faster, cheaper 
w a y compared wi th other methods . 

Another reason that PSO is at tractive is that there are few parameters to adjust. One 
version, wi th slight variat ions, works wel l in a wide variety of applicat ions. Part icle 
s w a r m opt imizat ion has been used for approaches that can be used across a w i d e 

�� �� �� �� �� ��



Newer mathematical optimization methods 13 

range of appl icat ions , as wel l as for specific appl icat ions focused on a specific 
requirement . 

T h e method is der ivat ive free, and by its very nature the me thod is able to locate the 
global op t imum of an object ive function. Cons t ra ined p rob lems can s imply b e 
a c c o m m o d a t e d us ing penal ty methods . 

Lately, the PSO w a s successfully appl ied to the o p t i m u m shape and size des ign o f 
structures by Four ie and Groenwold (2000) . A n operator , n a m e l y craziness , was re­
introduced, together wi th the use of dynamic vary ing m a x i m u m veloci t ies and 
inertia. 

The pseudo code of the procedure can be written as follows: 

I) For each part icle: 
Initialize part icle 

II) Do: 

a) For each part icle: 
1) Calcula te fitness value 
2) If the fitness va lue is bet ter than the best fitness value (pbest) in history 
3) Set current va lue as the n e w pbest 

End 

b) For each part icle: 
1) Find in the part icle ne ighbourhood , the part icle wi th the best fitness 
2) Calcula te part icle veloci ty according to the velocity equat ion (1.13) 
3) App ly the veloci ty constr ict ion 
4) Upda te part icle posi t ion according to the posi t ion equat ion (1.14) 
5) A p p l y the posi t ion constr ict ion 

End 

While m a x i m u m iterations or m i n i m u m error criteria is not at tained. 

A more precise and detai led descript ion of the par t icular PSO a lgor i thm, as applied 
to penal ty function formulat ion and used in this s tudy n o w follows. 

Bas ic PSO A lgor i thm 

Given M, kmax, Nmax, Set ( t ime) instant k=0, F-* = Fs = F ^ o r e = oo . Initialise a 

r a n d o m popula t ion ( swarm) of M par t icles ( swarm m e m b e r s ) , by ass igning an initial 

r a n d o m posi t ion x{° (candidate solut ion) , as wel l as a r andom initial veloci ty vf , to 

each part icle i, i=l,2,...,M. Then compute s imul taneous trajectories, one for each 
part icle , by performing the fol lowing steps. 

1) At instant k, compu te the fitness of each individual part icle / at discrete point 

xf, by evaluat ing F(xf). Wi th reference to the min imiza t ion of (1.4) , the 

lower the value of F(xf ) , the greater the par t ic le ' s fitness. 
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2) F o r / = l , 2 , . . . , M : 

if F(x*) < F* then set = F(xf ) and pf = x- {best point on trajectory i} 

if F(xf )<Fg then set Fg = F(xf ) and gb = xf {best g lobal poin t} 

3) If Fg< Fb

g

efore then set N=l, else set N = N +1. 

4) If 7V> 7Vm a i : or k> / c m a x then S T O P and set x * = g*; else cont inue . 

5) Compu te n e w veloci t ies and posi t ions for instant k+\, us ing the rule: 

f o r i = l , 2 , . . . , M : 

v * + i :=v* + cMP--x-) + c2r2(gb-x*), (1.13) 

jc*+'.^**+v*+', (1 .14) 

where r, and r, are independent ly generated r andom number s in the interval [0 ,1] , 

and c,, c2 are parameters with appropriately chosen values . 

6) Set k = k + l and F^efore = Fg ; go to step 2. 

The technique is modif ied in order to be efficient in technical appl icat ions. It uses 
dynamic inertia reduct ion and craziness for some part icles (Four ie & Groenwold 
2000) . 

PSO was applied at several structural opt imizat ion prob lems cost minimiza t ion of an 
or thogonal ly stiffened we lded steel p la te (Farkas et al. 2007a) , r ing-stiffened conical 
shell (Farkas et al. 2007b) , opt imizat ion of a w ind turbine tower structure (Uys et al. 
2007) , opt imizat ion of a stiffened shell (Farkas et al. 2007c) . 

One can find m u c h information from the internet. 

h t tp : / /www.swarminte l l igence .org 
ht tp : / /www.par t ic leswarm.info/ 

Lot of information about Part icle Swarms and part icularly on Part icle Swarm 
Opt imizat ion is avai lable. M a n y Part icle S w a r m Links are also available. 

1.4 M U L T I O B J E C T I V E O P T I M I Z A T I O N 

Mult iobjec t ive Opt imiza t ion (MO) p rob lems are defined as those p rob lems where 
t w o or more , somet imes compe t ing and/or incommensurab le , object ive functions 
have to be minimized s imul taneously (Pareto 1875). 

In a general case , the solution to the MO p rob lem is a set of points that represent the 
best trade-offs be tween the object ive functions. These points are cal led Pareto 
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Optimal points . The set o f all the Pare to Opt imal points is cal led the Pareto Optimal 
Set. A point in the search space is Pare to Opt imal if it is not pare to-domina ted by 
any other point . 

T o de termine if a point in the search is domina tes another , a vec tor w h o s e 
componen t s are the values of the object ive functions in the point is defined. A vector 
A domina tes another vector B if the va lues for each of the componen t s of A are at 
least equal to the va lues o f B, and at least a va lue from A is strictly greater than the 
cor responding value from B. 

A mult icr i ter ia opt imizat ion p rob lem can be formulated as fol lows: 

F ind x such that 

f(x*)=optf(x), (1.15) 

such that 

g/x)>0 j=\,....,P, (1.16) 

hi(x) = Q i = P,....,P+Q, 

where x is the vec tor of decis ion var iables defined in n-d imens iona l Euc l idean space 
anAfj^x) is a vec tor function defined in r -d imens iona l Euc l idean space. gj(x) and 

hj(x) are inequal i ty and equali ty constraints . 

T h e solut ions of this p rob lem are the Pare to Opt imal Set (or part o f it). T h e 
definit ion of these op t ima is based upon the intuit ive convic t ion that the point x* is 
chosen as the opt imal , if no object ive can be improved wi thout worsen ing at least 
o n e other object ive. A s a result , the a lgor i thms used to resolve these p rob lems have 
to b e able to p rov ide more than one solut ion. 

O n e w a y is to use a Weigh t s approach technique; a global object ive function is 
defined as a we igh ted s u m of the values of the compet ing object ive functions in the 
p rob lems . Weigh t s can ei ther b e fixed or not . Alternat ively, popula t ion-based 
a lgor i thms, such as Evolu t ionary Algor i thms (EA) or the PSO can b e used wi thout 
defining a combined function. 

F inding the Pare to Opt imal set can be per formed b y several runs o f the a lgor i thm 
prov id ing a single Pare to Opt imal point each t ime. A s an al ternat ive, in several 
a lgor i thms, inc luding the PSO var ia t ions, a reposi tory stores the points that are 
potent ia l ly part o f the Pare to Opt imal Set (Koski 1994). This reposi tory is upda ted 
wheneve r a non domina ted point whi le the execut ion o f the a lgor i thm cont inues . 

1.4.1 Weight ing object ives m e t h o d 

T h e pure weight ing me thod m e a n s to add all the object ive functions together us ing 
different weight ing coefficients for each. It m e a n s that w e t ransform our 
mult icr i ter ia opt imizat ion p rob lem to a scalar one by crea t ing one function of the 
form: 
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16 Design and optimization of steel structures 

f?-m} P= 1,2,3,.. (1.19) 

f(x) = I w, ft(x) whe re wt > 0 and = 1 . ( L 1 7 ) 
i=i i=i 

If w e change the weight ing coefficients, results of this mode l can vary significantly, 
and depend greatly from the nomina l va lues of the different object ive functions. 

1.4.2 N o r m a l i z e d object ives m e t h o d 

T h e normal ized object ives me thod solves the p rob lem of the pure weigh t ing me thod 
e.g. at the pure weigh t ing method , the weight ing coefficients do not reflect 
propor t ional ly the relat ive impor tance o f the object ive, because of the great 
difference on the nomina l va lue of the object ive functions. At the normal ized 
weigh t ing me thod Wj reflect c losely the impor tance o f object ives. 

f ( * ) = i ^ j ^ - , whe re W / > 0 and £ w , = l . (1 .18) 

i=l / ; 1=1 

The condi t ion ft

0 ^ 0 is assumed. 

1.4.3 Global criterion m e t h o d type I 

Let / ° be the ideal solut ion that s imul taneously yields m i n i m u m values for all 

criteria. Such a solut ion does not exist but is in t roduced in compromise 
p rog ramming as a target or a goal to approach, a l though imposs ib le to reach 
(perfection is impossible) . 

Global cri terion me thod m e a n s that a function which descr ibes a global cri terion is a 

measure of c loseness the solution to the ideal vector o f f°. The c o m m o n form of 

this function is: 

i=i 

It is suggested to use P=2, but other values of P such as 1,3,4, etc. can be used. 
Natura l ly , the solut ion obta ined wil l differ greatly according to the value of P 
chosen, P=l means a l inear correlat ion, P = 2 a quadrat ic one , etc. 

1.4.4 Global criterion m e t h o d type II 

This family of Lp metr ics indicates h o w close the satisfying solut ion is to the ideal 
solution, and represents the feasible set. In this paper , the satisfying solut ions are 
de te rmined for two part icular values of P, namely , P = 2 and P = oo (which 
cor respond to the minimiza t ion of the Euc l idean and m a x i m u m distances, 
respect ively) , and are given be low. For the case P = <x , the largest deviat ion is the 
cri terion o f compar i son and is referred to as min -max cri terion. 

T h e deviat ions in the absolute sense are as follows: 
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l < P < o o , (1.20) 

(1.21) 

P = 2 L P f / > 
'j 

Eucl idean metr ic . (1 .22) 

1.4.5 Global cri terion m e t h o d type III 

Instead deviat ions in the absolute sense it is r e c o m m e n d e d to use relat ive deviat ions 
such as 

LP(f) = 
ft 'j 

1 < P < o o . (1.23) 

In this case the P has a larger set. 

1.4.6 Weight ing global criterion m e t h o d 

T h e weigh t ing global cri terion me thod is m a d e , by in t roducing weigh t ing 
paramete rs , one could get a great n u m b e r o f Pare to opt ima wi th (1.24) (Jarmai 
1989). If w e choose P = 2 , wh ich m e a n s the Eucl idean dis tance be tween Pare to 
o p t i m u m and ideal solut ion Jarmai (1989a) . T h e coordinates of this d is tance are 
we igh ted b y the parameters as follows: 

LP(f) = (1.24) 

w h e r e P is the d imens ion of the function space, x indicates the design variables and 

X t h e constraint set, r is the n u m b e r of object ive functions, f" is the o p t i m u m of the 

i'h object ive function, and w, are the weight ing factors. 

T h e solut ion obta ined b y min imiz ing Eq. (1.24) differs great ly depend ing on the 
va lue of P chosen. 

1.4.7 M i n - m a x m e t h o d 

A t the min -max m e t h o d the m a x i m u m loss of the col lect ive object ive will be 
min imized . The m i n - m a x o p t i m u m compares relat ive deviat ions from the separately 
reached min ima. T h e relat ive devia t ion can be calculated from 

-1 _J 
.j 
\ 

r 

I " 
;=i 

2 - | l / 2 

I 3 
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18 Design and optimization of steel structures 

1.4.8 Weight ing m i n - m a x m e t h o d 

The weight ing m i n - m a x me thod is the combina t ion of the min -max approach wi th 
the weight ing method , a desired representat ion o f Pare to opt imal solut ions can be 
obta ined 

ZJ(X) = max { WjZj'(x), WjZj"(x) } i s I. (1-28) 

T h e weight ing coefficients Wj reflect exact ly the priori ty of the criteria, the relat ive 

impor tance of it. W e can get a distr ibuted subset of Pare to opt imal solut ions. 

1.4.9 P r o g r a m s y s t e m for s ingle- and mult iobject ive opt imizat ion 

T h e Part icle Swarm Opt imizer has been built into this interactive decis ion support 
p rog ram sys tem (Jarmai 1989a), wh ich contains the fol lowing single object ive 
opt imizat ion methods 

C o m p l e x me thod of B o x (1965) 

Flexible Tole rance (FT) me thod of H immelb lau (1971) , 

Direct R a n d o m Search (DRS) me thod (Siddal 1982), 

Hi l lc l imb me thod (HILL) of Rosenbrock (1960) , 

Davidon-Flecher -Powel l (DFP) me thod of Rao (1984) , 

Part icle S w a r m Opt imiza t ion (PSO), ( Jarmai 2005) . 

T h e efficiencies of these me thods are different. Al l of t hem use the same objective, 
constraints subrout ines . For a p rob lem, which is h ighly non-l inear , several local 
m i n i m a exist . T h e y find different ones . The advantage o f Part icle Swarm 
Opt imiza t ion is that it can find o p t i m u m for a nonconvex problem. 

T h e interact ive decis ion support p rogramsys tem contains several mult iobject ive 
opt imizat ion me thods . T h e y are the fol lowing: 

Z / J C ^ 1 , , — L or zi(x) = -i-i r - 1 . (1.25) 
|/,°| 

If w e k n o w the ext remes of the object ive functions which can be obta ined by solving 
the opt imizat ion p rob lems for each cri terion separately, the desirable solut ion is the 
one wh ich gives the smallest va lues of the increments of all the object ive functions. 

The point x* m a y be called the best compromise solut ion consider ing all the 
object ive functions s imul taneous ly and on equal te rms of impor tance . 

ZJ(X) = m a x {Zj'(x), zt"(x) }, i e I, (1.26) 

ju(x*) = min m a x {ztfx) } , x e X i G / , (1-27) 

whe re X is the feasible region. 
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M i n - m a x method , 

Global cri terion method : type - 1 , 

Globa l cri terion method: type - II, 

We igh ted m i n - m a x method , 

Weigh ted g lobal cri terion method , 

Pure weigh t ing method , 

Norma l i zed weigh t ing method . 

O n c e a subset o f Pare to op t ima has been generated, the des igner has to m a k e an 
impor tant decis ion concern ing the select ion of the bes t solut ion from this subset. 
The select ion is not obvious w h e n several conflict ing criteria are cons idered but m a y 
b e m a d e subject ively by g iv ing preference to one cri terion over the others . 

The p rog ramsys t em w a s used to opt imize sandwich b e a m s (Jarmai 1989b) and 
stiffened shells wi th str inger stiffeners (Jarmai 2005) and w a s found to be very 
efficient finding the Pare to opt ima. 
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2 
Cost Calculations 

2.1 I N T R O D U C T I O N 

W h e n w e consider the interact ion of design and technology, w e should not forget the 
cost of the structure as the third leg o f the sys tem. These three together he lp us to 
find the best solut ion. These cost calculat ions are founded on mater ia l costs and 
those fabrication costs , which have direct effect on the sizes, d imens ions or shape o f 
the structure. Other costs , like amort izat ion, investment , t ransportat ion, ma in tenance 
are not cons idered here . Somet imes w e can predic t the cost o f des ign and inspect ion, 
bu t usual ly they are proport ional to the weight of the structure. Cos t and product ion 
t ime data c o m e form different companies from all over the world. W h e n w e 
compare the s ame des ign at different countr ies , w e should consider the differences 
be tween labour costs . It has the mos t impact on the structure, if the t echnology is the 
same. 

2.2 T H E C O S T F U N C T I O N 

The cost function includes the cost of mater ia l , assembly , we ld ing as wel l as surface 
prepara t ion, paint ing and cutt ing, edge gr inding, forming the shell and is formulated 
accord ing to the fabrication sequence . N o t too m u c h research has been done in this 
field, but w e have to refer to the w o r k of Klansek & Kravanja (2006ab) , Ja lkanen 
(2007) , T imar et al. (2003) . 
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22 Design and optimization of steel structures 

2.2.1 The cost of mater ia l 

K M=kMpV;kM=\.0 $ / k g . (2.1) 

where KM [kg] is the fabrication cost, kM [S/kg] is the cor responding mater ial cost 
factor, V [ m m 3 ] is the vo lume of the structure, p is the densi ty of the mater ial . For 

steel it is 7 .85x l0" 6 k g / m m 3 . If several different mater ia ls are used, then it is poss ible 
to use different material cost factors s imul taneously in Equat ion (2.1) . 

2.2.2 T h e fabricat ion cost in general 

where Kf [$] is the fabrication cost, kf [$/min] is the corresponding fabrication cost 
factor, Tj [min] are product ion t imes . It is assumed that the va lue of kf is constant for 

a given manufacturer . If not, it is poss ible to apply different fabrication cost factors 
s imul taneously in Equat ion (2.2). 

a.) Fabrication times for welding 

The mos t impor tant t imes related to weld ing are as fol lows: preparat ion, assembly , 
tacking, t ime of weld ing , changing the electrode, des lagging and chipping. 

b.) Calculation of the times of preparation, assembly and tacking 

The t imes of preparat ion, a s sembly and tacking can be calculated wi th an 
approximat ion formula as fol lows 

whe re C\ is a pa ramete r depend ing on the we ld ing technology (usual ly equal to 1), 
0 fa is a difficulty factor, K is the n u m b e r of structural e lements to be assembled . 
The difficulty factor expresses the complex i ty of the structure. Difficulty factor 
va lues depend on the kind of structure (planar, spatial) , the k ind of m e m b e r s (flat, 
tubular) . The range of values proposed is be tween 1-4 (Farkas & Jarmai 1997). 

c.) Calculation of real welding time 

Real weld ing t ime can b e calculated on the fol lowing w a y 

whe re awj is we ld size, Lwj is we ld length, C2i is constant for different weld ing 

technologies . C2 contains not only the differences be tween weld ing technologies but 
the t ime differences be tween posi t ional (vertical , overhead) and normal we ld ing in 
downhand posi t ion as wel l . The whole equat ion list and tables can be found in the 
Append ix D l - 8 . 

Kf=kfJjTi, (2.2) 

(2.3) 

(2.4) Tw2 — ^ ^2iawi^wi , 
i 
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d.) Calculation of additional fabrication actions time 

There are some addi t ional fabrication act ions to be cons idered such as changing the 
electrode, des lagging and chipping. The t ime of these is as fol lows 

TW3=J®jw~YCiialiL

Wi- (2-5) 

Formulae (2 .3 , 2 .4 , 2.5) were p roposed by Pahl & Beel ich (1982) and used in 
(Farkas & Jarmai 1999, Ja rmai & Farkas 2003) . 

Ott & H u b k a (1985) p roposed that C 3 = (0.2-0.4) C2 on average C 3 = 0 .3C 2 . Thus , 

the modif ied formula for neglect ing , is 

Tw3=°^JlC2ialiLwi • (2-6) 

In the negl igence of it is a s sumed that the difficulty factor should be 

cons idered on ly for Tw\. 

The Nether lands Insti tute of We ld ing has deve loped the software C O S T C O M P 
(2002) . It gives we ld ing t imes and costs for different we ld ing technologies (Bodt 
1990) on the basis o f theoret ical and exper imenta l invest igat ions. Cons ider ing the 
t imes given by compan ies all over the wor ld and the t imes calculated by 
C O S T C O M P here Equat ion (2.3) is u sed for Tw\ and the other t imes are calculated 
wi th a general ized formula, whe re the p o w e r of aw is n, wh ich is some cases equal to 
2 , or c lose to it. 

Tw2 + Twi=\3^C2ia"wiLwi. (2.7) 

e.) Calculation of the times of arc-spot welding 

Tw4 = nsTs , (2.8) 

whe re ns is the n u m b e r of spots , 7s is the t ime o f we ld ing one spot we ld and o f 
t ransferr ing the electrode to the next spot. Ts depends on the we ld ing equ ipment and 
the degree of automat ion . For example , the t ime of arc-spot weld ing o f a cellular 
p la te for ship deck pane l is Ts = 0.3 min . 

/; Fabrication times of post-welding treatments 

Tpwr~ T0L,, (2.9) 

whe re T0 is the specific t ime (min /mm) , L, is the treated we ld length (mm) . Table D 9 
shows the specific t imes for the given PWT in the Append ix D . 

g.) Time for flattening plates 

TFP - 0df 
f 1 ^ 

a„ + bj + K . (2-10) 
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where o e = 9 . 2 x l 0 " 4 m i n / m m 2 , be= 4 . 1 5 x l 0 " 7 m i n / m m 5 , 0 d f is the difficulty 

pa ramete r (&df= 1>2 or 3) . The difficulty parameter depends on the form of the 

pla te . 

h.) Surface preparation time 

T h e surface prepara t ion m e a n s the surface c leaning, sand spraying, etc. The surface 
c leaning t ime can be defined in the function of the surface area (As [ m m 2 ] ) as 
fol lows: 

TSP=®dsaspAs, (2-11) 

w h e r e asp = 3x10" 6 m i n / m m 2 , 0 d s is a difficulty parameter . 

i.) Painting time 

The paint ing m e a n s mak ing the ground- and the topcoat . The paint ing t ime can be 
given in the function o f the surface area (As [ m m 2 ] ) as follows: 

TP=0dp(agc+atc)As, (2.12) 

whe re agc = 3 x l 0 " 6 m i n / m m 2 , atc = 4 . 1 5 x l 0 " 6 m i n / m m 2 , 0 d p is a difficulty factor, 
0dp=\,2 or 3 for hor izontal , vert ical or overhead paint ing. Tizani et al. (1996) 
p roposed a va lue for pa in t ing 14.4 xlO" 6 $ /mm 2 . For more compl ica ted structures w e 
use kP = 2 x l 4 . 4 x l 0 " 6 $ /mm 2 . 

/; Plate cutting and edge grinding times 

The cutt ing and edge gr inding can be m a d e b y different technologies , like 
Ace ty lene , Stabil ized gasmix and P ropane wi th normal and high speed. 
The cutt ing cost function can be formulated us ing Tables D 1 0 and D l l in the 
function o f the th ickness (t [mm]) and cutt ing length (Lc [mm]) : 

rCT = l Q ^ % / > (2.13) 
i 

where the thickness in [ m m ] , Lci is the cut t ing length in [mm] . The value of n 
comes from curve fitting calculat ions. 

k.) Times of hand cutting and machine grinding of strut ends 

A t tubular structures a ma in part of the total cost is the cost o f hand cutt ing and 
mach ine gr inding of strut ends . W e use the fol lowing formula (Farkas & Jarmai 
1997) 

Tea = 6 ^ X ^ ( 4 . 5 4 + 0 . 4 2 2 9 ^ ) , (2 .14) 
, sinq> 
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where the fabrication cost factor is taken on the basis of Tizani et al. (1996) as 

40 $/h = 0.6667 $/min, and the difficulty factor is cons idered as 0 d c = 3. The 

diameter of the b race is d, in m, th ickness is t\ in m m . <p is the angle be tween the t w o 

m e m b e r s (chord and brace) connected. N o t e that Glijnis (1999) p roposed a formula 
for one strut end in the case of oxyfuel cut t ing on C N C mach ine as fol lows: 

(350— 2/,)Q.3sin<Pj 

where 350 m m / m i n is the cutt ing speed, 0.3 is the efficiency factor, d\ and t\ are in 
m m . 

I.) Forming of plate elements into shell segments 

Forming of plate e lements into shell segments depends on the shape o f shell. I f it is 
a cyl indrical one , than the forming t ime is m o r e s imple , as it is wr i t ten in (2 .16) . 

TFQi=@e», (2.16) 

ju = 6.85 82513 - 4 .52721 Itf5 + 0 .009541996(2 t f , . ) ° 5 . (2.17) 

whe re (, is the shell segment th ickness , Rt is the radius , the factor of fabrication 
difficulty is taken as 0 = 3. The approximat ion is val id till Rm!LX = 1500 and / = 30 
m m . 

If the shell is a sl ightly conical one , than each segment has different curvature , so 
the final t ime is a sum of the s ingle segment p roduc t ion t ime 

*™=2>/W (2-18) 
i = i 

m.) Material cost of bolts 

The cost of bol ts depends on several pa ramete rs , like the mater ia l , the steel grade, 
the diameter , the length of the bolt and the length of the screw-cut . In our example in 
Sect ion 6.2 (Jarmai et al. 2004) it is 

Kb=Q.5A $ , 8.8 grade M 2 0 bolts . 

n.) Drilling cost of bolts 

Dril l ing of bolts depend on the d iameter o f the bolt , the steel grade of the plate and 
its th ickness . In our example in Sect ion 6.2, dri l l ing of M 2 0 holes it is 

Kd= 0 . 3 8 $ . 

2.2.3 Total cost funct ion 

The total cost function can be formulated by adding the previous cost functions 
together (depending on the structure some can be zero) . 
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-^ = pV + y~{TwX + Tw2 + Tw3 + Tw4 + TPWT + TFP + TSP + 7> + TCP + TCG + TF0 +...) 

(2.19) 

Tak ing km = 0.5-1.5 $/kg, kf=0 -1 $/min. The k/km ratio varies be tween 0 - 2 kg/min. 
If k/km = 0, then w e get the mass m i n i m u m . I f k/km = 2.0 it m e a n s a very high labour 
cost (Japan, U S A ) , k/km = 1.5 and 1.0 m e a n s a Wes t European labour cost, k/km = 
0.5 m e a n s the labour cost of developing countr ies . Even if the product ion rate is 
s imilar for these cases , the difference be tween costs due to the different labour costs 
is significant. 
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3 
Seismic Resistant Design 

3.1 I N T R O D U C T I O N 

Ear thquakes , can cause catastrophic damage , thus , steel s tructures should be 
des igned to be seismic resistant. In Chapter 6 p rob lems of se ismic resis tant des ign of 
steel frames are worked out (Farkas & Jarmai 2006 , Jarmai et al. 2006) . The a im of 
the present chapter is to give some des ign rules from Eurocode 8 ( E C 8 ) (1998 , 
2004) , wh ich have been used in these p rob lems . On ly bui ldings of steel unbraced 
frames are treated here. O n the theoret ical bas is , rules for base isolation and 
Nat iona l Annexes are not introduced. It should be men t ioned that in Des ign (1995) 
one can find worked examples for seismic des ign of bui ld ing frames. 

3.2 G R O U N D C O N D I T I O N S A N D S E I S M I C A C T I O N 

3.2.1 G r o u n d types 

The fol lowing g round categories are used: 
A - rocks , including at mos t 5 m of weake r mater ial at the surface 
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Ground type S TB[*1 Tcls] TD[s] 
A 1.0 0.15 0.4 2.0 
B 1.2 0.15 0.5 2.0 
C 1.15 0.20 0.6 2.0 
D 1.35 0.20 0.8 2.0 
E 1.4 0.15 0.5 2.0 

3.2.4 Des ign spec trum for elastic analysis 

The design spec t rum Sj(T) for the horizontal componen t s o f the se ismic act ion is 
defined by the fol lowing express ions : 

0<T<TB:Sd(T) = agS\ 

TB<T<TC :Sd(. 

Tc<T<TD:Sd(T) = af;S 

TD<T:Sd{T) = agS 

2 
—+ 
3 

T ' Z 5 _ 2T 2 
—+ 
3 v 1 3Jj 
2.5 

a

g

S 

q 

, 2 . 5 

g q 

2.5 (TCT \ 
D 

1 { T* J 

and S„(T)>Bag 

and Sd(T)>/3ag 

where 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

ag is the g round accelerat ion given by the Nat ional Annex , e.g. the larger va lue of 
0.40 is prescr ibed in Japan, 

B - very dense sand, gravel or very stiff clay, at least several tens of metres in 
th ickness 

C - deep deposi ts of dense or m e d i u m dense sand, gravel or stiff c lay 

D - deposi ts of loose- to-medium cohes ionless soil or of p redominan t ly soft-to-firm 
cohes ive soil 

E - a soil profile consist ing of a surface a l luvium layer 

3.2.2 Cases of very low seismicity 

Cases of very low seismicity, for wh ich the E C 8 provis ions need no t be observed are 
as follows: the des ign ground accelerat ion ag is not greater than 0.04 g (0.39 m / s 2 ) , 
or the product agS is not greater than 0.05 g (0.49 m / s 2 ) ^ is the soil factor g iven in 
Table 3 . 1 . 

3.2.3 Parameters of elastic response spectra 

Table 3.1 Va lues of parameters of elastic response spectra 
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q is the behaviour factor, 

P is the lower b o u n d factor for the horizontal des ign spect rum, g iven by the Nat ional 
A n n e x , the r e c o m m e n d e d value is 0.2. 

3.3 D E S I G N O F B U I L D I N G S 

3.3.1 C o m b i n a t i o n coefficients for variable act ions 

Combina t ion of act ions for se ismic des ign si tuations 

X G u + M * + £ ^ . . - O u ' (3-5) 
where 

GK is the character is t ic va lue of a pe rmanen t act ion 
A E is the characteris t ic va lue of seismic act ion 
QK is the characteris t ic va lue of var iable act ion 

Ve=<PV2> (3-6) 

is the factor of pe rmanen t action. 

For roof <p= 1, for o ther s toreys <p = 0.5 . 

Va lues of the factor i//2 are given in Tab le 3.2. 

Table 3.2 R e c o m m e n d e d values of t//2 factors for bui ld ings 

Building 
domestic, residential 0.3 
office 0.3 
congregation 0.6 
shopping 0.6 
storage 0.8 
traffic, vehicle weight <30 kN 0.6 
traffic, 30 kN < vehicle weight < 160 kN (X3_ 

3.3.2 Importance classes and i m p o r t a n c e factors 

Impor tan t c lasses for bui ld ings and impor tance factors are as fol lows: 

I - Bui ld ings of minor impor tance , e.g. agricultural bui ld ings , etc. , y\ = 0.8, 

II - Ord inary bui ld ings , y\ = 1.0, 

III - Bui ld ings whose se ismic res is tance is of impor tance , e.g. schools , a ssembly 
halls , cultural insti tutions, etc., yx = 1.2, 

IV - Bui ld ings w h o s e integrity dur ing ear thquakes is of vital impor tance , e.g. 
hospi tals , fire stat ions, p o w e r plants , etc. , y\ = 1.4 . 

�� �� �� �� �� ��



30 Design and optimization of steel structures 

3.3.3 Base shear force 

Fb=Sd(T,)mX, (3.7) 

where 

Ti is the fundamental per iod of vibrat ion o f the bui lding for lateral mot ion , 
SJ{TI) is the ordinate of the design spec t rum at per iod T!t 

m is the total mass o f the bui ld ing, 

A. is the correct ion factor, X = 0.85 if Tx < 2TC and the bui lding has more than two 

storeys, or X = 1.0 otherwise . 

For bui ldings with heights of up to 4 0 m Ti (in s) m a y be approximated by 

T,=CXHV\ (3.8) 

where 

Cj = 0.085 for m o m e n t resistant steel frames, 
C] = 0.075 for eccentr ical ly braced steel frames, 
Cj = 0.050 for other s tructures, 

H is the height of the bui lding in m. 

3.3.4 Distr ibut ion of the horizontal se ismic forces 

The seismic action shall be de te rmined by horizontal forces F( to all s toreys: 

F , = F * ' m i , (3.9) 
L,sJmJ 

where 

Fj is the horizontal force act ing on s torey I, 
sh Sj are the d isplacements of masses w„ ntj, 
mh ntj are the storey masses . 

W h e n the fundamental m o d e shape is approximated by horizontal d isp lacements 
increas ing l inearly a long the he igh t 

/ • > - / • ; " ' ' " ' , (3.io) 

w h e r e 

z„ zj are the heights of the masses mh ntj above the level of appl icat ion of the seismic 
action. 
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3.3.5 D i sp lacement calculat ion 

If l inear analysis is performed the d isp lacements induced b y the des ign se ismic 
act ion can be calculated on the bas is of the elastic deformat ions of the structural 
sys tem 

d, = qde, (3 .11) 

whe re de is the d isp lacement de te rmined b y a l inear analysis , q is the behaviour 
factor. 

3.3.6 Limitat ion of interstorey drift 

For bui ld ings hav ing non-structural e lements of brittle mater ia ls a t tached to the 
structure 

drv< 0 .005/z, (3.12) 

whe re dr is the interstorey drift calculated according to Sec. 3 .3 .5 , v is a reduct ion 
factor, for impor tance c lasses I and II v = 0 .5 , for impor tance classes III and IV v = 
0.4, h is the storey height , 

for bui ld ings hav ing ducti le non-structural e lements 

drv < 0 .0075/z, (3 .13) 

for bui ld ings hav ing non-s t ructural e lements fixed in a w a y so as not to interfere 
wi th structural deformat ions or wi th non-structural e lements 

dv<0M0h. (3.14) 

3.3.6 Second-order effects 

Second-order effects (P - A effects) need not be taken into account if the fol lowing 
condi t ion is fulfilled in all s toreys: 

9=P""dr < 0 . 1 0 , (3.15) 
V h 
'tot" 

where 

Pto, is the total gravi ty load at and above the s torey cons idered in the se ismic des ign 
si tuation, 
dr is the interstorey drift, 
Vt0, is the total seismic s torey shear, 
h is the interstorey height . 

I f 0.1 < 6 < 0.2, the second-order effects m a y approximate ly be taken into account 
b y mul t ip ly ing the relevant seismic act ion effects by a factor of 1/(1-0). The value 
of 6 shall no t exceed 0 .3 . 
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3.4 S P E C I F I C R U L E S F O R S T E E L B U I L D I N G S 

3.4.1 Behav iour factors for m o m e n t resisting frames 

For unbraced frames, whe re the dissipat ive zones are in beams and at bo t tom of 
co lumns : 

O n e storey one bay frames q = 5.5, 
mul t i -s torey o n e bay frames q = 6.0, 
mul t i -s torey mul t i -bay frames q = 6.5. 

Figure 3.1 Horizontal seismic forces. The frame is divided to 4 parts by considering inflection points on 
the column parts 

For q > 4 the required cross-sect ional class is 1 (plastic). 

Since the frames are statically indeterminate , in order to determine the inner forces 
due to these horizontal forces, an approximate me thod of Ifrim (1984) can be used 
based on the localizat ion of inflection points . For the top floor ax = 0 . 6 5 , for the 
midd le floors a2 = 0.5 and for bo t tom part of the co lumn a3 = 0.4 (Figure 3.1). 

�� �� �� �� �� ��



Fire Resistant Design 

4.1 I N T R O D U C T I O N 

Fire protect ion is the prevent ion and reduct ion of the hazards associa ted wi th fires. 
A fire-resistance rat ing typical ly m e a n s the durat ion for wh ich a pass ive fire 
protect ion sys tem can wi ths tand a s tandard fire resis tance test. The a im for pass ive 
fire protect ion sys tems is typical ly to demonst ra te in fire test ing the ability to 
main ta in the i tem or the side to be protec ted at or be low either 140°C (for wal l s , 
floors and electrical circuits required to have a fire-resistance rat ing) or ca. 540°C, 
which is cons idered the critical t empera ture for structural steel, above which , there is 
a risk of losing its s trength, leading to col lapse. Fire test ing involves l ive fire 
exposures upwards of 1100°C, depend ing on the fire-resistance rat ing and durat ion 
one is after. M o r e i tems than jus t fire exposures are typical ly required to be tested to 
ensure the survivabil i ty of the sys tem under realist ic condi t ions . 

0 
* at,''' 

Fire design of steel s tructures is usual ly based on the thermal conduct iv i ty of the 
protect ive mater ial . Des ign values of thermal conduct iv i ty can be de termined by 
full-scale fire tests . These tests also show whether the protect ive mater ial s tays 
a t tached to the steel s tructure and protects it against fire as long as required. 

4 
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The steel can be protec ted by mater ia ls such as mineral fibres, gypsum boards , 
concre te , in tumescent paints and water-fi l led structures. 

Fire resis tance of load-bear ing structures can be evaluated by bo th full-scale fire 
tests and calculat ions. Computa t iona l determinat ion of fire resis tance requires that 
cross-sect ional tempera ture distr ibution is known . 

Fire research has tended to lag behind other fields o f scientific and technological 
endeavour . This is due , no doubt , part ly to its ex t reme complex i ty but also due to the 
relat ively low perce ived impor tance of the topic in m a n ' s progress towards 
industrial development . Safety in general and fire safety in part icular , after several 
major disasters, has b e c o m e a subject of increasing impor tance in recent years . A 
general definition for the fire resis tance of construct ion e lements can be the 
fol lowing: the t ime after wh ich an e lement , w h e n submit ted to the act ion o f a fire, 
ceases to fulfil the functions for wh ich it has been des igned (Kay et al. 1996, C o x 
1999, Rodr igues et al. 2000) . 

The beams and co lumn parts are subject to bending and compress ion , thus , stress 
constraints should be formulated for b e a m and co lumn profiles according to 
Eurocode 3 (2005) (EC3 , ) 

4.2 C A L C U L A T I O N O F T H E S T E E L M E C H A N I C A L P R O P E R T I E S A T 
E L E V A T E D T E M P E R A T U R E S 

The calculat ion of the yield stress and Y o u n g ' s modulus on elevated tempera tures is 
according to E C 3 2 . F igure 4.1 and Table 4.1 show the reduct ion factors in the 
function of tempera ture be tween 20 and 1200 C°. 

S I ' 2 

1 1 

.2 0,6 
1 0,4 
"2 0,2 

0 PA 

• Yield stress 

Young modulus 

• Yield stress 

Young modulus 

• Yield stress 

Young modulus 

V -v# ^ <^ x # <f 
Temperature (C) 

Figure 4.1 The yield stress and the Young's modulus reduction factors in the function of temperature 

4.2.1 Calculat ion of yield s trength 

T h e yield s trength at a g iven tempera ture can be calculated b y ky9 reduct ion factor 

fy,e=kyJy. (4.1) 

4.2.2 Calculat ion of Y o u n g ' s modulus 

The yie ld s trength at a given tempera ture can be calculated by kEt) reduct ion factor 
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Eafi=kEfiEa. (4.2) 

Values of k 0 and kE0 can be calculated according to Table 4.1 and Figure 4 . 1 . 

Table 4.1 The yie ld stress and the Y o u n g ' s m o d u l u s reduct ion factors in the 
function of t emperature 

Temperature k g reduction factor kE g reduction factor 

(relative to fy) (relative to Ea) 
20 1,000 1,000 
100 1,000 1,000 
200 1,000 0,900 
300 1,000 0,800 
400 1,000 0,700 
500 0,780 0,600 
600 0,470 0,310 
700 0,230 0,130 
800 0,110 0,090 
900 0,060 0,0675 
1000 0,040 0,0450 
1100 0,020 0,0225 
1200 0,000 0,0000 

4.2.3 T h e r m a l conduct iv i ty 

The thermal conduct iv i ty of steel Aa should be de termined from the fol lowing: 

If 20 [ ° C ] < 0a < 8 0 0 [ ° C ] t h e n 

/ l a = 54 - 3,33 x 10" 2 Ga [ W / m K ] . (4.3) 

If 800 [°C] < 6a < 1200 [°C] then 

K = 27.3 [ W / m K ] , (4.4) 

where : 6a is the steel t empera ture . 

4.2.4 The specific heat 

T h e specific heat of steel can be calculated as a function of t empera ture as follows: 

I fO <0a< 600 [ ° C ] t h e n 

ca = 4 2 5 + 7.73x10~ l 0 a -1.69x10" 3 (9 a

2 + 2 .22x10""^ [J /kgK] . (4.5) 

I f 6 0 0 <6a < 735 [ ° C ] t h e n 

ca = 6 6 6 + 1 3 O O 2 / ( 7 3 8 - 0 J [ J /kgK] . (4.6) 
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If 735 <6a< 900 [ °C] then 

ca = 545 + 1 7 8 2 0 - 7 3 1 ; [ J /kgK]. (4.7) 

If 900 < 6a < 1200 [°C] then ca = 6 5 0 [J /kgK]. (4.8) 

The value of specific heat in the function of tempera ture can be seen on Figure 4 .2 . 
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Figure 4.2 The value of specific heat in the function of temperature 

4.3 C A L C U L A T I O N O F T H E A C T I O N S F O R T H E F I R E S I T U A T I O N 

A general definition for the fire resistance of construct ion e lements can be as 
fol lows: the time after which an element, when submitted to the action of a fire, 
ceases to fulfil the functions for which it has been designed. For the t ime be ing , the 
fire resis tance required in mos t nat ional fire safety regulat ions for the construct ion 
e lements , does not refer to the fire that could happen wi th a g iven probabi l i ty under 
the real condi t ions in a bui lding. It is referred to the s tandard fire ( ISO 834) . 
Therefore, s ince structural e lements have a load carrying function, their s tandard fire 
resis tance represents the t ime after which , w h e n subjected to the s tandard fire, they 
can no longer resist the effects of the accidental load combina t ion , according to 
E C 1 2 . 

ZYGA • Gk + • Qu + 2¥i, t• +T.Ad(t), (4.9) 

where : 

Gk Character is t ic values of pe rmanen t act ions, 

Qkl Characteris t ic va lue of the main var iable action, 

Qk j Characteris t ic value of the other var iable act ions, 

Ad(t) Des ign values of act ions from fire exposure , or indirect fire act ions, 

yGA Partial safety factor for pe rmanen t actions in the accidental si tuation, 
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¥\,\>¥i.i Combina t ion coefficients for bui ld ings according to E C 1 2 . 

T h e last te rm of this load combina t ion represents the interact ion be tween the heated 
e lement and the cold structure from wh ich it is a part. The first te rms represent the 
mechanica l act ion on the heated e lement at the beg inn ing o f the fire, that is, the 
des ign effect of act ions in fire si tuation at t ime t = 0, .EVi.d^o- For the analysis o f the 
fire resis tance of a single member , the Eurocodes state that " the internal forces and 
m o m e n t s at suppor ts and ends of m e m b e r s appl icable at t ime t = 0, m a y be assumed 
to remain unchanged throughout the fire exposure" , that is, Eflidt = Efldt=0 . For 
m e m b e r analysis a reduct ion factor for load combina t ion should be taken according 
to Rodr igues (2000) . In our case, w h e n w e have appl ied the calculat ion of the frame, 
wh ich is for support ing pressure vessels , no var iable loading can be considered, so 
Q^\IGy accord ing to Figure 4.1 of E C 3 2 is nfi = 0 .74, the m a x i m u m . 

Efi,d=r]flEd. (4.10) 

4.3.1 S imple calculat ion models 

The load-bear ing function of a steel m e m b e r shall be a s sumed to be main ta ined after 
a t ime t in a given fire if: 

EAtl<RMt, (4.11) 

where 

Eflid is the design effect of act ions for the fire design si tuation, accord ing to E N 
1991-1-2; 

Rjid, is the cor responding design res is tance of the steel member , for the fire design 
si tuation, at t ime t. 

The des ign resis tance Rfldi,at t ime t shall be determined, usual ly in the hypothes is o f 
a uniform tempera ture in the cross-sect ion, by modifying the des ign res is tance for 
normal tempera ture des ign to E N 1993-1-1 , to take account of the mechanica l 
proper t ies of steel at e levated tempera tures . 

4.3.2 M e m b e r analysis 

The effect of act ions should be de te rmined for t ime /=0 using combina t ion factors 

¥\,\ or y/X\ • 

A s a simplification to this , the effect of act ions Eflid m a y be obta ined from a 
structural analysis for normal tempera ture design as: 

Efid=TjflEd, (4.12) 

where : 

Ed is the des ign value of the cor responding force or m o m e n t for normal tempera ture 
design, for a fundamental combina t ion of act ions, 
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Tlft rGGk + rQ,iQk,i 

The value of y/fll is according to Figure 4 .3 . 

(4.13) 

The cross-sect ions m a y be classified as for normal tempera ture des ign wi th a 
reduced value for £ as g iven in (4.14). 

e = 0.85 i f 
J V 

(4.14) 

where : fy is the yield s trength at 20 °C. 

The reduct ion factor 0.85 considers influences due to increasing tempera ture . 

4.3.3 Res is tance of tension m e m b e r s 

The design resis tance Nf,^Rd o f a tension m e m b e r wi th a uniform tempera ture 6a 

should be de termined from: 

Nf,,e,Rd ~ ky.e NRd [yM1 / yMf, ], (4.15) 

where : 

kyfi is the reduct ion factor for the yield s trength of steel at tempera ture 6a, reached at 
t ime 

0,8 

0,7 

0,6 

0,5 

0,4 

0.3 

0,2 

— - - j — ! • -
. . . . . . . . . . . . 

-

• ! 

^ 

= 0.9 

= 0.7 

= 0.5 

0,0 0,5 1.0 1,5 2,0 2,5 3,0 QJGk 

Figure 4.3 The value of the combination factor 

NRd is the des ign resis tance of the cross-sect ion NptM for normal tempera ture design, 
accord ing to E N 1993-1-1 . 

Tjfj is the reduct ion factor for the des ign load level for the fire situation. 

The reduct ion factor ^ for load combina t ion (6.10) in E N 1990 should be t aken as: 

Gk+VfiQk,\ 
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(4.19) 

whe re KL is the buckl ing length, r radius of gyrat ion, / the sect ion m o m e n t of 
inertia, A is the cross-sect ion area. 

235 
a = 0 . 6 5 j — . (4.20) 

fy 

4.3.5 B e a m s wi th Class 3 cross-sect ions 

The des ign m o m e n t res is tance MfURd at t ime t of a Class 3 cross-sect ion wi th a 
uniform tempera ture should be de termined from: 

Mfi,,M = kyfi MRd [yH ,/yHfi] (4 .21) 

where : MRd is the elastic m o m e n t res is tance of the gross cross-sect ion Me/Rd for 
normal tempera ture design, or the reduced m o m e n t res is tance a l lowing for the 
effects of shear if necessary; 

kyj) is the reduct ion factor for the yield strength o f steel at the steel t empera ture 6 a . 
T h e des ign m o m e n t resis tance M/,xRd at t ime / of a Class 3 cross-sect ion with a non­
uniform tempera ture distr ibution m a y be de te rmined from: 

MRd [yM,ilyM,fi\lKiK2, (4.22) 

whe re : 

4.3.4 C o m p r e s s i o n m e m b e r s wi th Class 3 cross-sect ions 

The design buckl ing res is tance NbflxRd at t ime t o f a compress ion m e m b e r wi th a 
Class 3 cross-sect ion wi th a uniform tempera ture 9a should be de te rmined from: 

Nb,f,,,,Rd= XfiAky6fy/ Yu.fi > (4-16) 

where : Xfi is the reduct ion factor for flexural buckl ing in the fire des ign si tuation; 

kyfi is the reduct ion factor from Sect ion 4.2 for the yield s trength of steel at the steel 
t empera ture 9a r eached at t ime t. 

The value o f Xfi should be taken as the lesser o f the va lues of xy.fi a n a Zx.fi 

determined according to : 

zfi=—rr^> (4-17) 

<Pe+^<Pe ~ h 

with <p0 = l ( l + ale +1/ ) . (4.18) 

T h e non-d imens iona l s lenderness for the tempera ture 9 a , is given by: 
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Zmin.fiAkyff Y Welykyd

 y WeiJiyd 

Yu.fi YM.JI YM.fi 

Nfi,EJ ^ k L T M y f h E d k z M z f i E d ^ 
fy „ , w i fy w 7 fy 

Xz,fiAky0 Xu.fi^el.ykyfi ' 
YM.fi YM.fi YM.fi 

where : 

ZLT.fi = , • (4-26) 

^LT,0,com +*LT,8 .corn) ~\^LT,0,com[ 

® LT ,9 ,com 2 \ + a^LT,9,com+{A-LT,e,comf \ > (4-2^) 

MRd is the elastic m o m e n t res is tance of the gross cross-sect ion MelRd for normal 
tempera ture des ign or the reduced m o m e n t resis tance a l lowing for the effects of 
shear if necessary according to E N 1993-1-1 ; 

ky.e.max is the reduct ion factor for the yield s trength o f steel at the m a x i m u m steel 
tempera ture 9a,max reached at t ime / ; 

K\ is an adaptat ion factor for non-uni form tempera ture in a cross-sect ion; 

k2 is an adaptat ion factor for non-uni form tempera ture a long the b e a m 

The design lateral torsional buckl ing resis tance m o m e n t MbflxRd at t ime t of a 
laterally unres t ra ined b e a m with a Class 3 cross-sect ion should be de te rmined from: 

MbfaRd= XLT,fiWeI,yky,e,comfy/7M.fi • (4-23) 

Conservat ive ly 8AXOM can be assumed to be equal to the m a x i m u m tempera ture 

9a.max' 

The des ign shear resis tance VfURd at t ime t of a Class 3 cross-sect ion should be 
determined from: 

Vfl.i.Rd = k y A w e b VRd [yM.i/yM,fi] , (4.24) 

where : VRd is the shear resis tance of the gross cross-sect ion for normal tempera ture 
design, according to E N 1993-1-1 . 

4.3.6 M e m b e r s wi th Class 3 cross-sect ions , subject to c o m b i n e d bending and 
axial compress ion 

The design buckl ing res is tance Rflitd at t ime t of a m e m b e r subject to combined 
bending and axial compress ion should be verified b y satisfying express ions for a 
m e m b e r wi th a Class 3 cross-sect ion. 

"ft" +

 k>M>J>* +

 k*M>**> < , , ( 4 . 2 5 a ) 
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a = 0 . 6 5 ^ 2 3 5 / fy , (4 .28) 

^•LT,6,com = ^LT-^kyft.com ^ E g c o m , (4 .29) 

where : 

k E 0 c o m is the reduct ion factor from Sect ion 4.2 for the s lope of the l inear elastic 

range at the m a x i m u m steel tempera ture in the compress ion flange 8a,com reached at 
t ime t . 

^LT^fi.Ed 
k L T = l ^ " < l , (4 .30) 

YM.fi 

where juLT = O.\5Az0pMLT-0.15 < 0 . 9 , (4 .31) 

ky=l < 3 , (4 .32) 

Xy,fiAkyd 

YM.fi 

where <uy = (l.2j3My - i y l y 0 + 0.44/3 M y - 0 . 2 9 < 0 . 8 , (4 .33) 

k g = l "'Nfi* < 3 > ( 4 . 3 4 ) 

YM.fi 

where M z ={lBMiZ - S % 0 + 0 . 4 4 y 3 w > 2 - 0 . 2 9 < 0.8 . (4 .35) 

4.4 S T E E L T E M P E R A T U R E D E V E L O P M E N T 

4.4.1 Unprotec ted internal s tee lwork 

For an equivalent uniform tempera ture distr ibution in the cross-sect ion, the increase 
o f tempera ture Ada_, in an unprotected steel m e m b e r dur ing a t ime interval At should 
b e de te rmined from: 

^ a , t = k s h ^ ^ h n e t d A t , (4 .36) 

CaPa 

where : ksh is correct ion factor for the shadow effect, from 5.2.5.1(2) in E C 3; 

AJV is the section factor for unprotec ted steel m e m b e r s ; 

Am is the surface area of the m e m b e r per uni t length [ m 2 ] ; 

F i s the vo lume of the m e m b e r per unit length [ m 3 ] ; 
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ca is the specific heat o f steel, from sect ion 4.2.4 [ J /kgK] ; 

hnet,d ' s t n e design value of the net heat flux per uni t area [ W / m 2 ] ; 

At is the t ime interval [ seconds] ; 

pa is the uni t mass of steel [ k g / m 3 ] . 

For I-sect ions under nomina l fire act ions, the correct ion factor for the shadow effect 
m a y be de te rmined from: 

[AM/V] 

where : \AJV\h is box value of the section factor. In all other cases , the va lue of ks/j 
shall be taken as: 

k h = v~ \ . (4.38) 

For cross sect ions wi th a convex shape (e.g. rectangular or circular hol low sect ions) 
fully embedded in fire, the shadow effect does not p lay a role and consequent ly the 
correct ion factor ksh equals unity. Ignor ing the shadow effect (i.e. ksh = 1), leads to 
conservat ive solut ions. 

The value o f At should not be taken as more than 5 seconds . The value of the section 
factor AJV should no t b e taken as less than 10 m" 1. T h e calculat ion t he des ign 
values of the section factor A„/V for unprotected steel m e m b e r s are as in Table 4.2. 

Table 4.2 Va lue of the section factor AJV for different cross sect ions and fire 
effects. 

Description AJV 
Open section exposed to fire on all sides perimeter/cross-section area 
Tube exposed to fire on all sides \Jt_ 
Open section exposed to fire on three sides surface exposed to fire/cross-section 

area 
Hollow section (or welded box section of \lt if tub 
uniform thickness) on all sides 
I-section flange exposed to fire on three (b + 2tf)/(btf) if / « b 
sides 
Welded box section exposed to fire on all 2(b+ h)lcross-section, 
sides if tab t h a n A J V = XIt 

4.4.2 Internal s tee lwork insulated by fire protect ion material 

Tradit ional fireproofing materials include concre te encasement , gypsum wal lboard , 
and coat ings categorized as Spray-Appl ied Fire-Resis t ive Mater ia ls ( S F R M s ) that 
are typical ly composed of ingredients such as mineral woo l , cement , and gypsum, 
and can vary in density. In tumescent fire-resistive coat ings are newer fireproofing 
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mater ia ls . T h e y are paint- l ike coat ings that are appl ied to structural steel m e m b e r s at 
a final th ickness up to 15 m m . 

Al l of these fireproofing mater ia ls are des igned to prov ide an insulat ing barrier 
be tween the heat from a fire and the structural steel. The barr ier prevents the high 
tempera tures within a fire from affecting the structural per formance o f the steel 
m e m b e r s . Because the in tumescent coat ings have paint- l ike proper t ies , they are 
receiving increasing at tent ion from architects and des igners . 

There are actual ly two types of "fire" coat ings on the market . T h e y are des igned for 
use on different substrates and respond very differently w h e n exposed to fire. 
Fire-retardant paints are applied to combust ib le mater ia ls (wood , plast ic , foam) and 
are des igned to reduce the rate o f flame spread. Typical ly , they are based on vinyl or 
v inyl acryl ic resins . T h e y look like paints and are formulated to be appl ied like 
paints (brush, roller, or spray) . T h e y do burn, can generate smoke , and do not have 
h igh tempera ture res is tance. 

M a n y fire-retardant coat ings are only rated for the ability to "not contr ibute" to a 
fire, i.e. they wil l no t b e c o m e a fuel source. Some do provide resis tance in keeping 
the fire from get t ing to the substrate. 

Fire-resistant coat ings provide insulat ion to the substrate. In tumescent fire-resistant 
coat ings w o r k b y expanding their vo lume from 10 to 75 t imes and genera t ing an 
ash-l ike char. The extent of char will be dependent upon the mater ial conta ined in 
the coat ing. The shape of the structural steel will affect expans ion and char 
formation. These coat ings provide fire rat ings ( 1 , 2 , 3 , and 4 hours) depend ing on 
the coat ing th ickness , steel shape, and steel mass . 

For a uni form tempera ture distr ibution in a cross-sect ion, the tempera ture increase 
A9aj o f an insulated steel m e m b e r dur ing a t ime interval At should b e obta ined from: 

but A9at > 0 if A9gt > 0 , 

0=Wl-d A / V , (4 .40) 

CaPa 

where : 

A/Vis the section factor for steel m e m b e r s insulated by fire protect ion mater ia l ; 

Ap is the appropria te area of fire protect ion mater ial per unit length of the m e m b e r 

Vis the vo lume of the m e m b e r per uni t length [ m 3 ] ; 

ca is the tempera ture dependant specific heat of steel, from sect ion 4.2.4 [ J /kgK]; 

(4 .39) 
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4.4.3 T h e calculat ion of the evolut ion of steel t emperature 

For unprotected steel s tructure the calculat ion of the evolut ion of the steel 
tempera ture is as follows with an iteration process ( E C 3 2 , I S O 1975): 

T h e t ime at the beginning of the fire is 

tj = 0 and every t ime period: Att = 5 w e calculate it t M = ti + Att [sec] . (4.41) 

Chang ing the t ime from 0 < tl < t m a x [sec] , (4 .42) 

whe re tmax can be Vi, 1, 1 Yi, 2 , 4 hours , m e a n s 1800, 3600 , 5400 , 7200 , 14400 [sec] . 

The tempera ture of the steel can be be tween 

20 [°C] <9a< 1200 [°C]. (4 .43) 

cp is the tempera ture independent specific hea t of the fire protect ion mater ial 
[ J /kgK]; 

dp is the th ickness of the fire protect ion mater ial [m] ; 

At is the t ime interval [ seconds] ; 

9aJ is the steel t empera ture at t ime t [ °C] ; 

9gJ is the ambient gas tempera ture at t ime t [ °C] ; 

A8g, is the increase of the ambient gas temperature dur ing the t ime interval At [K] ; 

Xp is the thermal conduct iv i ty of the fire protect ion sys tem [ W / m K ] ; 

pa is the uni t mass of steel [ k g / m 3 ] ; 

pp is the unit mass of the fire protect ion material [ kg /m 3 ] . 

The value of At should not be taken as more than 30 seconds . 

Sect ion factor A/V for steel m e m b e r s insulated b y fire protect ion mater ial for in 
Table 4 . 3 . 

Table 4.3 Sect ion factor A,/V for steel m e m b e r s insulated by fire protect ion 
mater ia l 

Description AJV 
I-beam with contour encasement of steel perimeter/steel cross-section area 
uniform thickness on all surfaces 
I-beam with hollow encasement of uniform 2(Z)+/!)/steel cross-section area 
thickness on all surfaces 
I-beam exposed to fire on three sides with steel perimeter-/} /steel cross-section 
contour encasement of uniform thickness area 
I-beam exposed to fire (2/!+6)/steel cross-section area 
on three sides with hollow encasement of 
uniform thickness on all surfaces 
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Am 1 
3 — , where t0 is the cross sect ion th ickness . (4 .51) 

V 1 0 ~ \ 

The tempera ture changing: 

A 

Ma=Kk— , (4.52) 
CAPA 

where ksh= 1. (4.53) 

The surface tempera ture of the steel m e m b e r in every iteration step is the fol lowing: 

The starting values are as follows: 

6a = 20 *C, A6a [°C], pa = 7850 k g / m 3 . (4.44) 

T h e gas tempera ture in the vicini ty of the fire exposed m e m b e r (s tandard 
tempera ture- t ime curve) : 

^ = 20 + 3 4 5 1 o g ^ 8 - ^ + l j [°C]. (4.45) 

T h e net convect ion hea t flux: 

KeK=ccc{0g-ea), (4.46) 

whe re the coefficient of hea t transfer by convect ion ac = 25 W / m 2 K . (4.47) 

T h e net radiat ive heat flux 

L,r = *£meA(0

g

 + 273f- {°a + 273)4J [ W / m 2 ] , (4.48) 

whe re : 

the configurat ion factor 0 = 1 , 

the surface emissivi ty o f the m e m b e r £ m = 0 . 8 , 

the emissivi ty of the fire sf = 1.0, 

the Stephan Bo l t zmann constant a = 5.67JCIO"8 W / m 2 K 4 . (4 .49) 

The total net hea t flux can be calculated as the s u m of convect ion and radiat ive hea t 
fluxes: 

Ketd = Ketc + Ketr • (4.50) 

For a tube exposed to fire on all s ides: 
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Gn

a=9n

a-x

 + AGn

a-x (4.54) 

The iteration is s topped, w h e n ei ther the t ime, or the tempera ture limit is reached. 

4.4.4 A d v a n c e d calculat ion models 

A d v a n c e d calculat ion methods are based on fundamental phys ica l behaviour in such 
a w a y as to lead to a rel iable approximat ion of the expec ted behaviour o f the 
relevant structural componen t under fire condi t ions. A d v a n c e d calculat ion methods 
should include separate calculat ion mode ls for the determinat ion of: the 
deve lopment and distr ibution of the tempera ture wi th in structural m e m b e r s ( thermal 
response mode l ) and the mechanica l behaviour of the structure or of any part of it 
(mechanica l response model ) . 

A d v a n c e d calculat ion me thods for thermal response based on the acknowledged 
principles and assumpt ions of the theory of heat transfer, the relevant thermal 
act ions, the variat ion of the thermal proper t ies o f the mater ial wi th the tempera ture , 
the effects of non-uniform thermal exposure and o f heat transfer to adjacent bui lding 
componen t s , the influence of any mois ture content and of any migra t ion of the 
mois ture wi th in the fire protect ion mater ial m a y conservat ively be neglected. 

A d v a n c e d calculat ion me thods for mechanica l response shall be based on the 
acknowledged pr inciples and assumpt ions of the theory o f structural mechan ics , 
taking into account the changes of mechanica l proper t ies wi th tempera ture . The 
effects of thermal ly induced strains and stresses bo th due to tempera ture rise and due 
to temperature differentials, shall be considered. The mode l for mechanica l response 
shall also take into account of the combined effects o f mechanica l act ions, 
geometr ica l imperfect ions and thermal act ions and the tempera ture dependent 
mechanica l proper t ies of the mater ia l , the geometr ica l non- l inear effects, the effects 
o f non-l inear mater ial proper t ies , including the unfavourable effects of loading and 
unloading on the structural stiffness. 
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5 
Large-span Suspended Roof Members 

5.1 I N T R O D U C T I O N 

Suspended steel and/or t imber m e m b e r s subjected to tens ion and bend ing offer an 
economical and efficient al ternat ive for m a n y structural p rob lems (Figure 5.1). T h e y 
can be wide ly used in br idge and structural engineer ing and bui ld ing pract ice as 
bear ing suspended sys tems of pedest r ian and pipel ine br idges as wel l as o f large-
span roofs and floors in bui ld ings . 

Some research results and analytical s tudies on non-l inear solut ions o f suspension 
m e m b e r s o f finite flexible stiffness wi th parabol ic or s imilar shape have b e e n 
publ ished (Kachur in 1962, Telojan & Veden ikov 1977, Moska lev 1980). These 
theories p rov ide s imple me thods for finding the static response o f a h inge-suspended 
m e m b e r to appl ied vert ical loads in the elastic range . 

The growth of the plast ic deformat ions p rovokes the redistr ibut ion of the forces, i.e. 
the axial tens ions and the bending m o m e n t s in the suspended structures, that often 
leads to increasing of their bear ing capaci ty and more effective behav iour under the �� �� �� �� �� ��
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load. Comprehens ive analytical t reatments on the behaviour of suspens ion members 
of finite bending stiffness in elastic-plastic range have been given by Skladnev & 
Sh imanovsky (1992) . Because o f the mathemat ica l der ivat ion difficulties that can 
arise in a geometr ical ly and parametr ica l ly non- l inear analyt ical solution, numer ica l 
m e t h o d s are b y far the mos t popular . Mos t of the recent me thods of non- l inear 
analysis o f suspens ion structures are based on the discret izat ion of the equi l ibr ium 
equat ions us ing F E M and solving the resul t ing non-l inear a lgebraic equat ions by 
numer ica l methods ( K m e f and Bin 2002) . 

S o m e resul ts o f the exper imenta l and theoret ical behav iour invest igat ion o f the 
geometr ical ly and physical ly non-l inear suspension steel m e m b e r s of bending 
stiffness work ing in the field of elastic and plast ic deformat ions of material are in 
(Bin 2003) (Figure 5.1a). Resul ts confi rmed the sensit ivity of such structures to local 
and asymmetr ica l act ions. The behaviour o f structure and resul t ing stresses ( tension 
or compress ion at cross-sect ion) in the elastic range depends on the interaction of 
axial tens ion forces and bending momen t s . After, the structural m e m b e r reaches the 
phase o f full plast ici ty o f mater ial ( formation and deve lopmen t o f plast ic zones) its 
behaviour becomes similar to the behaviour of a suspension cable with the dominant 
tension stiffness. 

Figure 5.1(a) (b) Test of the suspended member of bending stiffness (a) and suspended structure (b) 

Suspens ion member s of finite flexible stiffness usual ly have a parabol ic shape, but 
n e w information about behav iour of m e m b e r s of recti l inear shape was publ ished 
recent ly by Kvedaras & Sharashkinas (2003) . However , a little at tention is paid to 
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the opt imizat ion and probabil is t ic reliabili ty analysis of suspens ion parabol ic 
m e m b e r s of finite flexible stiffness wi th r a n d o m proper t ies . Tha t is w h y the authors 
focus on these p rob lems , and e laborat ing t hem they start wi th the w o r k of Telojan & 
Veden ikov (1977) , wh ich is further complemented . 

5.2 T H E S U S P E N D E D R O O F M E M B E R S 

In this chapter a non- l inear c losed-form static solut ion and elastic-plastic des ign 
me thod o f a large-span suspended m e m b e r of bend ing stiffness subjected to a 
uniformly distr ibuted symmet r ic and asymmet r ic load are presented and used for its 
opt imizat ion p rocedure as wel l as for its s imula t ion-based reliabil i ty assessment . 
Transformat ion analytical mode l serves for de te rmining the response , i.e. hor izontal 
componen t o f m e m b e r axial tension force, bend ing m o m e n t and deflection of the 
geometr ica l ly non- l inear suspens ion m e m b e r due to the appl ied pe rmanen t and 
var iable act ion, cons ider ing effects of elastic deformat ions , tempera ture changes and 
elastic supports . The results of the opt imizat ion and reliabil i ty analyses o f a large-
span suspension m e m b e r under symmet r ic and asymmetr ic load (as the bear ing 
m e m b e r o f a suspens ion roof structure) in the form of steel rol led I-section as an 
example are briefly presented. Its geomet ry and loads are shown in Figure 5.2. 

5.3 D E S C R I P T I O N O F A N A L Y T I C A L M O D E L 

Basic scheme for the static solut ion of suspended m e m b e r s of bend ing stiffness wi th 

parabol ic sag profile defined as z0(x)= 4dQx/l2 (l-x) is shown in Figure 5.3. 

| ^ ^ ^ ^ ^ ^ '"ji""̂  i|> "iĵ '"̂ f "̂ ""̂  ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 ^ 

/ 30000 > 30000 / 

4 

Figure 5.2 Geometry and loading of the investigated suspended member 

H a 

q{x) = g(x)+ p(x) 

Figure 5.3 Basic scheme, geometry and loading of suspended member of bending stiffness 
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5.3.1 Symmetr i c loading 

The fol lowing cubic equat ion for vert ical deflection w at the middle o f the span / 

o f suspended m e m b e r unde r a uni formly distr ibuted load q = g + p appl ied over the 

entire span of m e m b e r ( symmetr ic loading) can be used 

C 1 w 3 + C 2 w 2 + C 3 w - C 4 = 0 , (5.1) 

whe re 

Ci=T~*F, C , = ~ 4 > ' (5-2) 
15 cLl 5 cLl 

C 3 = - ^ 0

2 + - J ^ - + l , (5-3) 
\5cLI 80EId0 

C 4 = ^ . (5.4) 
4 80 EI 

Coefficient of supports flexibilities and tempera ture change is g iven as 

cos2f3 

ml 
F + F + _^_ATL 

Jax + Jbx+

 T T H-H0 j 

(5.5) 

whe re A is the cross-sect ional area of the suspended member , f5 is the inclination of 

the connec t ing line of suspension points of the m e m b e r wi th the axis x , fm and 

fbx are elastic y ie ldings of the support a and b in horizontal direction x , 

respect ively. a0ATl = a0(T-TQ)l is length change due to tempera ture difference 

AT = T - T0, where a0 is the coefficient of expansion. For B = fax= fbx= AT = 0 

coefficient c = l . Sign plus cor responds to the supports d isp lacements in the 

direction inside of the m e m b e r span and to a uni form tempera ture rise of 

AT = T-T0. d0 is the initial mid span sag o f the suspended m e m b e r at the cross 

section x = 1/2 under self weight g . It is necessary to note that unde r this loading 

on ly very small bending m o m e n t s occur and the m e m b e r behaviour is s imilar to 

flexible suspended cable, g = groof + Ap and p are the initial pe rmanen t ( g r o o f 

represents weight o f cover ing t rapezoidal or m e m b r a n e sheet, pur l ins and stiffening 
e lements and Ap is self we igh t of suspended m e m b e r per unit length, p is material 
densi ty) and addit ional design va lues of var iable action (as snow and wind) , 
respect ively. 

Coefficient cL of the m e m b e r length is 

c = 
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c =\ + ^ - + tan2B. (5.6) 
3 / 

T h e hor izonta l componen t of m e m b e r force H is expressed as 

H = \ ^ { 2 d 0 + w)w+H0, (5.7) 
3 c L / 

whe re the initial hor izontal componen t H0 of the m e m b e r axial force under the 

load g is for B = 0 , g iven as 

Bend ing m o m e n t M in the middle of the span o f the suspended m e m b e r is 

M = M0-H{d0 + w)=^ql2-H{d0 + w). (5 .9) 
O 

The axial force T(x) in an arbitrary cross section x is g iven as 

T{x)=HA\ + \ ^ - + tanp^ , (5 .10) 

whe re V(x) is the shear force in cross section X of hor izonta l s imple b e a m of the 

s ame span and load as the suspended member . 

5.3.2 A s y m m e t r i c loading 

The fol lowing t w o equat ions can be used for the horizontal componen t of m e m b e r 
force H for suspended m e m b e r unde r a uni formly dis t r ibuted var iab le load p 
appl ied over the left hal f of its span (asymmetr ic loading) and under a uni formly 
distr ibuted pe rmanen t load g appl ied over the entire span / of the m e m b e r . 

H = ^-a(aRl+R,)+H0, (5 .11) 
2c J 

a-^WK- <5J2) 

H R, 

where the individual te rms are 

H2 H 1 
(5.13) 
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T2 H " H 

\6dl 

31 

<t>2 = iZL(x)dx=^rl. 
o 15 

5 1 = j ^ ( x ) z 0 ( x > f e = - ^ ( 2 g + j p ) , 
o 3 

S2 = )M{x)z0{x)dx=^(2g + p), 

g 2 / 3 

1 + ^ + 5 
2 A 

g 2 / 3 

1 + ^ + 
12 I g 16 

/ 

g 2 = j M 2 ( x > & = f ^ 
120 

i P 1 7 

g 64 

(5-14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

(5.21) 

Eqs . ( 5 .11 , 5.12) for H and a should be solved s imul taneously by an iterative 

method . If the horizontal componen t o f m e m b e r force H is known , deflection w\x) 

of suspended m e m b e r is calculated from 

Ax)=a[MM.2o{x)\ (5.22) 

{ H u v ')' 

and resul tant bending m o m e n t is 
M(x)=Mb(x)-H(z0(x)+w(x)), (5.23) 

whe re Mb(x) is ana logous to the bending m o m e n t at cross sect ion x of a s imple 

suppor ted beam under the act ion of a uniformly distr ibuted load q = g + p. 

M a x i m u m values of the deflection w\x) and of the bending m o m e n t M(x) are 

reached in the quarter of the span, consequent ly at the cross section x = l/4 a long 

the span / . For this point the fol lowing express ions hold t rue 

( I2 3 
w(x = l/4) = a —-{3.g + 2.p)--d0 

32.H 
(5.24) 
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5.4 O P T I M I Z A T I O N 

(5.25) 

In the op t imum des ign procedure a structural vers ion is sought , wh ich fulfils the 
des ign constraints and minimizes the object ive function o f Farkas and Jarmai 
(2003) . In the present case a rol led I-section b e a m is used wi th constant cross-
sect ion, thus , the object ive function is the cross-sect ional area. T h e o p t i m u m rol led 
I-section is selected from a series o f available Bri t ish Universa l B e a m ( U B ) profiles. 
The sect ion characterist ics are g iven in tables b y Sales p rog ram (2007) . The des ign 
constraints are formulated according to Eurocode3 (2002) . Calcula t ions s h o w that 
the govern ing load is the asymmet r ic one , thus the design constraints relate to this 
load case ( K m e f et al. 2006) . 

T h e plastic stress constraint for the b e a m loaded b y tension and bending is given by 

•if, WplJyX 1.1 

where a tens ion force H is g iven by Eqs (5.11-5.21 and 5.8), A - cross-sect ional 
area, Wpiy - plast ic sect ion modu lus , fy - the yield stress, the m a x i m u m bend ing 
m o m e n t Mmax can be calculated us ing Eq (5.25) . 

The elastic lateral tors ional buckl ing constraint is formulated as 

- 4 * XU-FYI • Zlt = , \ , , (5-27) 

0LT =0 .5 [ l + 0 . 4 9 ( ^ - 0 . 2 ) + ^ ] ALT=^52^, (5 .28) 

tfff = ^ & a l , ( 5 . 2 9 ) 

where Wy is the elastic section modu lus , E - elastic modu lus , G - shear modu lus , Iy 

and Iz - m o m e n t s of inertia, Im - warp ing constant , / , - torsional constant , Lz -
dis tance o f lateral b races for the upper f lange o f the b e a m . 

The deflection constraint is g iven b y 

w « r ^ — . (5-30) m a x 2 5 0 

where wmax is calculated us ing Eq (5.24) . 

;2 ( ( ,2 T Y\ 
M ( x = / / 4 ) = — (3g + 2p)-H -d0 + a - — (3.g + Zp)--d0 . \ i > 3 2 \ s f/ 4 o \32Jfy ' 4 0 

V v j j 
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5.5 N U M E R I C A L D A T A (Figure 5.2) 

P = 0, / = 60 m , Lz = 3 m, d0 = 5 m,fy = 235 MPa , E = 2 . 1 x l 0 5 M P a , G = 0 . 8 1 x l 0 5 

M P a , intensity of var iable load p = 8.0 N / m m , intensi ty of pe rmanen t load g = groof+ 

pA, p = 7.85x10" 5 N / m m 3 , groof= 0 .25x6.0 = 1.50 N / m m including cover ing sheet, 
pur l ins and stiffening e lements wi th 6 m loading width. The a l lowable deflection is 
g iven as waUow = 60000 /250 = 240 m m . Table 5.1 gives results for three rol led I-
sect ion beams . 

Table 5.1 Resul ts for U B 4 5 7 x l 5 2 x 6 0 , 5 3 3 x 2 1 0 x 9 2 and 610x229x113 

UB457 UB533 UB610 
A [mm 2] 7623 11740 14390 

a 0.2183 0.2270 0.2331 
1(T7/[N] 5.3286 5.7070 5.9264 
Eq.(5.26) 1.77>1 0959<1 0.702<1 

Eq.(5.27) [MPa] 288>107 129<172 82.9<177 
Eq.(5.30) [mm] 209<240 190<240 183<240 

It can be seen that the profile U B 533x210x92 gives the op t imum, since the smaller 
457x152x60 does not fulfil the constraints on plast ic stress and lateral torsional 
buckl ing. The profile of 610x229x113 fulfils all the constraints , but its cross-
sectional area is larger. 

5.6 P A R A M E T R I C E V A L U A T I O N 

W e have m a d e several parametr ic evaluat ions . First, w e changed the length o f the 
suspens ion m e m b e r /, u p to 120 m ( K m e t ' et al. 2007) . 

Table 5.2 Results for U B 6 1 0 x 2 2 9 x l l 3 , 6 8 6 x 2 5 4 x 1 4 0 , 7 6 2 x 2 6 7 x 1 7 3 

/ = 8 0 m UB610 UB686 UB762 
A [mm 2] 14390 17840 22040 

a 0.38824 0.29325 0.22229 
10" 5//[N] 7.19757 7.41061 7.70123 
Eq.(5.26) 0.870<1 0.755<1 0.606<1 

Eq.(5.27) [MPa] 105.18<166.7 95.27<173.49 59.72<176.23 
Eq.(5.30) [mm] 393.30>320 305.42<320 232.69<320 

Table 5.3 Results for U B 7 6 2 x 2 6 7 x l 7 3 , 8 3 8 x 2 9 2 x 1 9 4 

/ = 1 0 0 m UB762 UB838 
A [mm 2] 22040 24680 

a 0.41351 0.34567 
W5H[N] 12.1351 12.3894 
Eq.(5.26) 0.790<1 0.738<1 

Eq.(5.27) [MPa] 75.83<176.27 73.3K183.24 
Eq.(5.30) [mm] 409.67>400 349.74<400 

Table 5.2, 5.3 and 5.4 show the results for different cross sect ions. Numer ica l data 
are similar to the prev ious one , only the va lue of / is changing from 60 to 80, 100 
and 120 m and initial mid span sag d0 = 7.5 m. 
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Table 5.2, 5.3 and 5.4 shows the opt ima for different span length, whe re in mos t 
cases the deflection constraint is act ive. The o p t i m u m cross section is s igned bold. 
W e have found, that increasing the span length u p to 120 m , i.e. 100 % from 60 m, 
the cross section area h a s a 243 % increment , hav ing the same initial mid span sag 
of the suspended m e m b e r d0 = 7.5 m. F igure 5.4 shows the effect of the span- length 
on the b e a m cross section. 

Table 5.4 Resul ts for U B 8 3 8 x 2 9 2 x l 9 4 , 9 1 4 x 3 0 5 x 2 2 4 

/ = 1 2 0 m UB838 UB914 
A [mm2] 24680 28S60 

a 0.52368 0.45752 
10" 5 / /[N] 17.9001 18.5085 
Eq.(5.26) 0.857<1 0.793<1 

Eq.(5.27) [MPa] 54.55<180.99 55.45<180.05 
Eq.(5.30) [mm] 518.31>480 453.57<480 

Figure 5.4 The cross section area of the beam (A in mm 2) in the function of span-length (/ in m) 

Secondly , w e changed the va lue of d0. d0 is the initial mid span sag of the 

suspended m e m b e r at the cross section x = l/2 under self weight g . The interval for 

the var iable sag is as follows: 

(5-3D 

Consequent ly , the fol lowing quanti t ies for d0 could be cons idered 

. / 120 
dn = - = = 15,0 m 

0 8 8 

^ = ± = 1 ^ = 12,0 m 
0 10 10 

12 12 

Tab le 5.5 shows the results for three different d0, at / = 120 m. 
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Table 5.5 shows , that a larger initial mid span sag causes larger deflection and 
stresses. For the cross section U B 914x305x224 the mid span sag cannot be larger 
than / /12 for / = 120. F igure 5.5 shows the effect of the mid span sag on the b e a m 
deflection. 

Table 5.5 Resul ts for U B 9 1 4 x 3 0 5 x 2 2 4 

/ = 1 2 0 m </0 = 10 m </0 = 12 m d0 = 15 m 
A mm2 28560 28560 28560 

a 0.39082 0.34972 0.30138 
lOl t f fN) 14.0431 11.7394 9.40067 
Eq.(5.26) 0.743<1 0.729<1 0.726<1 

Eq.(5.27) MPa 76.98<183.05 90.97<183.05 107.83<183.05 
Eq.(5.30) mm 476.90<480 500.62<480 534.20>480 

534,2 

15 20 

Figure 5.5 The midspan deflection of the beam (w in mm) in the function of mid span sag (do in m) 

Further invest igat ions are needed to de termine the effect of the B angle , i.e. the 
difference of the height at the t w o supports (see F igure 5.3) and to consider the cost 
o f supports on the op t imum structure. 

5.7 C O N C L U S I O N S 

Suspension m e m b e r s o f bending stiffness offer an economica l and efficient 
al ternative for m a n y structural p rob lems . In this chapter a non-l inear c losed-form 
static solut ion and elastic-plastic des ign me thod (determinat ion o f internal forces in 
the elastic region and uti l ization of critical section in the plast ic range) o f a large-
span suspended m e m b e r o f bend ing stiffness subjected to a uniformly distributed 
symmetr ic and asymmetr ic load are presented and used for its opt imizat ion 
procedure . 

The t ransformation of the analytical mode l serves for de termining the response , i.e. 
hor izontal componen t of m e m b e r axial tension force, bending m o m e n t and 
deflection of the geometr ica l ly non- l inear suspens ion m e m b e r due to the applied 
pe rmanen t and var iable action, consider ing effects of elastic deformat ions , 
tempera ture changes and elastic supports . 

In the opt imizat ion process the systemat ic search de termines the opt imal rol led I-
sect ion b e a m for a numer ica l p rob lem, which fulfils the constraints on plast ic stress, 
lateral torsional buckl ing and deflection for asymmetr ic load and its cross-sect ional 
a rea is min imal . Parametr ic invest igat ions show the effect of span length and the 
initial m i d span sag on the o p t i m u m cross section values . 

10 
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6 
Frames 

6.1 I N T R O D U C T I O N 

Framing is ma in ly used at bui lding industry as a technique based a round structural 
m e m b e r s , wh ich provide a stable frame to wh ich interior and exter ior wal l cover ings 
are a t tached, and covered by a roof. F rames are used also at vehicles and mach ines 
like punch presses , etc . 

A space frame is a t russ- l ike, l ightweight r igid structure const ructed from 
inter locking struts in a geometr ic pat tern. Space frames usual ly util ize a 
mult idirect ional span, and are often used to accompl i sh long spans wi th few 
supports . They der ive their s t rength from the inherent r igidity of the t r iangular 
frame; flexing loads (bending moment s ) are t ransmit ted as tens ion and compress ion 
loads a long the length of each strut. 

F rames are used in au tomobi le construct ion t echnology also. Moun t ing a separate 
body to a rigid frame wh ich supports the drivetrain w a s the original me thod of 
bui ld ing au tomobi les , and its use cont inues to this day. In the case of vehicles , the 
term chassis m e a n s the frame plus the "running gear" l ike engine , t ransmiss ion, etc. 
A body , wh ich is usual ly not necessary for integrity of the structure, is built on the 
chassis to comple te the vehicle . 
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5 8 Design and optimization of steel structures 

A t frame design the calculat ions of the internal bending m o m e n t s and forces are 
more complicated, due to the fact, that the frame is statically unde te rmined . That is 
w h y some finite e lement calculat ions are useful (Ross 1998). In our frame examples 
w e show a bui lding frame and a h igh pressure vessel support ing frame and consider 
their ear thquake and fire resis tant des ign and opt imizat ion. 

6.2 S I M P L E F R A M E W I T H W E L D E D O R B O L T E D C O R N E R J O I N T S 

Steel frames can be constructed us ing either we lded or bol ted connect ions . W e l d e d 
jo in t s are rigid, whi le the behaviour of bol ted jo in ts is semi-r igid, since the local 
d isp lacements of jo in t componen t s cause an addi t ional angle deformat ion of corner 
connect ions . These angle deformat ions affect the bend ing m o m e n t s , normal and 
shear forces in frame m e m b e r s and the frame stability. Thus , this effect should be 
t aken into account in the frame opt imizat ion as wel l . 

In a previous study (Farkas et al. 2002) w e have shown h o w the economics of 
structures are influenced b y the differences in bend ing m o m e n t s and shear forces. 
The a im of the present s tudy is to invest igate these differences in the case of a 
s imple p lanar sway frame and also to de termine the op t imum des ign of the frame in 
the case of we lded as we l l as bol ted connect ions . This is a re levant issue s ince single 
story sway frames consti tute the bas ic bui ld ings uni ts of s tructures such as 
warehouses overhead cranes , car por ts canopy structures and rol lbars for vehicles 

T h e op t imum design of frames wi th semi-r igid jo in ts has been dealt wi th by several 
authors e.g. Al -Sa l loum & A l m u s a l l a m (1995) , S imoes (1996) , K a m e s h k i & Saka 
(2003) . The difficulty of the opt imizat ion is that the addit ional angle deformation 
depends on m a n y paramete rs (such as the type of bol ted connect ion , e longat ion of 
bol ts and local d isp lacements of p la te e lements of connected profiles). Thus , the 
bend ing momen t s depend on u n k n o w n profile d imens ions . T o ease the opt imizat ion 
procedure the guess formula for the jo in t stiffness p roposed by Steenhuis et al. 
(1998) is used here . 

Ano the r p rob lem is that available rol led I-section rods have to b e used. These 
present a discrete range of profiles wh ich are listed by manufacturers in tabulated 
form, e.g. universal b e a m s ( U B ) and co lumns (UC) (as g iven by Sales p rog ram 
2007) . The characterist ics of these profiles (cross-sect ional area, m o m e n t s of inertia 
etc.) depend on main sect ion d imens ions and it is difficult to calculate t hem as 
s imple functions wh ich is wha t is required for opt imisat ion purposes . For this reason 
approximate functions de termined b y curve-fit t ing selection us ing only one var iable 
(profile height) . 

T h e opt imizat ion of a we lded as wel l as a bol ted frame is per formed us ing the 
structural vo lume as object ive function to be min imized , and the costs are calculated 
and compared to each other. Brit ish and South African cost data are used. 

6.2.1 Forces and bend ing m o m e n t s in the frame 

W e invest igate a one-s torey one-bay s w a y (unbraced) frame shown in Figure 6.1 
loaded by a uniformly distr ibuted vert ical load o f intensity p and a concentra ted 
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horizonta l force F. The corner bend ing m o m e n t Mp (Fig. 6.2) is der ived from an 
angle deformat ion equat ion as fol lows. 

Figure 6.1 Unbraced planar frame 

The angle deformation of the b e a m due to load p (Fig. 6.3) is 

<Po = 
_plJ_ 

24Eh 

and due to the bend ing m o m e n t s 

MPL 

2EI2 ' 

(6.1) 

(6.2) 

w h e r e E is the elastic modu lus and I2 is the m o m e n t of inertia o f the b e a m section. 

M „ 

M p / 2 M p / 2 / 

- N P 2 

N 
p 

N„ 
' p i p i 

Figure 6.2 Diagrams of bending moments and axial forces 
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The angle deformation of the co lumn end due to the bending m o m e n t Mp and 
react ive force Np2 = 3Mp/(2H) is 

<p2 

MPH 

4EL 
(6.3) 

whe re / / is the m o m e n t o f inertia of the co lumn section. The angle deformation 
equat ion, consider ing the angle difference caused b y the semi-r igid connect ion of 
stiffness Sj, is 

(6.4) 

/ i p 

(a) 

M„ 

I 

J h 

±=i J 

(b) 

>2 

( C ) 

Figure 6.3 (a) Angle deformations of the beam due to uniform normal load, (b) The main dimensions of a 
rolled I-beam, (c) Bending moment and horizontal force acting on a column 

F r o m Eq.(6.4) one obtains 

M -
p 24 1 , HI2 

Eh 
2 4LIX LSj 

(6.5) 

N o t e that for we lded (rigid) jo in ts Sj —><x> and the third m e m b e r in the denomina tor 
b e c o m e s zero. 

1 ^Ir:. A — 
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Similarly, the corner bend ing m o m e n t s due to the hor izonta l force F (Fig. 6.4) can 
be calculated cons ider ing the fol lowing angle deformat ion in the b e a m due to MF 

(Fig. 6.5): 

<PMF = 
MFL 

6EI-, 
(6.6) 

and the angle deformat ions of the co lumn top due to F/2 and MF are 

FH MFH 

4EI, EL 
(6.7) 

M F 

M F / 2 M F / 2 

' F 2 

' F 1 " F 1 

Figure 6.4 Bending moments and axial forces due to the horizontal force F 

Consider ing also the angle difference caused b y semi-r igid jo in t s , the angle equat ion 
can be expressed as 

FH 

4EI, 

MFH _ MFL 

6EI, Eh 

F r o m Eq. (6.8) it fol lows that 

Mp = —— 
1 + 

LI, EI, 

(6.8) 

(6.9) 

6HI-, HS, 
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Figure 6.5 Angle deformations of the beam due to horizontal force F. Bending moment and horizontal 
forces acting on the columns in the case of the horizontal load F 

6.2.2 Des ign constraints 

The co lumns and the b e a m are loaded b y bending and an axial force. Since rolled I-
section rods are used, these should fulfil the constraints on combined bending and 
compress ion to avoid overal l flexural and torsional buckl ing as wel l as lateral-
torsional buckl ing. These stress constraints are formulated according to Eurocode 3 
(2005) (EC3) , I v a n y i ( 1 9 9 9 ) . 

6.2.2.1 Bending and axial compression constraint of the column CD 

T h e buckl ing constraint about t h e j - a x i s (Fig. 6.3) requires that: 

- A - , ^ ^ , , , ( 6 , 0 ) 

and for buckl ing about z-axis 

N l < 1 , (6.11) 
ZzlfylA 

where / , = fy / YM\>7M\-^-^ ^ fy 1 S m e yield stress, y m is the partial safety 

factor. 

The compress ion force is 

p L + 2 M ^ 
1 2 L 
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and the bending m o m e n t is calculated as 

M c = Mp + MF, 

The overal l buckl ing factor for the >>-axis is 

1 
Xy\ • 

where 

^y\+^y\-^y\ 

+yi=0.5[l + ayl(Xyl-0.2)+X$l], 

h,lbi>\.2, 

a y i = 0 . 3 4 if \/bx<\.2 , 

0 ^ = 0 . 2 1 if 

and A j = 
ry\*E 

:K,=2;r 
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(6.13) 

(6.14) 

(6.15) 

(6.16) 

(6.17) 
ry\*E \ A \ \Jy 

Accord ing to Steenhuis et al. (1998) the jo in t stiffness for a bol ted jo in t wi th a flush 
end plate and cover plate (Fig.6.6) can be approximated by the fol lowing formula 

Ez2t fc 

11.5 
(6.18) 

whe re tfc is the co lumn flange th ickness and z is the a rm of the bend ing forces in the 
jo in t , wh ich is approximate ly equal to the w e b height , z = hj. 

J f c 

Figure 6.6 Bolted connection with flush-end plate 

Fur thermore 

1 +0 .6 /1 
v Xy\fy\A j 

The lateral- torsional buckl ing factor is 

(6.19) 

El 
H I 
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1 
Zir\ 

with 

(/> L n = 0.5/T + ALN(ALTX - 0 .2)+ ZLTI J , 

I w y J y 

V McrX 

M ^ = U . n 2 x 2 E I - ^ \ I - ^ + H l G I t X 

rX " ~ H pzX ' n*EIA 

a i n = 0 . 3 4 if hx/bx<2, 

and aLTi=0A9 if hx/bx>2. 

The overal l buckl ing factor for the z-axis is 

1 
Zzl 

with 

tl>zX=Q.5[\ + AzX(xzX- 0 .2)+ J?zX], 

J - K ^ H • k - IR - rzl 

Az\ - — r ~ . K \ - 2, r z l - — , 
rz\^E V A 

a z l = 0.34 if / j ; / ^ > 1 . 2 , 

and AZX = 0 . 4 9 if A , / ^ < 1 . 2 . 

The calculat ions have shown that the torsional buckl ing constraint is 

6.2.2.2 Bending and axial compression constraint of the beam BC 

Similar to Eqs (6.10) and (6.11) the stress constraints are as fol lows 

- ^ - + ^ 2

 M< si , 
XylfyxAl ZhTlfy^Vyl 

and 

^ . 1 . 
Zzlfy\^2 

(6.20) 

(6.21) 

(6.22) 

(6.23) 

(6.24) 

(6.25) 

(6.26) 

(6.27) 

(6.28) 

issive. 

(6 .29) 

(6.30) 
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UB profile h [mm] A [mm 2] 
152x89x16 152.4 2032 

178x102x19 177.8 2426 
203zl33x25 203.2 3197 
254x146x31 251.4 3968 
254x146x37 256.0 4717 

305x165x46.1 306.6 5875 
356x171x57 358.0 7256 
406x178x74 409.4 8554 
457x191x74 457.0 9463 
457x191x82 460.0 10450 

610x229x113 607.6 14390 
686x254x140 683.5 17840 
838x292x194 840.7 24680 

These values are given in tabula ted form for avai lable U B and U C sect ions o f a 
c o m p a n y (Sales p rogram 2007) . To ease the calculat ions , approximate functions 
express ing the above characterist ics as a function of section height h have been used. 

T o illustrate these approximate functions, the selected U B profiles are given in 
Tab le 6.1 wi th their he ights and cross-sect ional areas. These cross-sect ional areas 
can be approx imated by the fol lowing curve-fi t t ing function 

T h e other formulae are similar to those given in Sect ion 6 .2 .2 .1 , but wi th subscript 2 
except the fol lowing: 

K2=\.l, (6.31) 

and 

F 3 M _ 
N2= — + p-. (6 .32) 

2 2 2H 

In the above formulae the fol lowing geometr ic section characterist ics have to b e 
calculated: 

A - cross-sect ional area 

Iy, Iz - momen t s of inertia about the y and z axis , respect ively 

Wy - section modu lus about the y axis 

ry and rz - radii of gyrat ion about the y and z axis , respect ively 

/ , - torsional constant 

Im - warp ing constant 

Also the values of t/s and z should be g iven (Eq. 6.18). 

Table 6.1 Heights and cross-sect ional areas of se lected U B profi les according to 
Sales p r o g r a m (2007) 
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KFl = kFGjxpV = 0 .6X2A /3X908 .34 = 6 2 . 6 $ , 

s ince the total mass is 51x7 .62 + 71x7.32 = 908.34 kg. 

T h e cost of the bol ted connect ion o f m e d i u m type (endplate 25 m m thick, 200 m m 
wide , 410 m m deep , hol ing, we ld ing to the end pla te wi th fillet we lds of leg size min 
6 m a x 12 m m around the profile) is 81 L = 1 1 5 . 8 $ 

Total manufac tur ing costs 212.7 $ 

Mater ia l and manufac tur ing together 720.5 $ 

A = - 4 8 9 . 5 8 4 8 6 +14 .366815 /*+ 0 .01824055/z 2 (A in m m 2 , h in m m ) (6.33) 

For instance, for U B 305x165x46 .1 wi th h = 306.6 m m Eq.(6 .33) gives A = 5629 .96 
m m 2 instead of the actual va lue of 5875 m m 2 . 

6.2.3 Opt imizat ion characterist ics and results 

T h e object ive function to be min imized is the structural vo lume 

V = 2AlH + A2L, (6.34) 

The u n k n o w n variables are the heights of co lumn and b e a m rol led I-sections hj and 
h2. 

Rosenb rock ' s Hi l lc l imb a lgor i thm has been appl ied to find the op t imum co lumn and 
b e a m profiles, wh ich min imize the vo lume (weight) and fulfil the des ign constraints . 

6.2.4 Cost calculat ion for frames wi th w e l d e d and bolted jo ints 

T h e op t imum design results in the fol lowing opt imal Bri t ish profiles: 

Bol ted vers ion: co lumns U C 2 0 3 x 2 0 3 x 7 1 

b e a m U B 3 5 6 x l 7 1 x 5 1 

W e l d e d vers ion: co lumns U C 2 0 3 x 2 0 3 x 8 6 

b e a m U B 3 5 6 x l 7 1 x 6 7 

Costs of the frame with bolted connections: 

Materia l cost: U B 356x171x51 20 L / m = 28 .6 $/m, length L = 7.62 m, 2 1 7 . 9 $ 

U C 203x203x71 27 L / m = 38.6 $/m, length 2 H = 7.32 m . . . . 2 8 2 . 6 $ 

mater ial cost of bol ts (100 bol ts cost is 32.-L) 16 bol ts 0 .32x16 = 5 L = 7.3 $ 

total material cost 507.8 $ 

Manufactur ing costs: cutt ing of the b e a m ends (main) 24 L = 34.3 $ 

Prepara t ion (assembly) cost is calculated similarly than in the case of we lded jo in t , 
wi th the same formula as fol lows 
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Costs of the frame with welded connections: 

Mater ia l cost: U B 356x171x67 26 L / m = 37.2 $/m, L = 7.62 m, 283 .3 $ 

U C 2 0 3 x 2 0 3 x 8 6 32 L / m = 45 .8 $/m. 2 H = 7.32 m 3 3 5 . 0 $ 

Manufac tur ing costs : cutt ing of the b e a m ends (main) 26 L = 37.2 $ 

we ld ing Kw=kJ@dJ^V + l.3Y,aPiCma"WiLm 

pV = 7 .62x67 .1 + 2x3 .66x86 .1 = 1141.6 kg /m 

parts o f the second member : 

flanges 1 . 3 x 0 . 5 2 1 4 x l 0 " 3 x l 5 . 7 2 x 2 x l 7 3 . 2 = 57.9 min 

w e b 1 . 3 x 2 x 0 . 5 2 1 4 x l 0 " 3 x 9 . 1 2 x 3 1 1 . 6 = 35.0 min 

flange back ing 1 .3x3x0 .7889x l0" 3 x4 2 x2x l73 .2 = 17.0 min 

w e b backing 1 .3x2x0 .7889xl0" 3 x4 2 x311 .6 = 10.2 min 

total 120.1 min 

Kw = 0 .6 (2^3x1141 .6 + 120. l ) = 142.3$ , 

total manufac tur ing cost 179.5 $ 

Mater ia l and manufac tur ing together 797.8 $ 

T h e calculat ions show that the bol ted unbraced s imple p lanar frame is 10 .7% 
cheaper than the we lded one in the case of Brit ish cost data. 

6.3 O P T I M U M S E I S M I C D E S I G N O F A M U L T I - S T O R E Y F R A M E 

A n interior three s torey frame structure wi th a co lumn and 4 b e a m s in each floor is 
invest igated. The vert ical and horizontal (seismic) forces, normal forces and bend ing 
m o m e n t s as wel l as elastic interstorey drifts are calculated. Chap te r 3 deals wi th the 
se ismic des ign rules according to E C 8 . The we lded box co lumns and rol led I-section 
b e a m s are des igned for m i n i m u m weight and cost. The beam- to -co lumn connect ions 
are selected from a n u m b e r of structural vers ions improved for seismic res is tance. 
T h e fabrication costs are calculated in details . Des ign constraints relate to interstorey 
drifts and to stabili ty of co lumn parts and b e a m s loaded b y compress ion and 
bending . Calcula t ions show that, after a connect ion type is selected, the fabrication 
cost has little effect on the o p t i m u m design, since it var ies propor t ional ly wi th the 
mass accord ing to the present calculat ing method . Thus , the m i n i m u m weigh t des ign 
g ives suitable results . 
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6.3.1 P r o b l e m formulat ion 

In order to s tudy the effect of seismic loads, a relat ively s imple frame is selected as 
s h o w n in Figure 6.7. This is a simplified mode l of a central par t of a three-s torey 
bui ld ing frame structure. The frame is unbraced and horizontal d isp lacements can 
occur due to hor izonta l se ismic forces. The co lumn par ts are const ructed from 
we lded square box section and the b e a m s have a rol led universal b e a m ( U B ) profile. 
The frame is subject to vertical pe rmanen t and live loads as wel l as to hor izonta l 
se ismic forces (Figures 6.7, 6.8 and 6.11). In the fishbone mode l the b e a m ends are 
cons idered to be built u p for vert ical loads and p inned for horizontal ones . The 
p rob l em is to find suitable co lumn and b e a m profi les, wh ich fulfil the design 
constraints and min imize the object ive function. The beams and co lumn parts are 
subject to bending and compress ion , thus , stress constraints should be formulated for 
3 b e a m and 3 co lumn profiles according to Eurocode 3 (2005) (EC3) . The e c o n o m y 
of frames wi th semi-r igid connect ions w a s s tudied by W e y n a n d et al (1998) . 

Figure 6.7 The investigated frame under horizontal loads consisting of a column and 4 beams in each 
storey. The frame is a central part of a building as it is seen in the top view 

T h e seismic forces and interstorey drifts are calculated according to Eurocode 8 
(1998 , 2004) (EC8) . Constraints on interstorey drifts are also formulated. The 
calculat ion of drifts and stability are based on the l inear elastic behaviour of the 
s tructure. This is the mos t popular me thod of analysis r e c o m m e n d e d in Eurocode 8. 
H o w e v e r , the structure and the parts of it have to mee t the ducti l i ty requi rements 
inherent to the behaviour factor adopted. One of the important requi rements is the 
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overs t rength requi rements for beam- to -co lumn connect ions : the plast ic strength of 
the connect ions should be large enough to a l low format ion of plast ic h inges at the 
b e a m ends . T h e connec t ion des ign was de te rmined on the bas is of the plastic 
analys is and exper imenta l evidences . 

6.3.2 Calculat ion of vert ical loads 

W e use a sl ightly modif ied data of Des ign (1995) in wh ich the seismic-resis tant 
des ign of a 5-storey residential bui lding frame is detai led. 

Pe rmanen t load for roof including the structure self weight is q; = 5.5 k N / m 2 . 

Pe rmanen t load for floors is q2=qs = 5.0 k N / m 2 . 

L ive load for roof and floors is 2.0 k N / m 2 . 

Figure 6.8 Vertical loads acting on the frame and the diagrams of bending moments (M) and axial forces 
(N) 

Accord ing to E C 8 the combina t ion of seismic act ion wi th other act ions should be 
per formed in the fol lowing way: 

(6.35) 

whe re Gk are the pe rmanen t act ions, AE is the ear thquake act ion, Qk are the var iable 
(l ive) act ions and y/ = (py/2l is the combina t ion coefficient, whe re for each storey 

y/n = 0 . 3 , for top s torey (roof) cp = 1 and for o ther s toreys (p = 0.5 . For the 
combina t ion o f vert ical and se ismic load act ions the E C 8 rule is used, in wh ich the 
impor tance factor for ordinary bui ld ings not be long ing to the other categories (EC8 
Table 4.3) is y, = 1 (Class II) (see also Session 3.3.2 in this book) . 
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Combined vertical loads for b e a m s (we consider , that b e a m s are in two direct ions) 

Roof: p, = (q, + 0.3x2.0)1/2, (6.36) 

Other s toreys p2=p3 = (q2 + 0 .15x2.0)1/2. (6 .37) 

C o m b i n e d vertical loads for co lumn par ts : 

Top : G, = (q, + 0.3x2.0)xZ, 2 . (6 .38) 

Other s toreys G2 = G3 = (q2 + 0 .3x2 .0)xZ 2 . (6 .39) 

These vertical loads and the cor responding M (bending m o m e n t ) and N 
(compress ion force) d iagrams are given as follows: 

N, = G,, N2 = G, + G2,N3 = G, + G2 + G3, (6.40) 

M1=p1L2l\2,M2 = Ml=p2L2l\2. (6.41) 

6.3.3 Calculat ion of horizontal se ismic forces 

Accord ing to E C 8 the seismic base shear force is 

Fb=Sd{T,)mX, (6.42) 

whe re m is the total mass of the bui ld ing, 

X is the correct ion factor, wh ich is equal to 0.85 since T\ < 2TC (see be low) 

T{ = CtH°75, (6.43) 

the height of the bui lding is H0 = 3H. I f # = 3 . 6 m then H0= 10.8 m. F o r m o m e n t 
resistant space steel frame C, = 0 .085 , thus Tx = 0 . 0 8 5 x / / 0 ° 7 5 If # 0 = 1 0 . 8 then 
ri=0.5064 s. for this t ime the fol lowing formula is val id 

Sd=aSBJq (6.44) 

For subsoil class C (Table 3.1 of E C 8 ) (see also Table 3.1 in this book) S = 1.15, 
/ ? 0 = 2 . 5 , TB = 0.2, Tc = 0.60, TD = 2.0. For the mos t dangerous Japanese zones a = 

0.4. 

T h e behaviour factor q (EC8 Table 6.2, F igure 6.7) (see also Session 3.4.1 in this 
book) for m o m e n t resistant, unbraced mult is torey bui ldings is q = 1.3x5 = 6.5, thus , 
Sd= 1.15x0.4x2.5/6.5 = 0.1769. 

Z-tfl-
Horizonta l shear forces for the floors are as follows F( = Fb ' ' (i = 1,2,3), s ince 

i 

the fundamental m o d e shape is approximated b y horizontal d isp lacements increasing 
l inearly a long the height . 
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m o m e n t u n d e r s e i s m i c l o a d 

m o m e n t u n d e r g r a v i t y l o a d 

f i sh b o n e m o d e l 

i / ! / 

Figure 6.9 Vertical and seismic loads acting on the frame and the diagrams of bending moments 

W/2 

-n n n n i 

W/4 

0 — d — d 2 

Figure 6.10 Plan view of a building with m by n columns 

For the top floor it is / = \,z\ = 3x3 .5 , m\ = G\, 

For the 2 n d floor it is / = 2 , z 2 = 2x3 .5 , m2 = G2, 

and for first floor it is / = 3 , z 3 = 1x3.5, w 3 = G 3 . 

It should be noted that the co lumns in a bui lding are interior or exterior ones . A 
s imple calculat ion shows h o w m u c h hor izonta l load a co lumn has to support . Even 
in a big bui ld ing of m bays by n bays , each co lumn has to support the load of about 
25 -100 percent o f that o f total co lumn force (Figure 6.10, Tab le 6.2). 

A plan v iew of a bui ld ing with m by n co lumns . Al l the spans have equal length. 
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The n u m b e r of co lumns : 

Ful ly loaded co lumns = (m-2)(n-2), 

1/2 loaded co lumns = 2(m-2)+2(«-2) , 

1/4 loaded co lumns = 4. 

The total weight the co lumns are carrying, £ W: T.W= W(m-2)(n-2) + W(m-2) + W(n-
2)+W 

T h e average weight , each co lumn carrying is W (in case that interior and exterior 
co lumns have the same stiffness): 

Table 6.2 A v e r a g e we ight each c o l u m n is carry ing for horizontal shear force 
calculat ion 

m n W m « FF m « 
2 2 0.25 3 4 0.50 4 7 0.64 
2 3 0.33 3 5 0.53 5 5 0.64 
2 4 0.38 3 6 0.56 5 6 0.67 
2 5 0.40 3 7 0.57 5 7 0.69 
2 6 0.42 4 4 0.56 6 6 0.69 
2 7 0.43 4 5 0.60 6 7 0.71 
3 3 0.44 4 6 0.63 7 7 0.73 

mn — m — n + l 
(6.45) 

Hor izonta l shear forces Ft should be mult ipl ied b y w. So F,=wFi (i =1,2 ,3) . 
The horizontal seismic shear forces are act ing on the floors as it is s h o w n in Figure 
6.10. Since the structure is statically indeterminate , in order to determine the inner 
forces due to these horizontal forces, an approximate me thod can be used. In Des ign 
(1995) the me thod of Ifrim (1984) is used based on the localization of inflection 
poin ts (Figure 6.11). For the top floor a, = 0 .65 , for the middle floors a2 = 0.5 and 
for bo t tom part of the co lumn a3 = 0.4. 

Us ing this method , the frame can be divided into 4 parts as shown in Figure 6 .11 . 
T h e vertical react ive forces due to the horizontal seismic forces are as follows: 

V, = 0.65HF,/L, V2 = H(0.85F, + 0.5F2)/L , 

V} = H[0.9{F,+F2) + 0AF3]/L. 

(6.46) 

(6.47) 

6.3.4 Bending m o m e n t s and axial forces 

T h e bending m o m e n t and axial forces act ing on beams and co lumn parts , together 
wi th the inner forces due to vertical loads are as follows: 

B e a m s : 

MB, = V,L/2 + p,L2l\2 , MB2 = V2L/2 + p2L2l\2, MB3 = V3L/2 + p3L2/l2, (6.48) 

mn 
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NBI=F1,NB2 = F2,NB3 = F3, 

F , 

///////////// 

v , 

, F , 

. / B > 

c 2 " 
- F 1 + F , 

F , + F , 

v 3 

- F t + F 2 + F , 

F i + F , + F . 

C 3 

mrftm 

Figure 6.11 Horizontal seismic forces. The frame is divided to 4 parts by considering inflection points on 
the column parts 

C o l u m n par ts : 

MC1 = 0.65HF,, MC2 = 0.5H{F, + F2), MC3 = 0.6H(F,+F2+F3), (6.49) 

NCi=Ni,NC2 = N2,Nc3 = N3. 

�� �� �� �� �� ��



74 Design and optimization of steel structures 

6.3.5 Calculat ion and constraints on interstorey drifts 

Figure 6.12 shows the structural part B2 . The horizontal forces act ing on co lumn 
parts cause a bending m o m e n t M. The angle cp due to the bending m o m e n t can be 
calculated us ing the bending m o m e n t d iagram M. 

ML ML ML 
EIKOa> = h = , 

8 2 24 8 12 

and the horizontal d isp lacement from this angle is 

ML D = FJXH<p = FSXH 

and from the force Ft 

\2EI 

(6.50) 

(6.51) 
B2 

3 »1 
v 2 

X T 

C 2 " 
F,+F; 

Figure 6.12 Elastic deformations of the second frame part due to bending moments. The beam 
deformation causes a horizontal displacement d' and the deformation of a column part causes a 

displacement d" 

,r=5LML. (6.52, 

Figure 6.13 illustrates the elastic deformat ions o f the structural parts . The 
d isplacements are as follows: 

(Fl + F2 + F3){fi3Hy f 

3EICi 
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d = a3HM3L 
2 \2EIn 

, M3=a3HF3+(a3+p2)H{Fx+F2), 

d3 = 

dA = 

{Fl + F2 + F3)(a3Hf 
1EIR 

P2HM3L 

\2EI„ 

(6 .54) 

(6.55) 

(6.56) 

T 
A3f I 

Figure 6.13 Horizontal displacements of the frame parts for the calculation of interstorey drifts 

\ 3 

3£/ C2 

^=^lr^' M2={a2+/3x)HFx+a2HF2, 

/3XHM2L 

\2EI„ 

(6.57) 

(6.58) 

(6.59) 4i 
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d fMMl, (6.60) 
3EIcl 

\2EIm 

F^Hl ( 6 6 2 ) 

3EIa 

F or the interstorey drift constraint the prescr ipt ion of E C 8 is used. The l imit ing drift 
is g iven as 

drv < 0 . 0 1 / / , (6.63) 

DR = <!Ylde • (6-64) 

T h e reduct ion factor for the impor tance category of III (EC8 2003) is v = 0.4, 
fur thermore q = 6 .5 , y, = 1.0. The constraint on interstorey drift calculated above 

de < = 13.846 m m . (6.65) 
qv 

It should be noted, that Eurocode 8 (1998) w a s unrealist ical ly str ingent on the storey 
drift l imitat ion, Japanese rules are not so strict, but the n e w Final Draft of the E C 8 
(2004) has similar limit to the Japanese rule. 

Us ing the above der ived d isp lacements the interstorey drift constraints can be 
formulated as fol lows: 

dei = {dx + d2 + d3)< 13.846 m m , (6.66) 

de2=(d4+d5+d6+d1)<\3.846 m m , (6.67) 

de} = {d% + d9 + dw + rf,,) < 13.846 m m . (6.68) 

6.3.6 Stress constraints for b e a m s and c o l u m n parts 

Accord ing to E C 3 , for s implici ty, verifications m a y be performed in the elastic 
range only. T h e buck l ing formulae use a n u m b e r o f factors, e.g. for the buckl ing 
length, the uniform m o m e n t factor, the critical buckl ing m o m e n t etc. , wh ich m a y 
vary wi th the stiffness condi t ions and m o m e n t d iagrams. In the opt imizat ion fixed 
factors are used, wh ich can only be approximat ions in general cases . 
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6.3.6.1 Stress constraints for welded box column parts 

ZyC^cfyl WyCfyl 

T h e bending m o m e n t is doubled due to the biaxial bending . 

FYL=FYLYM=FYLU> 

1 

(6.69) 

XyC ' 
fiyC+^yC-tfc 

^ c = 0 . 5 [ l + a c ( / l v C - 0 . 2 ) + l J 

(6.70) 

(6.71) 

a c = 0.34 for a we lded box section. 

"ye 
2KvCH , IE 

rycK fy ' ^ Al A, 

y£_ 

c 
(6.72) 

The values of KyCH if # = 3 6 0 0 m m are 2160 , 1800 and 2340 m m for bo t tom, midd le 
and top c o l u m n part , respect ively. In Eq.(6 .72) the factor 2 expresses that frame is a 
sway system. 

For the calculat ion of kw the M e t h o d 2 is used: 

f 

kyy ~ CmyC 

Cmyc —0.9. 

1 + 0.6A. 
N 

yc XyC^cfy 
<c, myC 

y' J 
1 + 0 .6 -

N 

XycA:fy 

(6.73) 

W e l d e d box co lumn parts should be used. For this profile the fol lowing formulae are 
valid: 

A = 4(b-t)t;IY = I2=L(b-tft; 

r.. =r.=K^;Wy = Wz= -{b-tf t • 

(6.74) 

(6.75) 

In the o p t i m u m des ign process the cross-sect ional areas of co lumn parts Aci are 
selected as u n k n o w n s and the cross-sect ional character is t ics are expressed by Aci as 
fol lows 

yd 2 4 S > yd 

where S is the limit s lenderness for the flange. 

(6 .76) 
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K n o w i n g Aci the d imens ions are the fol lowing: 

* - ' = ^ = * ( M - ( 6 - 7 7 ) 

6.3.6.2 Stress constraints for beams ofUB profile (I beam) 

For Universa l B e a m ( U B ) I profiles approximate formulae are de te rmined on the 
basis o f tabulated values o f avai lable sect ions (Sales p r o g r a m 2005) . In order to 

calculate wi th cont inuous values the geometr ic characterist ics o f an U B sect ion (Iy, 
bb, tf) are approximated by curve-fit t ing functions as follows: h approximate ly equals 
to the first number of the profile n a m e (Table Curve 2 D 2003) . The h igh n u m b e r of 
dec imals has been considered due to the necessary precis ion. Dur ing the 
opt imizat ion these functions are called m a n y t imes and the errors can accumula te . 

As = 1155.684135 + 0 .034090823 h2, 

tf = ^ 3 3 . 2 0 5 3 3 8 0 8 + 0 .00067012 88 h2 , 

h = exp 3 5 . 7 3 6 3 6 1 8 2 
156.073516 89 

\n(h) J 

bh = ^ 5 8 5 1 . 7 8 4 7 6 8 0 9 8 + 0 . 0 1 6 7 1 8 4 3 8 4 5 f t 2 l n ( / z ) , 

tw = ^15 .62577015376 + 4 . 3 5 8 9 4 6 9 6 9 x 1 0 ' 5 h 2 \ n ( h ) , 

I2b = expl 14 .4133364305-
153.67541403 

0 \ 

hb = exP\ 11.623190979-
168.5142170407 

0 4 

'cob = ( - 1 1 . 8 6 0 0 7 3 2 9 7 9 + 2 .8355685391x10" 5 / z 6

2 ln{hb)Jl09, 

Wb=exp 2 5 . 3 4 9 7 0 8 3 3 9 4 -
111 .32333718 

0 3 , 
^ ln(K) 

W2b = ( - 2 . 7 5 2 6 2 0 3 1 1 8 2 3 4 + h „ 0 . 0 3 2 9 9 1 5 0 1 5 ) 2 1 0 3 , 

XyB^-Bfy 
-+k yyB 

yi XLT^\bJyl 
•<1, 

(6.78) 

(6.79) 

(6.80) 

(6.81) 

(6.82) 

(6.83) 

(6.84) 

(6.85) 

(6.86) 

(6.87) 

(6.88) 
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ZzB-^Bfyl XtfWysfyl 

1 
ZyB 

<1, 

fiyB + ^yB - ^ B 

<l>yB = 0 . 5 [ l + a y B (XyB - 0 .2) + A 2

B ] ; = 0 . 2 1 , 

V - . - - 'yB • 
VyBAE 

kyyB ~ CmyB 1 + 0.6/1 
NK 

yB 
XyB^sfyX 

<c, myB 1 + 0 .6-
XyB^Bfyl 

ZzB 
Ab+^ZB-^B 

K,BL 
''zB ~ « • -"-zB 

rzBAE 

0.05/1 0.05 

CmyB — Cmir —0.5. 

Xlt ' 

yLT+\J0LT hLT 

4>LT = 0 . 5 ^ 1 + a i 7 . ( A t 7 . - 0 . 2 ) + /l i

2

7 . ;aLT = 0.49> 

WyBfy\ 

M„ 

rc2EIB /.,„ L2GI, 
- ^ - + - — - S - . - Q = 4 . 0 , 

JzB * E I z B 
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£ = 2 . 1 x l 0 5 ; G = 0 .81jr i0 5 M P a . 

6.3.6.3 Shear check of cross sections at beam ends 

Addi t ional check ing for shear can be m a d e us ing the fol lowing formulae according 
to Eurocode 3 Chapte r 6.2.6. 

(6.89) 

(6.90) 

(6.91) 

(6.92) 

(6.93) 

(6.94) 

(6.95) 

(6.96) 

(6.97) 

(6.98) 

(6.99) 

(6 .100) 
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* 2 » = 
Vj c fy . 

where 

V,= Vpi+Vhi; 

r r p,L 0.65HF, 

2 L 

y _P2L { H(0.S5Fl+0.5F2) . 
2 2 L 

y _P,L | H[0.9(F1+F2) + 0AF3] 

(6.101) 

(6 .102) 

(6.103) 

(6 .104) 

(6.105) 

6.3.6.4 Local buckling constraint for welded box column profiles 

Accord ing to E C 3 (2002) : 

bi/ti<33e;£ = p35/fy ,S= 1/33. (6.106) 

6.3.7 B e a m - t o - c o l u m n connect ions 

A lot of connect ions have been invest igated, tested and evaluated by the research 
t eam of Kurobane (Kurobane et al. 1997, Kurobane 1998, Kurobane et al. 2 0 0 1 , 
Kurobane et al. 2004 , A z u m a et al. 2000 , Miura et al. 2002 , O b u k u r o et al. 2002) . 

Figure 6.14 A beam-to-column connection improved for seismic resistance 

0 = 1,2,3), 
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F r o m the improved connect ions four types have been selected and their cost has 
been analyzed by Shinde (2004) , Shinde et al. (2003) . The cheapes t one is shown in 
Figure 6.14. 

Detai ls of the connect ions in Figures 6.14, 6.15 and 6.16 a s sume square ho l low 
sect ion co lumns . The improved field-welded connect ion in F igure 6.14 is 
const ructed from two through d iaphragms and a shear tab we lded to the co lumn 
flange b y fillet we lds and to the d iaphragms by fillet we lds of length Le. The b e a m 
flanges are field w e l d e d to the d iaphragms b y but t we lds wi th backing bars . O n e row 
of bol ts connects the shear tab to the b e a m w e b . 

F igures 6.14, 6.15 and 6.16 show three different connect ion vers ions each improved 
for seismic res is tance. The vers ions of F igures 6.15 and 6.16 use a field-bolted b e a m 
splice and a short s tub b e a m instead of a shear tab in the vers ion of Figure 6.14. The 
vers ion of Figure 6.15 does not use through d iaphragms be tween the co lumn parts 
bu t uses two internal d iaphragms , so the cut t ing p lanes o f a co lumn are reduced 
from t w o to one . In this case the co lumn wid ths of the two co lumn par ts had better 
be equal . We ld ing o f th rough-d iaphragms is m a d e in shop us ing s ingle-bevel PJP 
(partially jo in t penetra t ion) we lds . 

It is clear wi thout any detai led cost calculat ions that the vers ion in F igure 6.14 is the 
cheapest . The vers ion shown in Figure 6.15 uses m a n y bolt holes , thus , its cost is 
h igher because of the h igher cost o f dri l l ing bolt holes . The we ld ing costs of all the 
three vers ions are approximate ly the same. T h e vers ion o f F igure 6.16 needs the 
same bol t holes dril l ing cost as that for the vers ion of Figure 6 .15. Thus , accord ing 

Figure 6.15 Another beam-to-column connection improved for seismic resistance 

to this approximate cost compar i son , the cheapes t vers ion of F igure 6.14 is selected 
in the present s tudy for detai led cost calculat ions. 
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6.3.8 T h e connect ion strength 

The strength of the connect ion is calculated by the fol lowing formulae (Kurobane et 
al. 2004) . 

The ul t imate flexural s t rength at the co lumn face is 

Mf=M/u + Mwu, (6 .107) 

whe re M^, is the ul t imate m o m e n t carried b y the we lded jo in ts be tween the b e a m 
flange and the d iaphragms 

Mfu = bbt£hb-t])fu, (6 .108) 

and My^ is the ul t imate m o m e n t carried b y the fillet we lds be tween the shear plate 
and co lumn flange as wel l as the d iaphragms 

m , (h»-2tf)2

 f T M ^ " 2 * / ) , M,.„, = MTK - -!— F +L —-—=—— F ' (6.109) 
4 " E V 3 

where m is the d imensionless m o m e n t capaci ty of the welded w e b jo in t expressed as 

(6.110) m = 4 K_ \ b j f y c . 

dj \ hwfyb 

;m<l.0< 

fyb andfyc are the yield stresses of b e a m and co lumn steel mater ia l , r e s p e c t i v e l y . ^ = 
fyc = 235 MPa.fu is the ul t imate l imit stress of the steel. 

The overstrength cri terion for the connect ion is formulated by 

Mf>aMpb, (6.111) 

1 

©©Q © 0 © 

©©©1©©© -1 

T 

Figure 6.16 Another beam-to-column connection improved for seismic resistance 
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where Mpb is the plast ic m o m e n t of the b e a m and the value o f a > 1.25 is 
r e c o m m e n d e d . 

6.3.9 The object ive funct ion of the frame with the cost of connect ions 

For the purpose o f opt imizat ion w e need the cost as a function of var iables , i.e. 
d imens ions o f co lumns and b e a m s (bci, tci, hbi, bbi, tf„ /= 1,2,3). 

The structural vo lume is as fol lows: 

V = H(Acl + AC2 + AC3 ) + 2L(Am + AB2 + ABi). (6 .112) 

T h e final object ive function is the total cost inc luding mater ia l and fabrication costs 
a lso for beam- to -co lumn connect ions . 

6.3.9.1 Material cost 

K-M = KMCOLUMN + -̂Afteam » (6 .113) 

KMCOIUM„ = \.Q5x\Mxl.^xWHJ^Atci{bci-tci), (6 .114) 

3 

KMbeams =1-05x0 .67x7 .85x1 ( T 6 X 2 l £ At, ( 6 - H 5 ) 

l 
where the factor of 1.05 expresses the 5 % material loss , the mater ial cost factors for 
co lumns o f square box sect ion (108 ¥ /kg = 1.08 $/kg) and for b e a m s of rol led I-
sect ion (67¥/kg=0.67$/kg) are used in Japan. Mater ia l cost data were val id in 2004 . 
These pr ices are floating, so they should be updated . Fur thermore the steel densi ty is 
7850 k g / m 3 = 7 .85x l0" 6 k g / m m 3 . The mater ial costs for plates (d iaphragms and 
shear plates) are neglected. 

6.3.9.2 Cost of design, assembly and inspection 

Accord ing to the Japanese calculat ion method , the cost of design, assembly and 
inspect ion is related to the structural mass as fol lows: 

KDRAWMG = 1-55 hour / tonne , KASSEMUY = 5.91 h/t, KIMPECTIO„ = 1.80 h/t, together 9.26 h/t. 

The fabrication cost factor is KF = 3125 ¥ /h = 31.25 S/h. 

KD . , = 31 .25x7.7 lx l 0 ' 3 f A~Afc°'""'" + KLM«™ \ (6 .116) 
^ 1.08 0.67 J 

K D M = 2 . 8 6 0 0 x l 0 - 5 t ^ ( ^ - ^ ) + 4 .7648xl0- 5 XA, • (6-117) 
i i 
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q, = (a, + b,tj)2, a, = 0 .437541 , bt = 0 .147718, 

6.3.9.3 Cost of cutting 

The Japanese calculat ion uses t imes for the p r o g r a m m i n g of numer ica l control 
machine . Therefore, this calculat ion results in very h igh values . Instead o f these 
t imes w e use t imes for manua l cut t ing wi th acetylen gas according to speed data of 
E S A B (2003) . 

Cutting of column parts 

For cutt ing wi th acetylen gas , according to E S A B (2003) , qual i ty I, for an average 
th ickness of tc = 25 m m , the cut t ing speed is 4 5 0 m m / m i n = 27000 m m / h . W e use a 
bevel ing factor o f 1.1, then the cost of cutt ing of co lumn parts is 

= 1.1x31.25 j , = 2 0 m x l Q - 2 f b . (6 .118) 
C 1 2 . 7 x l 0 4 V i 

Cutting of beams 

1 1 r"31 T c 3 3 
* C 2 = - ^ ^ 2 * 4 £ ( 2 ^ + ^ - ^ < 6 - 1 1 9 ) 

Cutting of diaphragms 

KCi = l-j^Spbcl+l60) = l.0l85xl0-±(bci+160). (6 .120) 

Cutting of shear plates 

Cutt ing speed for th ickness of 20 m m is 4 8 0 m m / m i n = 2 8 8 0 0 m m / h . 

K c 4 = 2^xlV4x2?^W ~ 2 t f i

 + 2 0°) = 0 - 8 6 8 0 x l 0 " 2 Z(^ " 2tfl + 2 0 0 ) • ( 6 J 2 1 ) 

Numer ica l ly control led dril l ing of bol t holes according to Japanese calculat ion: 

Quant i ty: 72 holes in shear plates and 72 holes in beams 

KC5 = 3 1 . 2 5 x 7 2 ( 0 . 0 2 2 5 + 0 .038) = 136.1$. 

6.3.9.4 Cost of welding according to the Japanese calculation 

The Japanese calculat ion uses we ld ing t imes in function of equivalent rat ios. These 
rat ios are given in function of we ld size in tabulated form. For opt imizat ion it is 
bet ter to use these rat ios as direct function o f we ld size. Us ing a curve fitting 
technique one can obtain approximate express ions of equivalent ratios for different 
w e l d types . 

We ld ing of th rough-d iaphragms in shop wi th a robot us ing s ingle-bevel CJP 
(comple te jo in t penetra t ion) we lds wi th angle of 35°, a root gap o f 7 m m and 
back ing strips. The equivalent ratio for this weld type is 
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the required specific t ime is 0 .0026 h / m = 2 .6xl0~ 6 h /mm, 

Km =3\25x2.6xW6x\6Yjbci{al+bxtf)2 = 1.300x10 ^ b c i ( a f + bxtfi)2 • (6-122) 
i i 

M a n u a l field we ld ing of s ingle-bevel we lds wi th back ing bars for b e a m flanges to 
d iaphragms . R o o t gap of 7 m m and we ld angle of 35° is used. The requi red specific 
t ime is 0 .074 h /m = 7 .4x l0" 5 h / m m , field factor is 1.5, the equivalent ratio can be 
approx imated as 

q2=(a2 + b2tf )2;a2 = 1 . 1 0 7 4 0 5 , b 2 = 0 . 1 3 2 6 9 8 , tf in m m . 

3 , 
KW2 = 1 . 5 x 3 1 . 2 5 x 7 . 4 x 1 0 " 5 x 4 x 2 £ Z > w ( a 2 + b2tfl) , (6-123) 

i 

KW1 = 0.02775][X(«2 + b2tfl)2- (6-124) 
i 

M a n u a l shop we ld ing of shear tabs wi th double fillet we lds . The equivalent rat io is 
approx imated by 

q3 = a3 + b3s2;a3 = 0 .0041975 ,6 3 = 0 . 0 2 7 7 7 1 , 

s is the perpendicu la r side size of the fillet we ld in m m , s = \.22tbw. 

KtV3=3l.25x7.4x\0-5Y,(a3+b3sf)[s(hbi-2tfl) + 2x2x60x4x3], (6-125) 

KW3 = 2 . 3 1 2 x l 0 - 3 ^ ( a 3 + V , 2 ) [ 8 ( ^ - 2 ^ ) + 2 8 8 0 ] - ( 6 " 1 2 6 ) 

6.3.10 Opt imizat ion and results 

Data o f the calculated frame are as fol lows: 

T o show the effect o f the b e a m length, three values of L are used: L = 4 , 5, 6 m. 
/ / = 3 . 6 m 

T h e interstorey drift l imit is as fol lows (see Eq. 6.31) 

, ^ 0.017/ 0 .01x3600 „ a A r 

dei < = = 1 3 . 8 4 6 m m , i = 1,2,3. 
qv 6 .5x2 

The average we igh t each co lumn is carrying, w: 

„ . mn -m-n + l 
Jr = . 

mn 

In our example w e chose m = 4 and n = 6. In this case W= 0.63 . 
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Table 6.3 shows the results for H = 3.6 m at different span length L. 

6.3.11 C h e c k the connect ion strength (L = 6 m ) 

Mfu2 is the ul t imate m o m e n t carr ied by the we lded jo in ts be tween the b e a m flange 
and the d iaphragm on floor 2 according to Eq. (6.74). 

The op t imum sizes of the b e a m are as fol lows: 

bb2 = 152.9 , tfl = 13.3, / c 2 = 10 m m , 

at the connect ion t b w 2 = 8 .1 , Le = 60 m m , / u = 360 M P a . 

Mjui = bb2tfi(hb2 - t0u= 3 . 2 4 8 2 x 1 0 8 N m m . 

d} = hb2 - 2tp = 430 .4 

Eq. (6 .75) Mwu2 = 4 . 3 9 6 7 7 x l 0 7 + 5 . 5 2 3 0 5 x l 0 7 = 9 . 9 1 9 8 2 x l 0 7 N m m 

Eq.(6.76) m2 = 0 .404 

Eq. (6.77) a Mp2 = 3 . 7 7 1 7 5 x l 0 8 N m m , 

a Mp2 < Mfu2 + Mwu2 = 4 . 2 4 0 1 8 x l 0 8 OK. 

W e have checked the plast ic h inges . In the mode l o f E C 8 (Figure 6.7) it was 
assumed that plast ic h inges are created at the b e a m ends , i.e. the plast ic static 
m o m e n t of the b e a m s should be smaller than that of co lumns . 

Wplcoiumn = l.Sbft, > W p l y b e a m (6 .127) 

Table 6.3 O p t i m u m values o f the three w e l d e d b o x co lumns and the three U B 
type b e a m s 

L/2 bJtc\ baft a bciltc3 hi hi h3 Cost 
[mm] [mm] [mm] [mm] [mm] [mm] [mm] m 
2000 180/6 200/6.3 300/10 356 305 356 2228.1 
2500 200/8 250/8 350/12 406 356 406 3256.6 
3000 250/8 260/10 350/12 457 406 457 4282.6 

O n all levels Eq. (6 .127) is fulfilled ( 6 . 2 4 2 x l 0 6 > 4 . 5 5 8 x 1 0 6 m m 3 ) , the plast ic h inges 
were created at b e a m ends . 

6.3.12 Conc lus ions 

U s i n g a relat ively s imple frame mode l it is shown h o w to apply the o p t i m u m des ign 
sys tem for the case o f seismic loads. The cost function to be min imized is 
formulated on the basis of detai led cost calculat ions, including the fabrication cost 
o f beam- to -co lumn connect ions . The connect ion type is selected from three se ismic 
resistant types by cost compar i son . For the constra ined cost function min imiza t ion 
the Part icle S w a r m algor i thm is used. The op t imum b e a m and co lumn d imens ions 
are de te rmined for three values o f b e a m length. 
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In mos t cases the interstorey drift constraint is act ive . In some cases the stability is 
a lso act ive. Due to the high mater ia l cost and the cost calculat ion me thod that the 
des ign, inspect ion and erect ion costs are propor t ional to the weight , the mass 
m i n i m a d o not differ from the cost min ima. 

C o l u m n s o n the second level are a little bit larger that o f the g round floor due to the 
interstorey drift l imits. It is poss ib le to use similar co lumns on the two floors, but it 
wil l increase the total cost. ArcelorMit ta l U B profde height is l imited to 1016 m m . 
For larger spans other profiles are more sui table. 

It is poss ible to use the same co lumns for all the floors. In this case the connect ion 
s h o w n in Fig. 6.15 can be another economica l option because the qual i ty control of 
shop-welded jo in t s is easier than field we lded jo in ts . Howeve r , this wil l increase the 
total cost according to the present cost es t imat ion method . It is still difficult to 
es t imate proper ly the cost required for the quali ty control . T h e deve lopment of a 
m o r e advanced cost es t imat ion me thod is a task for the future. 

6.4 F I R E - R E S I S T A N T O P T I M U M D E S I G N O F A M U L T I - S T O R E Y F R A M E 

6.4.1 P r o b l e m formulat ion 

In order to s tudy the effect of fire, a relat ively s imple frame, wh ich was cons idered 
at the prev ious example , is selected as shown in Figure 6.7. This is simplified mode l 
o f a central par t o f a three-s torey bui ld ing f rame structure. T h e f rame is unbraced. 
T h e co lumn par ts are const ructed from we lded square box sect ion and the b e a m s 
have a rol led universa l b e a m ( U B ) profile. The frame is subject to vert ical 
pe rmanen t and l ive loads forces (Figures 6.7, 6.8). In the fishbone mode l the b e a m 
ends are considered to b e built up for vertical loads and p inned for hor izonta l ones . 

T h e p rob lem is to find suitable co lumn and b e a m profi les, wh ich fulfil the des ign 
const ra ints , include fire safety ones and min imize the object ive function. T h e b e a m s 
and co lumn par ts are subject to bend ing and compress ion , thus, stress constraints 
should b e formulated for 3 b e a m and 3 co lumn profiles according to Eurocode 3 
(2005) (EC3) . One of the important requ i rements is the overs t rength requi rements 
for beam- to -co lumn connect ions : the plast ic strength of the connec t ions should be 
large enough to a l low formation of plast ic h inges at the b e a m ends . The connec t ion 
des ign w a s de te rmined on the basis of the plast ic analysis and exper imenta l 
ev idences . 

Calcula t ion of vertical loads is according to Chapte r 6.3.2. 

Calcu la t ion o f bend ing m o m e n t s and axial forces is accord ing to Chap te r 6.3.4 in 
this book. 

In Chapter 4 the bas ic considera t ions of fire resis tant design is shown and the w a y of 
calculat ion wi th unpro tec ted and protec ted cases . 

6.4.2 Stress constraints for b e a m s and co lumn parts 

Accord ing to E C 3 (2003a) , for simplici ty, verif icat ions m a y be per formed in the 
elastic range only. 
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6.4.2.1 Stress constraints for beams ofUB profile (I-beam without fire resistance) 

T h e equat ions are the same as in (6.3.6.2) , but the normal forces are neglected . The 
b e a m s are considered not to be rest ra ined by the floors: 

M 
^yyB 

Bi 

M 

< 1 ( / = 1,2,3), 

'Bi 

XhT^yBfy 
< 1 ( / = 1,2,3), 

y B r~2—~2 

(f>yB = 0.5 [ l + ayB (IyB - 0 .2) + A2

yB ~\;ayB= 0 . 2 1 , 

XzB ~ ' 
1 

A2B=^k;KzB=0.8;rzB=J^L; 
rzB^E 

kzB -
0.05 A. zB 

*B 

\ f 

CmLT 0.25 XZB^b/) 

0.05 

CmLT 0.25 XzB^Bfyl 

CmyB — Cmif—0.5, 

X L 

0LT + \ r L T ~~"-LT 

<t>LT = 0 . 5 [ l + aLT (ILT - 0 . 2 ) + I2

LT ];aLT = 0 .49 , 

X,T — 

(6 .128) 

(6 .129) 

(6.130) 

(6.131) 

(6 .132) 

(6.133) 

(6.134) 

(6 .135) 

(6.136) 

(6.137) 

(6.138) 

(6 .139) 

j _ KyBL .r - \ - r - ry* 
AyB - —J~> KyB - l> ryB ~ J — > 

ryBAE V B 

kyyB = CmyB 1 + 0.6XyB

 Nf < CmyB 1 + 0.6 Nf 

K XyBABJy\ ) \ XyB^BJyl j 

�� �� �� �� �� ��



Frames 89 

Mcr = Q 
I V ^ EI 

(6 .140) 
zB 

£ = 2 . W O i ; G = O . 8 W 0 s M P a . 

6.4.2.2 The stress constraint for the beam (with fire resistance) according to 
EC3(2003b) 

M e m b e r wi th Class 3 cross-sect ions, subject to bending : 

k y y B M B i 

< 1 , 0 = 1 , 2 , 3 ) . (6 .141) 
W y B k y f i f y \ 

T h e value o f XI,MIN fi (i = 1,2) should be taken as the lesser o f the va lues o f XY,F, 

and Xz,fi de te rmined according to : 

XFI 
1 

2 72 ' 

with ^ = | - ( l + a^+V)» 

and a = 0.65 
235 

f y 

T h e non-d imens iona l s lenderness for the tempera ture 6 , is g iven by: 

Xa = X f Ky,6 

\ k E . e j 

ky=\-

Xy,flAky0 f y 

< 3 , 

wi th M y = ( l . 2 / ? M y - 3 > v , + 0 . 4 4 / ? M j - 0 . 2 9 < 0.8 , 

for b e a m f5My = 1 . 4 , 

^ = 1 - -

XZ,F,Aky0 

YM.fi 

< 3 . 

(6 .142) 

(6 .143) 

(6 .144) 

(6 .145) 

(6 .146) 

(6.147) 

(6 .148) 

(6 .149) 
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with M z = (l.2fiM z - 5iJze + 0 . 4 4 / ? M z - 0 . 2 9 < 0 . 8 , IZ,@<U, (6 .150) 

fc=l-4. (6 .151) 

6.4.2.3 Stress constraints for welded box column parts (without fire resistance) 

N, A -+2k MA 
' ^ 1 , 0 = 1,2,3). 

XyCAcfy\ ^ WyCfyX 

T h e bend ing m o m e n t is doubled due to the biaxial bending. 

1 

(6 .152) 

2 
<t>yC + yj<t>yC-K 

</>yC = 0.5 [ l + « c ( 1 ^ - 0 . 2 ) + ! ^ ] , 

a c = 0.34 for a we lded b o x section. 

(6 .153) 

(6 .154) 

(6 .155) 

The values ofKyCH if # = 3 6 0 0 m m are 2160 , 1800 and 2340 m m for bot tom, midd le 
and top co lumn part, respect ively. In Eq. (6 .155) the factor 2 expresses that frame is 
a sway system. 

For the calculat ion of & w the M e t h o d 2 is used: 

Ir — c 
*yy ~ ^myC 

Cmyc —0.9. 

1 + 0.6A yc 
XyC^cfy 

myC 1 + 0.6 N c 

XyC^cf) 
(6.156) 

6.4.2.4 Stress constraint for columns (with fire resistance) according to EC3(2003b) 

M e m b e r wi th Class 3 cross-sect ions, subject to combined bending and axial 
compress ion: 

N, A 2kmMa 

• + 0 = 1 , 2 , 3 ) . 
X\.min.fiAcky,@fy\ WyCky0fyl 

Calcula t ion of the parameters is according to Eqs . (6 .142 - 6.151). 

F o r co lumn: 

(6.157) 

- EI 
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BU¥=\.i-Q.ly,, yf = - \ . (6 .158) 

D u e to the applicat ion o f hol low section w e need not to consider the lateral torsional 
buckl ing . W e l d e d box co lumn parts should be used. For this profile the fol lowing 
formulae are valid: 

A = 4{b-t)t;Iy=Iz^(b-tff„ (6 .159) 

RY=R,=^J.;WY = W,^(B-T)2f (6-160) 

In the o p t i m u m des ign process the cross-sect ional areas of co lumn parts Aa are 
selected as u n k n o w n s and the cross-sect ional characterist ics are expressed by AQ\ as 
fol lows 

/ = A-W =î f ioT2, (6 .161) 

K n o w i n g Aa the d imens ions are the fol lowing: 

^-:t = S(h-tV (6-162) A-< = ̂  = '(*-') 

6.4.2.5 Local buckling constraint for welded box column profiles 

Accord ing to E C 3 (2003a) : 

b / / . < 3 3 s ; e = ^ 2 3 5 / f . (6 .163) 

whe re for fire res is tance design: 

e = 0 . 8 5 p ^ . (6 .164) 
fy 

Approx ima te formulae for the U B profile are accord ing to Chapte r 6.3.6.2, Eqs . 
(6 .78-6.87) , equat ions are also in Append ix C. 

6.4.3 T h e object ive function 

In the first design phase w e use the structural vo lume as an object ive function: 

V = H(Acl + AC2 + ACi) + 2L(AB! + AB2 + AB3). (6 .165) 

A refined object ive function can be the mater ial cost. A final object ive function will 
b e the total cost including mater ial and fabrication costs a lso for beam- to -co lumn 
connect ions . 

T h e beam- to-co lumn connect ion is calculated according to Chap te r 6.3.7. 
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The cost function of the frame including the cost of connect ions is calculated 
accord ing to Chapte r 6.3.9. 

6.4.4 Opt imizat ion and results 

Dimens ions of the calculated frame are as fol lows: the b e a m length L = 6 m, floor 
h e i g h t / / = 3 . 6 m. 

Table 6.4 shows the result for the frame wi thout fire resis tance considerat ions . It 
conta ins unrounded (non discrete) values to be able to compare it wi th the results 
w i th fire res is tance considerat ions . Discre te values are also given. 

Check of the connection strength 

Mfu2 is the ul t imate m o m e n t carr ied b y the we lded jo in ts be tween the b e a m flange 
and the d iaphragm on floor 2 according to Eq. (6 .108) . 

T h e op t imum sizes o f the b e a m are as follows 

bb2 = 142.2, tp, = 11.2, tc2 = 10 m m , at the connect ion t b w 2 - 6 .8, Le = 60 m m , / , = 360 
M P a . 

Mfu2 = bb2tp(hb2 - tp)fu= 2 . 2 6 3 6 x l 0 8 N m m . 

d, = hb2 - 2tj2 = 383.6 

Eq. (6 .109) = 2 . 8 0 2 8 x l 0 7 + 3 . 4 3 7 8 x l 0 7 = 6 . 2 4 0 6 x l 0 7 N m m 

Eq.(6 .110) m2 = 0 .4768 

Eq. (6 .111) a = 2 . 6 0 7 3 x l 0 8 N m m , 

a Mp2< Mfu2 + Mwu2 = 2 . 8 8 7 7 x l 0 8 is satisfied. 

Table 6.4 O p t i m u m values of the three w e l d e d box co lumns and the three U B 
type b e a m s wi thout fire res istance 

bQ\ltc\ bc2/tc2 hi^ci hi hi hi Cost 
(mm) (mm) (mm) (mm) (mm) (mm) ($) 

241.9/7.3 266.4/8.1 378.2/11.5 419.0 393.9 418.8 3884.3 
250/8 260/10 350/12 457 406 457 4180 

Table 6.5 shows the result for the frame wi th fire resis tance considerat ions . The 
calculat ion is theoret ical , so w e get th icker ho l low sect ions than advisable . B S - E N 
10210-2 (1997) and B S - E N 10219-2 (1997) gives the tolerances , d imens ions and 
sectional proper t ies for hot-f inished structural ho l low sect ions and cold formed 
we lded structural sect ions. The m a x i m u m sizes for S H S are 4 0 0 m m height and 20 
m m thickness for hot-f inished and 16 m m thickness for cold-formed sect ions. If one 
needs a thicker sect ion he can use we lded box sect ions wi th larger th ickness . In this 
case the cost should include the we ld ing cost o f the box section. Calcula t ions show 
that the cost of the structure is propor t ional to the value of fire res is tance t ime 
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(Figure 6.17). O n e hour fire res is tance causes 42 % increase of cost, t w o hours 
resis tance causes 79 % increase of cost. 

— 3 U U U -
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Figure 6.17. The cost of the frame in the function of the fire resistance 

6.4.5 Conc lus ions 

Optimiza t ion of steel frames for fire safety is a relat ively n e w area. U s i n g a ra ther 
s imple frame mode l it is shown h o w to apply the o p t i m u m des ign sys tem for the 
case of fire. T h e cost function to be min imized is formulated on the bas is o f detai led 
cost calculat ions , inc luding the fabrication cost of beam- to -co lumn connec t ions . T h e 
connect ion type is selected from several seismic resis tant types b y cost compar i son . 
A very robust opt imizat ion technique w a s applied, n a m e l y the modif ied Part ic le 
S w a r m algori thm. 

Table 6.5 Opt imizat ion results for the frame with fire res istance cons iderat ions 

Fire BC\LTC\ BC2/TC2 BC3/TCI H\ HI HI Cost 
resistance (mm) (mm) (mm) (mm) (mm) (mm) ($) 
time (sec) 

0 283.0/10.9 331.1/10.3 363.4/12.4 419.3 394.9 419.3 4335.3 
900 240.3/16.0 334.5/10.1 371.5/11.9 425.6 403.9 420.4 4460.4 
1800 237.6/16.6 209.7/31.5 317.6/16.8 436.2 394.3 422.4 4928.0 
2700 279.8/15.3 281.4/17.5 304.2/20.2 466.1 411.0 428.4 5135.6 
3600 193.1/31.8 258.7/23.4 258.7/30.4 443.6 416.6 425.4 5528.6 
4500 215.8/29.9 214.5/35.7 232.4/41.6 464.1 405.9 421.9 5908.9 
5400 184.4/47.5 217.8/39.2 223.6/51.3 448.1 417.1 422.9 6274.1 
6300 180.2/59.6 196.1/56.7 215.7/65.5 445.6 402.9 419.7 6611.1 
7200 182.8/66.3 193.8/69.9 227.2/61.7 450.3 401.0 434.9 6940.0 

It calculated bo th the cont inuous and discrete opt ima. The calculat ion shows that 
opt imizat ion has a large effect. D u e to the h igh mater ial cost and the cost calculat ion 
me thod that the design, inspect ion and erect ion costs are propor t ional to the weight , 
the mass m i n i m a do not differ from the cost min ima . 

W h e n w e consider fire res is tance, the t ime after wh ich its e lements still work , needs 
more mater ial (steel) to be buil t into the structure. The present example shows , that 
about one hour increment in fire safety needs 42 % m o r e cost at the structure. For a 
des igner it is impor tant to k n o w the relat ion be tween mass and fire safety. Fur ther 
invest igat ion wil l be the appl icat ion of fire resis tant pa in t ings or other mater ia ls and 
to opt imize for the cost o f the structure. 
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6.5 E A R T H Q U A K E - R E S I S T A N T O P T I M U M D E S I G N O F A T U B U L A R 
F R A M E 

6.5.1 Introduct ion 

Pressure vessels are expens ive and dangerous devices , wh ich need safe supports . 
The i r fracture caused b y ear thquake can be very dangerous . Thus , the design 
constraints should b e very strict. 

A s imple support ing frame consists of 4 co lumns and 4 b e a m s (Fig. 6.18). The 
pressure vessel is fixed at the midd le of the beams . The horizontal se ismic load is 
calculated according to Eurocode 8 (2004) (see Chapter 3) . Since the horizontal 
forces cause large bending m o m e n t s in the horizontal p lane and the b e a m s should 
transfer at the frame corners large bending m o m e n t s , their sui table profile is a 
we lded box sect ion or tubular ho l low section. Therefore, the co lumns are 
constructed wi th box section as wel l . The we lded corners are a s sumed to be rigid. 

Eurocode 8 prescr ibes a strict l imitat ion of the horizontal s w a y at the middle of the 
beams . This sway has four componen t s as follows: the sway of the vert ical frames, 
deformation of the b e a m due to bend ing in horizontal p lane , d isp lacement of the 
b e a m due to angular deformat ion o f the frame corner and another d i sp lacement 
caused by torsion. 

Opt imiza t ion m e a n s a search for bet ter solut ions, wh ich better fulfil the 
requi rements . Requi rements for a mode rn load-carrying structure are the safety, 
fitness for product ion and economy. In an op t imum design procedure the safety and 
fitness for product ion are guaranteed b y design and fabrication constraints , the 
e c o n o m y is achieved by minimiza t ion of a cost function (Farkas & Jarmai 1997, 
Farkas & Jarmai 2003) . 

The fabrication (assembly and we ld ing) cost of frame corner jo in ts is propor t ional to 
the size of co lumns and beams , thus the m i n i m u m cost des ign is identical to the 
m i n i m u m mass design. Since the invest igated frame is symmet r ic , the u n k n o w n s to 
be opt imized are the th icknesses t, and t2 for co lumns and beams , respect ively as 
wel l as a c o m m o n width h, = h2 of the square ho l low section (SHS) of the co lumns 
and beams . 

T h e constraints relate to the sway l imitat ion and to the stability of frame m e m b e r s 
against compress ion and bend ing according to Eurocode 3 (2005) . 

6.5.2 Calculat ion of the se ismic force 

Accord ing to Chapte r 3 

Fb=Sd(Tx)mX, (6 .166) 

w h e r e SJJi) = the ordinate of the des ign spec t rum at per iod Th m = the pressure 
vessel mass , X = correct ion factor. Va lues of the parameters descr ib ing the 
r e c o m m e n d e d Type 1 elastic response spectra (Table 3.1) are as follows: g round 
type C is selected, S=\.\5,TB = 0.20, Tc = 0.60, TD = 2.0. 
T, (s) is approx imated by the express ion: 
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7] = C , / / 0 ' 7 5 , C , = 0 . 0 8 5 , / / = 4,7; = 0.24 s, 

forr s<r7<7c, 5 ^ = a 5 — . 

(6.167) 

(6.168) 

W e use the highest value applied for Japan a = 0.40 , the behav iour factor according 
to Section 3.4.1 q = 5.5. Thus £"</= 0.4x1.15x2.5/5 .5 = 0 .2091 , required cross-sect ion 
Class 1 (plastic) . 

F o r r / < 2 7 ' c X = 0.85. 

Thus , the pressure vessel mass m should be mult ipl ied b y 0 .85x0.2091 = 0 .1777. 
The pressure vessel mass is 300 kN, the se ismic horizontal force act ing on a b e a m is 
Fb = 0 .1777x75 = 13.3 kN. 

Load combination: ^jGk+y/EQk;y/E=<p\i/2i=\, since, for storage structures, 

Z 
ZD 7 

7 Z 
S±7 
7 

Figure 6.18 Supporting frame structure with vertical and horizontal forces 

6.5.3 N o r m a l forces and bend ing m o m e n t s in vertical frames (Fig.6 .18) 

Accord ing to Glushkov et al. (1975) 

3 M 
H . = A 

A H ' 

M. 
M A = B 

M 

A 2 ' 

FL 

B~ 4 (* + 2 ) ' 

(6 .169) 

(6.170) 

(6 .171) 

H 
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I 7H 

k = -2=—, (6 .172) 
I L 

FL 

"''Htjj- <<U74) 

VDL = 2-^, (6 .175) 

NX=F + V M , (6 .176) 

* + l Fh 
H m = L , (6 .177) 

m k + 2 2 

Figure 6.19 Diagrams for the bending moments and normal forces of a frame 
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H, 

6k + \ 2 

6k + \ 2 

3k H 

H 

6k + \ 

MB< = MB + Mm, 

MAt = MA + MM. 

(6 .178) 

(6 .179) 

(6 .180) 

(6.181) 

(6 .182) 

6.5.4 Geometr i c characterist ics of the square ho l low sect ion (Fig.6 .20) 

Figure 6.20 Dimensions of a square hollow section (SHS) 

Areas and m o m e n t s o f inertia are calculated accord ing to D A S t Richt l inie 016 
(1986) . 

Area of the cross-sect ion for co lumns 

2t 
1 - 0 . 4 3 !— 

*T'l 
(6 .183) 

and for b e a m s 

V 4 ' 2 l * r ' 2 
2U 

1 - 0 . 4 3 -

* T ' 2 

(6 .184) 

m o m e n t of inertia for co lumns 

xl yl 1 - 0 . 8 6 -
2L 

\ - \ ) 
(6 .185) 

and for beams 

3 
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sect ion m o d u l u s for co lumns 

and for b e a m s 

^ = ^ , o = ^ 2 - . ( 6 1 8 8 > x2 y2 

6.5.5 Calculat ion o f the elastic s w a y 

ue = Uf+ ub + u, + u,i, (6 .189) 

whe re u/ = the sway o f the frame, ub = d i sp lacement due to bending o f a b e a m in 
horizontal p lane , u, = b e a m disp lacement due to frame corner angle deformat ion, utl 

= b e a m disp lacement due to torsion. 

„ _ 2 ^ 1 O T ^ 1 , 2 M B \ m B \ H 2 , M B \ m B \ L

 ( 6 m ) 

f 3EI , 3EI , 3EI _ ' 
xl xl x2 

3k + \ „ TT 3/V + l H TT 3k + \ r r 

w h e r e M „ = F,H;mM = ;H, = H , (6 .191) 
A l 6k + \ b A l 6k + l 2 1 6k + l 

3k 3k H 3k I 
Mm = ^ - F h H ; m m = ^ ^ i L ; H 0 = ^ ^ H ; k = J ^ 2 — , (6.192) 

m 6k + l b m 6/t + l 2 2 6k + \ I ,L 
xl 

The d isp lacement ub due to t w o horizontal forces Fb in the horizontal p lane of the 
frame wi th rigid corners is calculated as fol lows. T h e corner bend ing m o m e n t M e a n 
be obta ined from the equat ion of angular deformat ions (Fig. 6.21) 

<Px=92, (6 .193) 

whe re 

E I y 2 < P ^ - ^ , (6 .194) 
16 2 

and 

ML 
EIy2<Pi= — - (6 .195) 

o 

Cons ider ing Eqs (6 .193 , 6.194 and 6.195) one obtains 

M = - ^ > (6-196) 
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and the d isplacement from Fb and M 

FbL3 ML2 7FbL? 
uh=—2 = o (6 .197) 

b 4SEI » SEI ~ 7 6 8 £ 7 ~ >>2 >;2 >>2 

T h e d isp lacement due to angle deformat ion o f the b e a m caused by the frame corner 
angle deformat ion can be obta ined from 

U T = ^ ( M A i H r M M H 2 r j - (6-198) 

Final ly, the b e a m deformation due to torsion is 

h, F,h,L o F,L 
ut\ =<P,—;<P, = >In =hft0;u., = = . (6 .199) 

{ 1 f 2 Y* 8GI(2

 t 2 1 2 / 1 i 6 G A j / 2 

6.5.6 Constra int on sway l imitat ion 

T h e a l lowable s w a y according to Chapte r 3 is calculated as fol lows. The elastic 
d isp lacement for ducti le non-structural e lements should fulfil the fol lowing 
l imitat ion 

0 . 0 0 7 5 / / 0 .0075x4000 n n A 

u < = = 9.74 m m . (6.200) 
e y^qv 1.4x5.5x0.4 

Impor tance class for p o w e r plants is IV (Chapter 3). Structural height H = 4000 m m . 
T h e r e c o m m e n d e d safety factor for impor tance class IV (Sect ion 3.3.2) is yx = 1.4 . 
T h e reduct ion factor v = 0 . 4 . Behav iour factor q = 5.5 . 

6.5.7 Local buckl ing constraints 

For S H S co lumns and b e a m s of sect ion class 1 (plastic) the constraint is g iven by: 

-= 1- = J - - 3 < 3 3 f , ^ = | i £ i i = 1,2 . (6 .201) 
h h 

6.5.8 Stress constraint for the c o l u m n s 

Accord ing to Eurocode 3 (2005) the S H S section is not suscept ible to torsional 
deformat ions , thus XLT = 1 > K* = 0 a n d the second constraint in E C 3 should not be 
considered. 

X\,min^\fy\ y\fy\ ^^z\-f> 
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Cmyi=0A, 

k , = min\ 
xyl 

( f 

^myl 
V V 

1 + -
« - 6 \ \ H A + H D V 

myl 
, (6 .204) 

C m z l = 0 . 4 , 

v A j \ A j 

- K ,H 

' • A 

The value of Ky\ and Kz\ are taken according to E C 3 (2005) 

KyX=2A9;IA=^-;Kll = 0 . 5 , 

\ m a x = m a x ( l " y l , X , ) > 

^ = 0 . 5 

1 

.0.5 
..+\<p2-A. 2 ) 
i V * i. max J 

1 + 0 . 3 4 U . - 0 . 2 1 + A2 ]. 
i.max I i.maxij 

J) 

(6 .205) 

(6.206) 

(6 .207) 

(6 .208) 

(6 .209) 

6.5.9 Stress constraint for the b e a m s 

H + H k 0 M rr k ~ M f n A + n D \ ] yy2 E ^ yz2 ^ Jy 

%2.minAlfy\ Wy2^y\ Wz2^y\ ^ rM\ 

The flexural buckl ing factor is 

1 
xt=-

*> + \(j>2-A2 

i \ i i 

.0.5 ' 

^ •=0 .51 1 + 0 . 3 4 ( 2 . - 0 . 2 ) + 2 2 , " j , 

K L 
X = Y Z • the effective length factor is Ky2 = 0 .5 , 

yl E 

(6 .210) 

(6 .211) 

(6.212) 

(6.213) 

X • i. min 

, (6 .203) 
JJ 
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E is the elastic modulus . 

K.,L 

z2 E 
the effective length factor is 

Kz2 = 0.5, 

z2 

f >0.5 
z2 

' 2 ; 

Xi. m i n

 i s ca lculated from A2max = max{ly2 ,A2). 

k _ = mtn\ yyl 
V V 

r o.6zv2(ha+hd.) 1+-

% 2 = 0 - 9 ' 

y2\ A "DV 

Xy2A2fy\ 
C myl 1 + A ' D l / 

xy2A2^y\ J) 

kyz2 ~ 0- 8 ^ 2 • 

(6 .214) 

(6.215) 

(6 .216) 

(6 .217) 

(6.218) 

(6 .219) 

(6.220) 

6.5.10 Opt imizat ion and results 

Numer ica l data 

E = 2 . 1 x 1 0 s M P a , G = 0 . 8 x l 0 5 M P a , H= 4000 , L = 4 0 0 0 m m , F= 75 kN, F f t = 13.3 
kN. 

The object ive function is the structural volume 

V=4A,H+4A2L . 

or the structural mass 

m= pV.p = 7 .85*10" 6 k g / m m 3 . 

T h e suitable S H S for co lumns and b e a m s are selected us ing a cold-formed S H S 
ca ta logue B S E N 10219 (1997) . Since the m i n i m u m thickness is l imited b y the local 

(6 .221) 

( ( ( \ \ ( I \W 
k =minC . 1 + ^ L J filZ C , 1 + — i - ^ 2 1 i , 

zzz mzz y 4 f mz2 v A f 
{ { Zz2AlJy\ ) \ Xz2A2Jy\ )) 

(I \ 0 - 5 f \°-5 

y2 . E 
y2 A E f 

V 2 J { y J 
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buckl ing constraint (Eq.28) , only that th icknesses can be used, wh ich are larger than 
this limit, e.g. for h, = 220 t = 6 .3 , for h, = 250 t = 8, for h, = 260 t = 8 and for h, 
= 300 t = 10 m m . Therefore , the number of S H S to be invest igated is l imited. 

Table 6.6 shows the results of the calculat ions to find the o p t i m u m S H S sizes. The 
governing constraint is that on s w a y l imitat ion (Eq.6 .200) , the stress constraints are 
a lways fulfilled. The c o m m o n width is h, and the th icknesses are t, for co lumns and 
t2 for beams . 

Table 6.6 Resul ts of the systematic search to find the o p t i m u m S H S sizes (in 
m m ) 

hi ti t2 
sway constraint m (kg) 

220 6.3 6.3 13.6>9.74 
220 8 8 11.1>9.74 
220 10 8 9.9>9.74 
220 8 10 10.6>9.74 
220 10 10 9.3<9.74 2024 
250 8 8 7.434<9.74 1890 
260 8 8 6.6<9.74 1970 
300 10 10 3.5<9.74 2828 

It can be seen that the o p t i m u m sizes are as fol lows: h, = 250 , t = t1 = t2 = 2> m m , the 
m i n i m u m mass is m = 1890 kg. 

In the case of the o p t i m u m solution, the stress constraints are fulfilled as fol lows: 
Eq. (6 .202) : 0353<1 and Eq.(6 .210) : 0 . 6 0 K 1 . 

The componen t s o f the sway are the fol lowing: Eq. (6 .190) uf = 6 .769, Eq. (6 .197) ub 

= 0 .518, Eq. (6 .198) : u, = 0.127 and Eq. (6 .199) : u„ = 0.021 m m , thus , u, and u„ can 
be neglected. 

F igure 6.22 shows the welded frame corner . 

6.5.11 Cost calculat ion 

The cost function includes the mater ia l and fabrication costs as fol lows: 

K = KM + KF, KM =kMpVvP = 7 . 8 5 x 1 0 " 6 k g / m m 3 , 

Vj = V+ Vh, vo lume of head plates Vh = Ax3.ShY

2th,th = 8 m m , 

r \ 
KF=kF 

(6 .222) 

(6 .223) 

N u m b e r of assembled e lements K = Y1, difficulty factor for a spatial structure 
0 = 3, we ld ing t ime for the connect ion of a S H S b e a m to a S H S co lumn with 2 
vert ical , one overhead and one d o w n h a n d single bevel (1 /2V) but t we ld of size t2 

and length h. 
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Figure 6.22 The welded frame corner. 

KM= 1944 $ and KF= 1395 $. 

It can be seen that the fabrication cost gives a significant part of the total cost. 

6.5.12 Conclus ions 

The horizontal seismic forces and the a l lowable horizontal sway of a s imple frame is 
calculated according to the Eurocode 8 (2004) (Chapter 3). The frame wi th rigid 
jo in ts supports a pressure vessel , the failure of wh ich caused by ear thquake can be 
dangerous . The stress constraints for co lumns and b e a m s are formulated according 
to Eurocode 3 (2005) . The frame is we lded from S H S profiles. 

For fabrication reasons , the section width of co lumns and b e a m s should be equal . 
Thus , the u n k n o w n s are the c o m m o n width and the different two thicknesses . The 

0 . 9 5 1 8 x l 0 _ 3 x 3 r 2 A , + 0.5214x1 O ^ r 2 ^ , (6.224) 

weld ing t ime for the connect ion o f a head plate to the frame corner wi th overhead 
fdlet we lds of size 5 m m and length 6hs and wi th d o w n h a n d fdlet we lds of length 
2h, 

1 . 6 6 7 x l 0 _ 3 x 5 2 x 6 / ? 1 + 0 . 7 8 8 9 x 1 0 - 3 x 5 2 xlh^. (6 .225) 

For the op t imum values of hi = 250 , t2 = 8 m m and for cost factors of = 1 $/kg 
and kF = 1 $/min 
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m i n i m u m th icknesses are l imited by the local buckl ing constraint for sect ion of class 
1 (plastic) . 

The detai led calculat ion of sway due to bend ing deformat ions of the frame in 
vert ical and hor izonta l p lane and due to the torsion of the b e a m s is presented. The 
object ive function is the structural vo lume or mass , s ince the m i n i m u m cost design 
coincides wi th m i n i m u m mass design. 

T h e op t imum cross-sect ions are selected from a discrete series for S H S us ing a 
sys temat ic search. T h e s w a y l imitation is the govern ing constraint . Calcula t ing the 
s w a y componen t s , it is found that the deformat ion due to torsion of b e a m s and the 
sway from the angular deformation of frame corners can be neglected. 

6.6 F I R E - R E S I S T A N T O P T I M U M D E S I G N O F A T U B U L A R F R A M E 

6.6.1 Introduct ion 

Steel structures have been used in industrial and residential bui ldings , because they 
offer a w ide range of advantages . Howeve r , these structures, w h e n unprotected, 
behave poor ly in fire situation. The h igh thermal conduct iv i ty of steel , together wi th 
the deter iorat ion of its mechanica l proper t ies as a function of tempera ture , can lead 
to large deformat ions of structural e lements and the premature failure of the 
bui ld ings . The calculat ion of these steel frames can be accord ing to Eurocode 1 
(2002) and Eurocode 3 (2005) . 

The steel can be protected by mater ia ls such as minera l fibres, g y p s u m boards , 
concre te , in tumescent paints and water-fi l led structures. In this s tudy the opt imal fire 
design of a steel frame structure is invest igated. U s i n g a relat ively s imple frame 
mode l it is s h o w n how to apply the op t imum design system for the case o f fire 
res is tance o f a we lded steel s tructure. H o l l o w sect ional c o l u m n s and b e a m s a re 
des igned for m i n i m u m vo lume and weight . Overal l and local buckl ing constraints 
are considered. 

In this part w e cont inue the calculat ion of the steel frame descr ibed in Chapte r 6 .5, 
but this case w e concentra te not the ear thquake behaviour , but the fire res is tance 
(Fig. 6.18). In the first des ign phase the structural mass is used as an object ive 
function. A refined object ive function can be the mater ial cost . 

6.6.2 Calculat ion of the frame m e m b e r s 

B e a m s are m a d e of R H S or S H S , u n k n o w n s are h2, b2, tp, co lumns are m a d e of 
S H S , u n k n o w n s are h,, tp. 

T h e cross-sect ion area o f a R H S b e a m profile wi th a he ight h, w id th b and th ickness 
t, cons ider ing rounded corners of corner radius of R = It and supposing that b2 = 
h2/2, us ing the formulae given by Eurocode 3 Par t 1.3 (2005) , can b e calculated as 

(6 .226) 
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For S H S column it is 

Ax = 4 / , ( / * 1 - / 1 l 1 - 0 . 4 3 -
2t 

For R H S b e a m s the second m o m e n t s of area are as fol lows (Figure 6.23). 

(h2-t2}t "2 'H h , h 4/„ 
1-0.86-

1.5*2-2/2 

6 2 
2 'H h , '2 

2 '2 (v2) 
4 / , 

1 - 0 . 8 6 -
1 . 5 * 2 - 2 r 2 

For S H S co lumns 

7 *1=V 
2u 

1-0.86 L 

*r'l, 

(6.227) 

(6 .228) 

(6 .229) 

(6 .230) 

6.6.2.1 Bending moments andforces from the vertical loads 

Bending m o m e n t s and forces from the vert ical loads F can be seen on Figure 6.19 
and their calculat ions accord ing to G lushkov et al. (1975) are as fol lows (Farkas & 
Jarmai (1997 , 2003) Eqs . (169-181) . 

6.6.2.2 Bending moment in the horizontal frame due to horizontal force Ft 

The horizontal force is the tenth of the vertical one . 

Fb=0AF, (6 .231) 

Figure 6.23. Dimensions of RHS and SHS profiles 

' , 2 = 

>y2 = 
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+ " + < 1 , (6 .237) 
x2.minky,6A2fy\ Wy2ky,6^y\ Wz2ky,0-T~y\ 

T h e value of %,_„,„ fi (i = 1,2) should be taken as the lesser of the va lues of xy,f, a n a 

Xzfl de te rmined accord ing to Eqs . (6 .237, 6.144). k y 6 is reduct ion factor accord ing 

to Chapte r 4 , Eq. (4.1) . 

The non-d imens iona l s lenderness for the tempera ture 6a, is g iven by Eq. (6 .145) . 

Due to the appl icat ion of ho l low sect ion w e need not consider the lateral torsional 
buckl ing accord ing to Eqs . (6 .146-6 .151) . 

6.6.2.5 Stress constraint for columns (point C, with fire resistance) according to 
Eurocode 1 (2002) 

M e m b e r wi th Class 3 cross-sect ions , subject to combined bend ing and axial 
compress ion 

/V k ( M c + M m ) kzMc ^ 

7 1 — T + ~ ! F ~ i — 7 + u7i t ~ 1 • ( 6 - 2 3 8 ) 
X\.mm.fiA\Ky,eJy\ Wy\Ky,8Jy\ Wz\KyffJy\ 

M m = ^ , (6 .232) 

5F.L 

M & 3 = ^ , (6.234) 

MBZ-MBZI-KZ2
 + MbJ- (6-235) 

6.6.2.3 The stress constraint for the beam (point E, no fire resistance) according to 
Eurocode 3 (2005) 

Hj+Hn, k m l M E k v z l M B z f 
A Dl_+ yj2 t + yz2 Bz ^ ^ = _ ( g ^ 

Zlmin^fyl WylfyX Wz2fyx 

The paramete rs are according to Eqs . (6 .211-6 .220) . 

6.6.2.4 77ze stress constraint for the beam (point E, with fire resistance) according 
to Eu rocode 1 (2002) 

M e m b e r wi th Class 3 cross-sect ions , subject to combined bend ing and axial 
compress ion 

H A + H D \ kyy2ME kyz2MBz 
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Calculat ion of the parameters is accord ing to Eqs . (6 .142-6.151) . 

For co lumn 

^ = 1 . 8 - 0 . 7 ^ , <r = - l , (6 .239) 

Due to the appl icat ion of ho l low sect ion w e need not to consider the lateral torsional 
buckl ing . 

6.6.3 Local buckl ing of plates 

For the local buckl ing calculat ion w e use limit s lendernesses , g iven b y Eurocode 3 
(2005) . 

For the beam flange 

h—3<42£ . (6 .240) 

72 
For the beam web 

-^-3<69e. (6 .241) 

For the column flange 

— <A2s. (6 .242) 
ff\ 

For the column web 

\ - 3 < 4 2 f . (6 .243) 

whe re for fire res is tance des ign 

lwl 

1235 
e = 0.85 I—. (6 .244) 

Calculat ion of loading is according to Chapter 6 .5.3. 

6.6.4 N u m e r i c a l data 

T h e sizes of the frame are H = 4000 , L = 4000 m m . The vertical and horizontal loads 
are F = 75 k N , Fb = OAF for the normal des ign and F = 0 .74x75 k N , Fb = 0 . 1 F for 
the fire resistant design. The Y o u n g modu lus and the shear modulus and the yield 
stress E = 2 . 1 x 1 0 s M P a , G = 0 . 8 x l 0 5 M P a , ^ , = 355 M P a respectively. The frame is a 
sway one wi th class 3 section. 
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The objective function is the structural mass M accord ing to Eq . (6 .221) . The 
u n k n o w n s are the d imens ions o f S H S co lumns (b\, t{) and those o f R H S b e a m s (h2, 
t2). If S H S b e a m s are t aken into account , the formulae for S H S co lumns should be 
used wi th subscript 2 and their u n k n o w n s are b2 and t2. 

Fabrication limitation 

b2=^-<b]. (6 .245) 

T o ease the fabrication, the solut ion o f b2 = b\ is r ecommended . In this case the 
n u m b e r of u n k n o w n s is 3 . 

6.6.5 Opt imizat ion results 

Table 6.7 shows the o p t i m u m sizes of the frame, w h e n w e consider the same S H S 
sect ion for the co lumn and b e a m m e m b e r s , m e a n s 3 var iables (SHS 3v) , or different 
S H S sect ions for co lumns and beams , wi th 4 var iables ( S H S 4v) , or different S H S 
and R H S sect ions for co lumns and beams , wi th 4 var iables , a s suming that the wid th 
of R H S section is the hal f o f its height . W e have used the tables of Dut ta (1999) to 
get the avai lable S H S and R H S sect ions. Bo th cont inuous (unrounded) and discrete 
op t ima have been calculated. T h e two different S H S sect ions vers ion gives the bes t 
solution. 

For the frame wi th the same S H S sect ion at co lumns and b e a m s w e have calculated 
the op t ima consider ing fire resis tance. The fire res is tance t ime vary from 225 sec up 
to 4 5 0 0 sec. A t each t imestep w e calculate the tempera ture o f the steel wi th an inner 
i teration and w e can calculate the correct ion factors for yield stress and Y o u n g 
modu lus . The opt imizat ion a lgor i thm checks the constraints at each outer i terations. 

Table 6.7 Opt imizat ion results for the frame (no fire res istance has been taken 
into account) 

Section hi 
(mm) 

h 
(mm) 

hi 
(mm) 

h 
(mm) 

' ( k g ) 

SHS 3v continuous 187.78 4.17 - 4.17 754.87 
SHS 3v discrete 180 5 - 4 775.57 
SHS4v continuous 195.37 4.34 154.70 3,44 664.69 
S H S 4 v discrete 200 5 150 4 765.53 

SHS-RHS 4v continuous 193.35 4.29 187.84 4.17 679.30 
SHS-RHS 4v discrete 180 5 200 5 782.24 

Both cont inuous and discrete op t ima have been calculated. O p t i m a show that 
increasing the t ime of fire res is tance, considerable increment of mass can be 
detected (Table 6.8). If increase the t ime from 4 5 0 sec to 4 5 0 0 sec (10 t imes more ) 
w e get an increment of mass from 1561 up to 4 7 0 3 kg (3 t imes more ) . O n e more 
hour safety means three t imes more steel in the s tructure (Figure 5.24). 
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Fire resistance 
time [sec] 

hi [mm] t\ [mm] t2 [mm] K[kg] 

225 continuous 256.34 6.33 6.33 1557.57 
225 discrete 250 8 6.3 1699.19 
450 continuous 256.63 6.34 6.34 1561.07 
450 discrete 250 8 6.3 1699.19 
900 continuous 257.31 6.36 6.36 1569.39 
900 discrete 250 8 6.3 1699.19 
1800 continuous 226.47 12.18 7.60 2058.94 
1800 discrete 250 12 8 2317.63 
2700 continuous 209.16 20.22 12.46 2907.60 
2700 discrete 220 20 12 3028.55 
3600 continuous 207.12 28.44 17.46 3736.45 
3600 discrete 220 25 18 3865.90 
4500 continuous 214.83 35.15 22.21 4575.00 
4500 discrete 220 35 22 4703.10 

S IOOO 

s 0 

0 900 1800 2700 3600 4500 
Fire resistance time (sec) 

Figure 6.24 Mass of the frame in the function of fire resistance time 

6.6.6 Conc lus ion 

Opt imiza t ion of steel frames for fire safety is a relat ively n e w area. W e have 
calculated the m e m b e r s o f a h igh pressure vessel support ing frame wi thout fire 
resis tance. Us ing different cross sect ions ( S H S , R H S ) the mass o f the frame is also 
different. The best solut ion occurred, w h e n bo th co lumns and b e a m s were m a d e of 
S H S sections, wi th four var iable sizes. W h e n w e consider fire res is tance, the t ime 
after wh ich its e lements still work , needs more mater ial (steel) to be buil t into the 
structure. The present example shows , that about 1 hour increment in fire safety 
needs 3 t ime more material in the structure. For a des igner it is important to k n o w 
the relat ion be tween mass and fire safety. The appl ied opt imizat ion technique was 
very robust , the modif ied part icle swarm opt imizat ion. It calculated bo th the 
cont inuous and discrete opt ima. T h e calculat ion shows that opt imizat ion has a large 
effect. Fur ther invest igat ion wil l be the appl icat ion of fire resistant paint ings or o ther 
mater ia ls and to opt imize for the cost of the structure. 

Table 6.8 Opt imizat ion results for the frame (with fire res istance 
cons iderat ions) 
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7.1 M I N I M U M C O S T D E S I G N O F A W E L D E D S T I F F E N E D S Q U A R E 
P L A T E L O A D E D B Y B I A X I A L C O M P R E S S I O N 

7.1.1 Introduct ion 

Our a im is to show the appl icat ion of efficient mathemat ica l me thods to an 
important opt imizat ion prob lem. Stiffened plates are used as load-carrying e lements 
of ships , br idges , offshore pla t forms, roofs, etc. In stability p rob lems of welded 
structures the effect o f initial imperfect ions and residual we ld ing stresses should be 
taken into account . 

Based on their o w n exper imenta l results M i k a m i and N i w a (1996-97) have p roposed 
formulae for the calculat ion o f ul t imate buckl ing strength of or thogonal ly stiffened 
pla tes loaded by uniaxial compress ion consider ing the above men t ioned effects. 
Thei r me thod is used in an article of Fa rkas and Jarmai (2000) and ex tended here for 
plates compressed biaxial ly. 

For the object ive function an advanced cost function is u sed including mater ia l , 
we ld ing and pain t ing costs . Fabr icat ion cost p lays an important role in the whole 
cost and the compar i son of the m i n i m u m costs of different structural vers ions 
enables des igners to achieve significant cost savings in the design stage. 

To illustrate the effectiveness of the mathemat ica l me thods , the p rob lem is solved by 
us ing the R o s e n b r o c k ' s Hi l lc l imb me thod (Farkas and Jarmai 1997), and by an 
ent ropy-based uncons t ra ined minimiza t ion for the opt imizat ion of cont inuous des ign 
var iables associated wi th a b ranch and bound strategy (S imoes and N eg rao 1999). 

7.1.2 Prob lem formulat ion 

In an effective structural opt imizat ion the var iables are selected on the basis of 
analysis of structural characteris t ics . In the case of stiffened pla tes the structural 
characterist ics are as fol lows: 

Loads : uniaxial or biaxial compress ion , in-plane bending and shear (plate girder 
webs ) , lateral pressure , hydrostat ic pressure , concentrated, distr ibuted on a l ine, 
uniformly distr ibuted, static, dynamic , var iable , h igh temperature . 

Mater ia l : normal or h igh-s t rength steels , a luminium-al loys . 

Plate geometry: square , rectangular , t r iangular , t rapezoidal , circular. 

Boundary condi t ions: s imply supported, c lamped, free, elastic support . 

Stiffening geometry: edge-paral le l , diagonal-paral lel , unidirect ional , or thogonal , 
t r idirectional , circular. 

Topology: number of stiffeners (variable) . 

Stiffener shape: flat, rol led T- and L-profile, we lded T-profile, cold-formed L-
profile, t rapezoidal , rec tangular ho l low section. Possible var iables : d imens ions of 
stiffeners. 

Connec t ions of stiffeners to base plate: welded , r iveted, bol ted or bonded . 
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Fabr icat ion of nodes : welded , r iveted, bol ted or bonded wi th L-e lements . 

F r o m these character is t ics w e have selected for this s tudy the fol lowing: 
The invest igated plate structure (Figure 7.1) consis ts of a s imply suppor ted square 
base plate stiffened wi th an or thogonal grid of flat stiffeners we lded to the base plate 
b y fillet we lds . It is a s sumed that the stiffeners in o n e direct ion are con t inuous and in 
the other direct ion they are intermittent. The connect ions of stiffeners are we lded by 
t ransverse fillet we lds . 

T h e uniformly distr ibuted compress ive load is act ing biaxial ly in the p lane 
de termined by the gravi ty centers of T-sect ions , wh ich consist of a par t of the base 
plate and of a stiffener. 
The u n k n o w n variables are as fol lows. <p - bla\tF;hs;ts. b is the whole side 

length of the base plate , tF is the th ickness of the base plate , hs and ts are the height 
and the th ickness o f a flat stiffener. Thus , the n u m b e r of stiffeners in one direct ion is 
cp -1. The opt ima of the var iables are sought , wh ich min imize the cost function and 
fulfil the design constraints . 

Numerical data: b = 8m;N= 9800 kN; the yield stress is fy = 235 M P a . 

7 .1 .3 C o s t function 

Accord ing to Farkas and Jarmai (1997 , 2000) the cost function includes mater ia l , 
fabrication (welding) and pain t ing costs 

K = kMpoV + kF[0{KPovf2 +1.3(7*2 + T2" + Ttl+kPS , (7.1) 

T h e cost factors a re as fol lows: 

Mater ia l cost factor is kM= 0.5 - 1.0 $/kg, fabrication cost factor is kF= 12 - 4 8 $/h 
= 0.2 - 0.8 $/min, pa in t ing cost factor is kP = 15 $ /m 2 . W e calculate wi th kM = 0.5 
$/kg and kF = 0.6 $/min. 

The densi ty of the steel is p0 = 7 .85xl0~ 6 k g / m m 3 

The vo lume of the structure is 

V = b2tF + 2b[tf> - \)hsts , (7.2) 

the difficulty factor express ing the complex i ty of the structure is 0 = 3 
the n u m b e r of structural parts to be assembled is 

tc = ]6 + (p-l + <p(<p-\)=\7 + tp2. (7.3) 

W e l d i n g t imes a re as fo l lows: 

(a) butt we lds of the base plate , in the numer ica l example the base pla te side length 
is 6=8 m, and it is a s sumed that this base plate is we lded from plate e lements of 
d imens ions 6 m x l . 5 m, so the we ld length is Lw= 8b = 64 m, we ld size is tF , 
weld ing t echno logy is G M A W - M (Gas meta l arc we ld ing wi th mixed gas) 
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for tF< 15 m m T2 = 0 . 1 8 6 1 ^ x 6 4 , (7.4) 

for tF > 15 m m T2' = 0 . 1 4 3 3 ^ 9 0 3 5 x 6 4 , (7.5) 

(b) longitudinal fillet we lds connect ing the flat stiffeners to the base plate , we ld ing 
technology is G M A W - M , 

f2 = 0.3258x10"3<4x4Z>(#>-l) (7.6) 

aw = 0Ats, but aWmi„ = 4 m m 

(c) t ransversal fillet welds connect ing the intermit tent flat stiffeners to the 
cont inuous ones . 

N u m b e r of nodes is (<p -1)2, we ld ing technology is S M A W (Shielded meta l arc 

weld ing) 

T2 = 0 . 7 8 8 9 x 1 0 - 2 a l x A h s { ( p - \ ) 2 (7.7) 

The superficies to be painted is 

S = 2b2 +4b((p-l)hs (7.8) 

7.1.4 Des ign constraints 

7.1.4.1 Constraint on global buckling 

— < a u = a u

y p s , (7.9) 
A l + As 

where N is the compress ion force, 

A = btF+(<p-\)As, (7.10) 

b = (pa is the side length of the who le plate , a is the dis tance be tween stiffeners, tF is 

the th ickness of the b a s e plate , 

A, 
S s = - 7 - , (7-11) atF 

a u is the ul t imate global buckl ing strength of the who le , s imply suppor ted plate. It 

is calculated on the basis of the classic formula (Amer ican Pe t ro leum Insti tute 1987) 

a (7-12) 

" hb2 ' J 

h = tF + As/a, (7 .13) 

D1=D + EIx/a, (7.14) 
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Figure 7.1 Welded square plate with flat stiffeners 

D= E t ' F . =-^L , (7 .15) 
12/l-v2) 10.92 

Ix is the m o m e n t o f inertia of a cross-sect ion conta ining the flat stiffener and a strip 
o f the base plate of the wid th of a. The dis tance of the gravi ty center of this T-
sect ion is 

y ° = ^ r - u % > ( 7 1 6 ) 

_ hit, 4 + S 
L x ~ 12 \ + 5 s 

! - ' ^ Z Z ^ , (7 .17) 

As = hsts is the cross-sect ional area of a flat stiffener, hs is the he ight and ts is the 
th ickness o f a flat stiffener. 

Since the classic buckl ing strength formula does not take into account the effect of 
the initial imperfect ion and residual weld ing stresses, w e use a reduced buckl ing 
strength according to M i k a m i and N i w a me thod based on a reduced s lenderness 
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avlfy = 1 - 0 . 6 3 ( ^ - 0 . 3 ) , 

oulfy = \{0.% + X\)> 

for 

for 

for 

AR < 0 . 3 , 

0.3 < AR < 1, 

(7 .19) 

(7.20) 

(7.21) 

T h e factor of pP is in t roduced in order to take into considerat ion the local buckl ing 

of the base plate 

if a„D>a„, (7-22) PP = 1 

aUP <<ru, 
(7.23) 

aUP is the ul t imate local buckl ing strength of a base plate square field, wh ich is 
a s sumed to be s imply suppor ted and loaded by biaxial compress ion . The ul t imate 
s trength is calculated also by us ing a reduced s lenderness der ived from the classic 
buckl ing strength 

2n2E (u ^ 

f 1 0 . 9 2 / ; V a 
(7-24) 

h p — 
fy 

\ ° ' P e r J 

al tF 

4 0 . 1 9 * 
* = ( 2 3 5 / / , ) > ' (7-25) 

fy is the actual y ie ld stress in M P a . 

fy 

= 1 for A P < 0 .526 , (7 .26) 

'UP _ 

fy 

0 . 5 2 6 ^ for A P > 0.526- (7.27) 

7.1.4.2 Constraint on local buckling of flat stiffeners 
Accord ing to Eurocode 3 (2005) 

h s l t s < 1 4 * . (7.28) 

7.1.4.3 Distortion constraint 

In order to assure the quali ty of this type of we lded structures large deflections due 
to we ld shr inkage should b e avoided. It has been shown that the curvature of a b e a m 
like s tructure due to shr inkage of longi tudinal and t ransverse we lds can be calculated 
b y relat ively s imple formulae (Farkas and Jarmai 1997). The a l lowable max ima l 

whe re fy is the yield stress. N o t e that the me thod of this reduced s lenderness is used 
also in Eurocode 3 (2005) 

�� �� �� �� �� ��



Stiffened plates 117 

residual deformat ion f0 is prescr ibed b y des ign rules . For compress ion Eurocode 3 
(1992) prescr ibes f0 = M 0 0 0 , thus the distort ion constraint is defined as 

fmax = 1.5 C b2/% < f0 = b/l000. (7.29) 

Cons ider ing fillet we lds in t w o direct ions w e mul t ip ly wi th 1.5 instead of 2 , since 
the interruption of ribs and the residual plast ic zones decrease the deflection. 
T h e curvature for steel is 

C = 0 .844x l0" 3 QTyr/Ix, (7 .30) 

QT is the heat input for double fillet we ld 

QT =1.3x59.5<4 . (7 .31) 

In the case of a double fillet weld , w e mul t ip ly wi th 1.3 instead of 2 , a ssuming that 
the second weld is per formed after cool ing of the first one and its plast ic zone 
over laps the first one . yT is the we ld eccentr ici ty 

yT=yG~tF/l, (7 .32) 

yG and Ix are given by Eqs (7.16) and (7.17). 

7.1.4.4 Limitation of the number of spacings between the stiffeners 

Since the classic overal l buckl ing strength is calculated on the bas is of the theory of 
or thotropic pla tes , a l imitat ion of the n u m b e r o f spacings 

(p > 3 (7.33) 

should be introduced. 

7.1.5 Resul t s and conclus ions 

T h e results are g iven in Tables 7.1-7.2. M i n i m u m mater ia l cost and m i n i m u m total 
cost results for cont inuous des ign var iables can be found in Tab le 7.1 O p t i m u m 
discrete des ign var iables are g iven in Tab le 7.2. The opt ima are marked b y bold 
letters. 

Table 7.1 M i n i m u m materia l and total cost for cont inuous variables 

9 tf h KM[%\ *[$] 
3 18.7 19.8 5362 11603 
4 16.1 18.7 5000 11423 
5 14.5 18.0 4774 12714 
6 14.6 17.1 4951 13847 
7 15.5 16.4 5310 13695 

It can be seen that the o p t i m u m n u m b e r of spacings for m i n i m u m material cost 
differs from that for m i n i m u m w h o l e cost. T h e opt imal n u m b e r o f spacings 
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(stiffeners) is smaller for m i n i m u m w h o l e cost. This decrease is caused b y high 
fabrication costs . The cost differences be tween the best and wors t structural 
solut ions indicated in tables are 18-22%, thus , it is wor th us ing the opt imizat ion 
p rocedure . Both mathemat ica l opt imizat ion me thods have been efficient for this 
p rob lem. 

Table 7.2 M i n i m u m materia l and total cost for discrete variables 

<p tf KM[$] * m 
3 19 20 5476 11787 
4 17 19 5222 11905 
5 15 18 4907 12349 
6 16 17 5289 13087 
7 17 17 5795 14779 

W h e n <p is increases ts becomes smaller to reduce distort ion, tf is reduced wi th <p , 

but for larger <p it mus t compensa te the d iminishing ts. 

7.2 O P T I M U M D E S I G N A N D C O S T C O M P A R I S O N O F A W E L D E D 
P L A T E S T I F F E N E D O N O N E S I D E A N D A C E L L U L A R P L A T E B O T H 
L O A D E D B Y U N I A X I A L C O M P R E S S I O N 

7.2.1 Introduct ion 

Stiffened plate is one o f the mos t frequently used structural componen t in we lded 
structures. T w o types of stiffened pla tes can be constructed: p la te stiffened on one 
side (in the fol lowing briefly stiffened plate) and cellular plate (Figs 1 and 2). 
Cel lular pla tes have some advantages over stiffened ones as follows, (a) their 
torsional stiffness contr ibutes to the overal l buckl ing strength significantly, 
therefore, their d imens ions (height and thickness) can be smaller , (b) their symmet ry 
e l iminates the large residual we ld ing distort ions, wh ich can occur in stiffened plates 
due to shr inkage of eccentr ic we lds . 

In the present s tudy it is shown that the cellular plates can be cheaper than the 
stiffened ones . This e conomy is caused b y the advantage ment ioned above in (a) . 
The stiffened and cellular pla tes have the fol lowing structural characterist ics: 

—loads: uniaxial and biaxial compress ion , lateral loads , hydrostat ic load, static and 
dynamic (variable) forces; 

--material : normal or high-s t rength steel, a lumin ium al loys, fiber-reinforced plast ics 
(FRP) ; 

—stiffening topology: stiffening on one , two or more direct ions; 

—stiffener type: flat plate , ha lved rol led I-section, cold-formed L-shape , t rapezoidal ; 

- f a b r i c a t i o n technology: weld ing , bol t ing, r ivet ing, bond ing (FRP) . 

In the present s tudy the load is uniaxial compress ion , the stiffening is constructed 
wi th longi tudinal ha lved rolled I-section stiffeners, the mater ial is a higher-s t rength 
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steel with yield stress of 355 M P a , the fabrication t echno logy is weld ing (cont inuous 
longi tudinal fillet submerged a rc - S A W - welds ) . 

W e have developed a cost calculat ion me thod main ly for we lded structures (Farkas 
& Jarmai 1997, Jarmai & Farkas 1999, Farkas & Jarmai 2003) , b y wh ich it is 
poss ible to give a realistic cost compar i son of opt imized structural vers ions . The 
cost function includes the costs of mater ia l , assembly , weld ing , pos t -weld ing works 
and paint ing. 

The analysis and opt imizat ion of cellular pla tes have been first t reated in the 
doctoral dissertat ion of Farkas (1984, 1977). The large tors ional stiffness of cellular 
pla tes is demons t ra ted by deflection measuremen t s in a we lded steel cellular plate 
mode l and in a glued plexiglas model . A detai led literature survey is worked out for 
cellular plates in the book (Farkas & Jarmai 1997). T h e book (Farkas & Jarmai 
2003) conta ins s tudies on stiffened and cellular pla tes relat ing to hydrostat ic loads , 
ship deck pane ls , different k inds o f stiffeners, combina t ion of axial compress ion 
and lateral load. 

This s tudy is a part o f our sys temat ic research on economy of we lded structures. The 
e c o n o m y of some structural types is demons t ra ted b y the compar i son of m i n i m u m 
costs of different structural vers ions . Such a compar i son has been per formed for 
var ious k inds of stiffened cylindrical shells as wel l (see Chapter 8). 

7.2.2 Overal l buck l ing s trength of or thogonal ly stiffened uniaxial ly compressed 
plates 

T h e H u b e r ' s differential equat ion of uniaxial ly compressed or thotropic plates is 
g iven by 

Bxw" + 2Hw" + Byw + Nxw = 0 , (7 .34) 

w h e r e the pr ime (') and dot ( ) superscr ipts denote part ial der ivat ives wi th respect to 
x and>> respect ively. The cor responding bend ing and torsional stiffnesses are defined 
as 

B x = ^ , B v = ^ ; E l = - ^ , (7 .35) 
ay ax \-v~ 

for cellular pla tes in the calculat ion of Bxy and Byx the m o m e n t s of inertia Iy and Ix 

can be used, s ince the shear stresses act s imilar ly than the normal stresses due to 
bend ing as it is shown in F igure 7.2. 

B I V = ^ ; B v x = ^ , G = - r ^ - , (7 .36) 
Xy a y - y x a x - 2(\ + v) 

H = BXY + BYX + ^(BX + By)=-j (7.37) 
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for plates of quadrat ic symmet ry H = Bx = By , (7.37a) 

i.e. this calculat ion of the tors ional stiffness shows that it equals to the mean value o f 
bend ing stiffnesses. This fact is verified by a torsional test of a we lded steel cellular 
p la te . 

Fo r stiffened plates wi th open-sec t ion stiffeners = Byx - H » 0 • 

The solut ion o f Eq (7.34) yie lds the classic buckl ing formula for critical force of a 
s imply supported rectangular p la te 

N = «-
E K 

f b2 a2^ 
B x \ + 2H + B y ^ 2 

V ao Do J 
(7.38) 

Fo r a cellular p la te wi th longitudinal stiffeners only 

xy g xy 2 y 2 X 

For stiffened plates wi th longi tudinal r ibs only 

B y = 0 - N E = ^ . (7-40) 

7.2.3 Verif ication of the tors ional stiffness of cel lular plates 

7.2.3.1 Derivation of the fundamental differential equation of an orthotropic plate 
in the case of a uniform transverse load 

O n the basis o f the theory of pla tes (T imoshenko 1959), the relat ionships be tween 
the in-plane strains and the derivat ives of the t ransverse deflection w are as fol lows: 

s x = -zw", s y = -zw~, = -2zw-. (7 .41) 

T h e formulae for stress componen t s are 

ax = El(sx + vey)= -Exz{w + vw ) , (7 .42) 

ay = -Exz(w + w ) r v = -2Gw . (7 .43) 

T h e formulae for the bending and twis t ing m o m e n t s per uni t length are as follows: 

mx = \oxzdA = -Bx{w" + vw), (7 .44) 

m =-B (MT+VW), (7 .45) 
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,xy = \xxyzdA = 2Bxyw ,myx = -2Byxw . (7 .46) 

F r o m the equi l ibr ium equat ions of a plate e lement ( F i g . A l ) one obtains 

qx = « ; + = " + (2Byx + vB, ) w ] , (7 .47) 

qx+qxdx rrk+midx 
rriy+m'ydy qy+q-ydy 

Figure 7.2 Equilibrium of an orthotropic plate element 

q =m -mx 
\Byw +{2Bxy+vBy)w"], 

and qx+qy+P = 0. 

(7.48) 

(7.49) 

Insert ing Eq.(7 .47) and Eq.(7 .48) into Eq.(7 .49) yields the H u b e r ' s equat ion for 
or thotropic plates in the case of a uni form t ransverse load 

Bxw" + 2Hw + Byw = p, 

w h e r e H = B^ + Byx + V-(bx + By), 

is the torsional stiffness of an or thotropic plate (Farkas 1976). 

(7 .50) 

(7.51) 

7.2.3.2 Verification of the torsional stiffness by a torsional test on a welded steel 
cellular plate model 

T h e torsional stiffness of a n anisot ropic pla te can b e exper imenta l ly de te rmined by 
measur ing the deflection o f the free corner of a quadrat ic plate suppor ted at four 
corners (Fig. 7.3). For this purpose a we lded steel cel lular plate mode l has been used 
(Fig. 7.4) (Farkas 1974). 
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The c o m e r deflection can be der ived as follows. Us ing a force F act ing on the free 
corner , the specific torsional m o m e n t in one direct ion is = -FI2. In the case o f 
quadrat ic symmet ry the torsional stiffness Eq. (7 .50) is 

H = 2Bxy+vBx, (7 .51) 

and from Eq. (7.51) one obtains 

Figure 7.3. (a) A quadratic plate supported at four corners, (b) torsional moments acting on a side, (c) 
shear stresses in a cellular plate due to torsion 

2Bxy=H-vBx. (7.52) 

O u r a im is to verify that the torsional stiffness o f a cellular plate equals to its 
bending stiffness i.e. H = Bx as it is calculated us ing formulae of Eq. (7 .37) and 
(7.37a) . In this case Eq. (7.46) can be wri t ten as 

or w" = -

= H(\-v)w =-FI2, 

F 

2H(\-v)' 

Integrat ing Eq. (7.54) two t imes and us ing the boundary condi t ions 

(7.53) 

(7.54) 
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M(x = y = b/2)=0,w{x = y = -b/2)=0,w[x = -y = b/2)=0, (7 .55) 

one obtains 

w = — 
2/7(1 - v) 

b b b 2 \ 
XV H X V -

2 2 4 
(7.56) 

Figure 7.4 Dimensions of the welded steel cellular plate model 

The deflection due to bending of the point x = y = -b/2 is 

Fb2 

* m a x 2H(l-v)' 

and the who le deflection cons ider ing also the shear deflect ion is 

Fb2 Fb 

2H(\-v) 2AWG 

where Aw is the cross-sect ional area of a stiffener w e b . If wm 

torsional stiffness can be calculated from Eq. (7 .58) as 

/ / = 
Fb2 

(7.57) 

(7.58) 

is measured , the 

(7.59) 

F 

w 
max 
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The deflection due to a force F = 4 0 k N was wmax = 12.94 m m , b = 1400 m m , wq = 
1.17 m m , from Eq. (7.59) one obtains H= 4 . 7 6 x l 0 9 N m m . Since the stresses in the 
plate due to F = 40 k N are small , it is not necessary to consider an effective plate 
wid th for the deck plates . 

The m o m e n t of inertia of a stiffener is 

3 x 1 0 0 J 

12 
+ 2 x l 5 0 x 5 1 . 5 2 = 1 . 0 4 5 7 x l 0 6 m m 4 . 

The value of H obtained from measu remen t can be compared to the fol lowing 
bending stiffness 

B„ =E\ 
a 2(l - v 2 ) 

= 2.1x10-
1.0457x10" 3x109 

+ 
2 A 

350 0.91x2 
4 .74x10" N m m . 

It can be seen that the measured tors ional stiffness equals to the calculated bending 
stiffness, thus , it is verified that the tors ional stiffness of a cellular plate equals to its 
bending stiffness. Therefore , a cellular p la te can be calculated as an isotropic one . 

7.2.4 The plate stiffened on one side by longitudinal stiffeners (Fig.7.5) 

Overall buckling constraint according to D N V (1995) 

Effective cross-sect ional area 

A G = ^ L + b t f + s e t , S =A. 
2 1 n 

Effective plate wid th for global p la te buckl ing according to D N V (1995) 

(7.60) 

^ 0 0 8 ^ 

P P2 

(7.61) 

p = 1 . LL if p > l , 
/ V E 

(7.62) 

0 = 1 

N 

n Ae 

fy\ 

-<a. 

if P < 1 , 

_ fyl 
f =12-, 

y l i-i 

NEs 

(7.63) 

(7.64) 

s 

4 
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The dis tance of the gravi ty centre G 

A. 

h,t.. 
— + -

v 4 2 y 

+ bt, 
h,+t-t, 

T h e m o m e n t of inertia 

Iy=setzG+^- + 2 , V * . M J * L + ' + b 

h +t-t, 

96 2 1,4 2 

Constraint on stiffener inducedfailure according to D N V (1995) 

* e , = ( 1 . 1 - 0 . 1 / 7 > y , 

but 5 E U M A X = 1 

y\ e\ Gl 2 
— + z r 

4 2 c 

Iyn=btf 

h + t - t , \ 2 

K 2 E I 

Aeia0 

where 

h,t b3tf 

A w = - ^ , A f = b t f , A v , = Aw + 3 A f , I , = - ^ 

Xj — fy 
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(7.65) 

- z G • (7 .66) 
J 

5) 

(7.67) 

(7 .68) 

(7.69) 

(7.70) 

(7 .71) 

(7.72) 

A » + A f — / \ 2 , 

UJ ^( 2 0 3x2.6n2EIz 

°ET = " 2 ' 

i °'ET 

(7.73) 

(7.74) 
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fy\ 

(j>T 

,<j)T = 0.5(l + jUT + 

HT = 0 . 0 0 7 ( ^ - 0 . 6 ) , 

A? — 

(7.75) 

(7.76) 

(7.77) 

whe re 

The constraint is formulated as 

N 
——<a G k 

nAA~ acr t + Jf-A] ' 

(7.78) 

(7.79) 

Figure 7.5 A plate longitudinally stiffened on one side 

<Jk - <JT if XT > 0 .6 . 
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where 

0 = 0.5(1 + ^ + 4) 
8z,A. L if AT < 0 . 6 , 

238ztAel if AT > 0.6, 

8 = 0 .00155 , , 

Z , = ZGyl + • 
f 

The fabrication constraint is expressed as 

s - 6 > 3 0 0 m m . 

The cost function includes the cost of mater ial and we ld ing 

K = KM + KW , 

KM = kupV,kM = \%lkg,p = 7.85xl0"6 kg I mm' 

V = a0b0t + (n - l)a0 

hj.. 
+ btt 

KW = kw[0^npT + 1.3Ca*(» - l ) 2 a 0 ] , 

whe re 

(7.80) 

(7.81) 

(7.82) 

(7.83) 

(7.84) 

(7.85) 

(7.86) 

(7.87) 

(7 .88) 

0 = 2,kw = \M/min,aw = 0 . 4 / w , C = 0 .3394x10 3 min/mm3. 

T h e u n k n o w n s are as follows: h, n and 

T h e other d imens ions of a ha lved rol led I-section are expressed b y the ma in height h 
accord ing to (Table Curve 2003) (see Append ix C, Eqs C1-C3) . 

T h e discrete values of h are according to (Profil Arbed 2001) as fol lows: 152.4, 
177.8, 203 .2 , 257 .2 , 308 .7 , 353.4 , 403 .2 , 454 .6 , 5 3 3 . 1 , 607 .6 , 683 .5 , 762 .2 , 840.7 , 
910 .4 m m . 

7.2.5 T h e longitudinal ly stiffened cel lular plate (Fig.7.6) 

T h e buckl ing constraint is g iven by 

N - < * = ^ 
— rrr 

n c A e c 

(7.89) 

2 
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where 

Figure 7.6 A cellular plate with longitudinal stiffeners 
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K J ^ E Z , (7.94) 

•sic i - v 

us ing Eqs (7.35) and (7.39) 

_Eltc(he+2tJ _ ^ + ^ , (7 .95) 
8 ' c 2 2 

T h e dis tance o f the gravi ty centre is 

1 T (h \ h,t (h, t \ (K+tc-tfc^ „ „ n 
zGc = — - ^ + r c _ = - + - - + Z>cf - - f - , (7-96) 

and the m o m e n t of inertia is expressed as 

(h Y h]t 
he = SejAc + SeJc ~ + K ~ ^ Gc + + 

V 2 J 9 6 

+ V-(X L +i £ ._ z [ K ^ - t j , Y ( 7 9 7 ) 

2 ^ 4 2 ; K 1 J 

The fabrication constraint is g iven b y 

s c - 6 c > 3 0 0 m m . (7.98) 

The cost function includes the mater ia l and fabrication costs as fol lows: 
Kc — KMc + Kwc, (7.99) 

w h e r e 

KMc = kMpVc,Vc = 2a0b0tc + a0{nc - 1 ^ - ^ + bctfc J, (7 .100) 

KWc = k j ^ j n ^ +\.3Calx2(nc-\)ac\+kJ\pJ\ncpVc + l.3Ca2

wc2nca0}, (7 .101) 

awl = 0A'wcawc = °-5tc>aw\mm = 3 m m • 

The u n k n o w n s are as fol lows: nc, hc, tc. 

7.2.6 N u m e r i c a l data 

b0 = 8000 , a0 = 2 4 0 0 0 m m , N = 3 x l 0 7 [N],fy = 355 M P a , E = 2 . 1 x l 0 5 M P a . 
R a n g e s of var iables are as fol lows: t = 4 - 4 0 m m , h = 152.4 - 910 .4 m m , the 
m a x i m u m va lue of n is g iven by the fabrication constraint (Eq.7 .84 or 7.98 ) 
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b + 3 0 0 

The nmax values are g iven in the Table 7.3. 

Table 7.3 nmax- va lues for rol led I-sect ions - d imens ions in m m 

(7.102) 

h 353.4 403.2 454.6 533.1 607.6 683.5 762.2 840.7 910.4 1008.1 
b 126.0 142.2 152.9 209.3 228.2 253.7 266.7 292.4 304.1 302.1 
n 18 18 17 15 15 14 14 13 13 13 

7.2.7 M i n i m u m cost des ign of the stiffened plate 

The opt imal values o f u n k n o w n s are sought , wh ich min imize the cost K and fulfil 
the design and fabrication constraints . In the ranges defined above it is easy to find 
these values by a systematic search. T h e fol lowing tables show the details o f this 
search. 

Table 7.4 Cost for h = 1008 .1 , constraint on stiffener fai lure 

n t mm constraint MPa K $ 
13 9 87.4<87.8 82930 
12 10 9 K 9 2 78700 
11 11 96<96.6 70470 
10 12 100.6<100.8 70230 
9 14 103<106 67530 
8 15 109<110 63300 
7 17 113<113.9 60580 
6 20 114<116 59390 
5 23 115.8<115.9 58190 
4 29 108.3<108.8 61540 
3 43 84.K84.6 77000 

Table 7.5 Cost Kiorh = 910 .4 m m 

n t [mm] constraint [MPa] 
13 26 76<78 83330 
12 27 78<79 81220 
11 29 77<78 80650 
10 31 77<78 80070 
9 34 76<77 81000 
8 37 73.9<74.1 81930 

Table 7.6 Cost K for h = 840.7 m m 

n t [mm] constraint [MPa] K[$] 
13 34 69<70 89650 
12 36 69.0<69.4 89560 
11 39 67.2<67.9 90990 
10 42 65.5<65.7 92420 

bn 
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F r o m these Tables it is clear that the op t imum is h = 1008.1 m m , n = 5 and K = 
58190 $. 

7.2.8 M i n i m u m cost des ign o f the cel lular p late 

Similar sys temat ic search can be per formed for the cellular p la te . The results are 
summar ized in Tab le 7.7. It should b e men t ioned that, for h< 403 .2 m m the 
fabrication constraint of awl > 3mm is govern ing instead of awl = 0 . 4 / w C . 

Table 7.7 O p t i m u m va lues o f nc a n d t c ( m m ) as we l l as the m i n i m u m cost for 
different va lues of hc ( m m ) . T h e o p t i m u m is m a r k e d b y bo ld letters 

hc nc tc constraint [MPa] KC r$i 
152.4 19 7 286<292 32360 
177.8 18 7 2 9 K 3 0 4 32580 
203.2 16 7 307<312 32740 
257.2 16 7 307<318 32750 
308.7 19 6 310<319 31460 
353.4 17 6 305<320 32400 
403.2 18 5 320.6<321.2 31040 
454.6 16 5 308<321 32470 
533.1 13 4 317<321 32140 
607.6 11 4 317<322 32320 
683.5 10 4 2 9 K 3 2 2 34340 

7.2.9 C o m p a r i s o n of the stiffened and the cel lular plate 

It can be seen from Tables 7.4, 7.5, 7.6 and 7.7 that the m i n i m u m cost for the 
stiffened plate is Kmin = 58190 $ and for the cellular plate is KCmi„ = 3 1 0 4 0 $, i.e. the 
cel lular vers ion is 4 6 % cheaper than the stiffened one . T h i s great difference is 
caused b y the different torsional stiffnesses o f the two structural types , wh ich al lows 
for the cellular plate to use m u c h more smal ler plate th ickness and smal ler stiffeners 
than for the plate stiffened on one side. 

7.3 E C O N O M I C O R T H O G O N A L L Y W E L D E D S T I F F E N I N G O F A 
U N I A X I A L L Y C O M P R E S S E D S T E E L P L A T E 

7.3.1 Introduct ion 

The main requi rements of a m o d e r n engineer ing structure are the safety, fitness for 
product ion and economy. In the op t imum design process the safety and producibi l i ty 
are fulfilled by des ign and fabrication constra ints as wel l as the e c o n o m y is ach ieved 
by the minimiza t ion of a cost function. 

W e have developed a cost calculat ion method mainly for we lded structures, thus , w e 
are able to de termine the e c o n o m y of a structural vers ion and to compare the costs 
o f these vers ions to each other (Farkas & Jarmai 2003) . Welded stiffened plates are 
appl ied in m a n y steel s tructures. O u r a im is to de termine the mos t economic 
stiffening of a uniaxia l ly compressed plate. O u r structural mode l is a rectangular 
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steel p la te wi th s imply suppor ted edges , stiffened or thogonal ly by ha lved rol led I-
section stiffeners we lded to the base plate by double fillet we lds . 

In our other s tudy w e have compared the costs o f a plate stiffened on one side and a 
cellular p la te both stiffened longi tudinal ly and loaded by uniaxial compress ion 
(Farkas & Jarmai 2006) . Economic stiffening has been de te rmined for an 
or thogonal ly stiffened pla te loaded by bending (Jarmai et al. 2006) . 
In the opt imizat ion process the base plate th ickness , as wel l as the n u m b e r and 
height o f stiffeners in bo th direct ions are sought , wh ich fulfil the buckl ing 
constraints and min imize the cost function. 

The appl ied mathemat ica l me thod is the part icle swarm algori thm. T h e classic 
buckl ing stress is derived from the H u b e r ' s differential equat ion (T imoshenko & 
Gere 1961). This stress is modif ied taking into account the effect of residual weld ing 
stresses and initial imperfect ions. 

The cost function includes the material and fabrication (weld ing and pain t ing) costs 
and is formulated according to the fabrication sequence . A series of rolled I-section 
stiffeners is selected according to the A R C E L O R cata logue (Sales P rog ram 2007) . 
The flange width and th ickness , as wel l as the w e b th ickness are expressed by the 
section height us ing approximate formulae (see Append ix ) , thus , in the opt imizat ion 
only five u n k n o w n s should be determined. 

7.3.2 P r o b l e m formulat ion 

Determine the economic or thogonal stiffening of a rectangular plate wi th given ma in 
d imens ions ao and bo, subject to a uniformly distr ibuted uniaxial compress ion o f 
intensity Nx (Figure 7.7), wh ich fulfils the design and fabrication constraints and 
minimizes the cost function. Ha lved rol led I-section stiffeners are we lded to the base 
plate by double fillet we lds . 

Numer ica l data (Figure 7.7): a0 = 24000 , b0 = 8000 m m , Nx = 3 x l 0 7 [N] , steel yield 
stress fy = 355 M P a , elastic modu lus E = 2 . 1 x l 0 5 M P a , shear modu lus G = 0 . 8x10 s , 
densi ty p = 7 .85x l0" 6 k g / m m 3 , selected rol led I-sections U B profiles. 

U n k n o w n s to be opt imized: base plate th ickness t, sizes and n u m b e r of stiffeners in 
bo th direct ions: hy, hx, ny, nx. Ranges of u n k n o w n s : 4 < t < 20 m m , 152 < h < 1016 
m m , 4<n<nmax, nmax are de termined by the fol lowing fabrication constraints: 

The other d imens ions of a ha lved rol led I-section are given by approximate 
functions of h in Append ix C, Eqs C 1 - C 3 . 

— -b > 3 0 0 m m , 
n y 

— -bx > 3 0 0 m m . (7.103) 

k = h - 2 t 
f • 

T h e discrete values of h are as fol lows: 152.4, 177.8, 203 .2 , 257 .2 , 308 .7 , 353.4 , 
403 .2 , 454 .6 , 533 .1 , 607.6 , 683 .5 , 762.2 , 840.7 , 910.4 , 1016 m m . 
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7.3.3 Geometr i c characterist ics of stiffeners 

Effective cross-sect ional areas (i = x,y) 

KK (7 .104) 

Effective pla te wid ths in t w o direct ions for global p la te buckl ing according to D N V 
(Det N o r s k e Veri tas 1995) 

Sey = 
' l . 8 0 . 8 ^ 

yPy ~ Pi j 

RLS _ 0 8 A 

A ~ Pi j 
(7.105) 

(7.106a) 

i f Py<U 

The m a x i m u m values of n, is g iven by the fabrication constraints Eq . (7 .103) . 
The nmax va lues are g iven in the Table 7.3. 
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B =^L.^L if Px>\, 
" t V E 

0x=l if ftx<\. 

The dis tances o f the gravi ty centres G ; 

T h e m o m e n t s of inertia 

(7 .106b) 

96 2 1 4 2 

The bend ing stiffnesses 

x > ^ y 

S S 
y * 

(7 .107) 

(7.108) 

(7 .109) 

7.3.4 Des ign constraints 

Overall buckling constraint according to D N V (Det Nor ske Veri tas 1995) 

fy\ ^ _ fy Nx 

a = < oc 
"yAey 

f - zJL 

Vl + A 4 

1 _ rr - N * S y N - K 

V A K 

2 ( b2 ,2 \ 

V AO BO J 

(7.110) 

(7 .111) 

It can be seen from the load-carrying capaci ty formula NE that, w h e n ao>b0, to have 
a larger NE, Bx (hx) should b e larger than By (hy). 

Constraint on stiffener inducedfailure according to D N V (1995) 

^ , = ( 1 . 1 - 0 . (7 .112) 

but Sey\ m a x 1 

A ey\ 2 
+ btf + Seylf , 

r* + 
btf 

2Avl 

r* + 
2 , 1 

2 ^ , 
-(A. +t-tf) 

(7.113) 

(7.114) 

/,.=SJZI +

 h^+

hMh^+L-zJ+BITFI { H > + T - { F _ Z A T. 
' 96 2 ^ 4 2

 G' J ' f'{ 2 G ' y 

ZG}<1 
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Iy\ ~ SEY\^ZGYL + 2 AkmJ \ ^ t 
9 6 + " 2 

— + — z, 
4 2 

Gyl Y\\ ' 

h + t - t , \ 2 

'GYL 

K1E1 
E x A ?2 

(7 CT " 

FT \ 

r2t, * 3x2.67i1 EI z 

A„f$l 

w h e r e 

h,t b3tf 

Aw=-^,Af=bt,,A^=Aw+3A,,I,=-^-

fyl 

4>t + V^r 

^ r = 0.007(/t r - 0.6) , 

= 0.5(l + juT + X2

T), 

where 

ak=fy if 2 ^ 0 . 6 , 

o-k=aT if A r > 0 . 6 . 

The constraint is formulated as 

cr, = — < c r = or. 

"yAeyl ^ (f> + ^ 2 -4 ' 
where 

^ = 0.5(l + / / + A 2 ; ) , 
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2 

(7.115) 

(7 .116) 

(7.117) 

(7 .118) 

(7 .119) 

(7.120) 

(7 .121) 

(7.122) 

(7.123) 

(7.124) 

(7.125) 
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SzAyl 
M = ~ if AT < 0 . 6 , 

'y\ 

ju = — if AT > 0 . 6 , 
7 v l 

S = 0.00l5sx, 

Z , = ZGyl + y • 

(7.126) 

(7 .127) 

(7.128) 

7.3.5 Cost function 

T h e cost function includes the cost of mater ia l , assembly , we ld ing as wel l as 
paint ing and is formulated according to the fabrication sequence . 
T h e cost of mater ial 

KM=kMpV2;kM=\.Q $/kg. (7 .129) 

We ld ing of the base plate from butt welds (3 in direct ion o f a0 and 3 in direct ion of 
b0) ( S A W - submerged arc weld ing) (Farkas & Jarmai 2003) 

The fabrication cost factor is taken as kF = 1.0 $/min, the factor of complexi ty of the 
assembly 0 W = 2 : 

K0=kF[@wJ\6pV0+l3Cwtn(3a0+3b0)], (7 .130) 

V0 = aobot, (7 .131) 

f o r r < l l Cw = 0 . 1 3 4 6 x l 0 " 3 ; « = 2 , (7 .132a) 

for r > l l Cw = 0 . 1 0 3 3 x 1 0 " 3 ; » = 1 .904 . (7 .132b) 

We ld ing («. r - l) stiffeners to the base plate in y direct ion wi th double fillet we lds 
( G M A W - C - gas metal arc we ld ing wi th C 0 2 ) : 

Kwl=kF[®„JnxPV, + 1 . 3 x 0 . 3 3 9 4 x l 0 " 5 a l , 2 b 0 { n x - 1 % (7 .133) 

aWx = 0.4 twx but a w x m i n = 3 m m , 

K , = f l 0 V + ( ^ + V A } . ( » , - ! ) ( 7 - 1 3 4 ) 

Weld ing of (ny - 1) stiffeners to the base plate in x direction wi th double fillet welds . 
These stiffeners should be interrupted and welded with fillet we lds to the stiffeners 
in the y direction. 
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Klr2=kF[&fyyj{nynx-nx+l)pV2 + 1.3x0.3394x1 (T 3 aly2a0(ny-\)+Tx\ (7 .135) 

Tx = 1 . 3 x 0 . 3 3 9 4 x l 0 " 3 < 4 ( « y - \ \ n x - l f ^ + by (7 .136) 

cr ̂  = 0.4 twy but a ^ r t = 3 m m , 

V2=V1 + + V* *«(«,-0- ( 7 - 1 3 7 ) 
V 

Paint ing 

KP = kp0PSP, kP = 14 .4x l0" 6 $ / m m 2 , 0 P = 2. (7 .138) 

Surface to b e pain ted 

SP = 2a0b0 + a0 (ny- \){hly + 2by) + b„ {nx- \){hlx + 2bx). (7 .139) 

T h e total cost 

K = KM + K0 + KW1+KW2+KP, (7 .140) 

7.3.6 Opt imizat ion and results 

The opt imizat ion is per formed by us ing the Part icle S w a r m Opt imiza t ion a lgor i thm 
(Kennedy & Eberhard t 1995, Jarmai 2005) . 

T h e op t ima of u n k n o w n s are as follows. 

hy = 353 .4 , hx = 5 3 3 . 1 , t = 12 m m , ny = 14, nx = 5. The constraints are fulfilled, since 
rj = 292 < r j c r = 299 M P a and <rs = 230 < r j a c r = 243 M P a . The m i n i m u m cost is K = 
51087 $. 

It should be men t ioned that the calculat ion of the critical buckl ing stress (Eqs 7.110, 
7.111) according to D N V (1995) takes into account the effect of residual we ld ing 
stresses and distort ions. T h e considered measure of we ld ing distort ion is about 
L /1000 whe re L is the span length. This distort ion can be approximate ly calculated 
us ing our formulae publ i shed earlier (Farkas & Jarmai 1998). 

For the o p t i m u m solut ion wi th fillet we ld size aw = 4 m m , for double fillet we lds 
taking a factor of 1.5: QT = 1.5x59.5^, = 1428 J /mm, z-Gx = 1 0 0 . 3 6 - 6 = 94.36 m m , 

Ix = 1.658x10 8 m m 4 , Z>0 = 8 0 0 0 m m , 

C = ° - 8 4 4 * 1 ( r 3 g ^ = 0 .6859x10- 1/mm, / = «L = 5 . 5 < 8 = A_. 
/ 8 1000 

Thus , the calculat ion of the critical buckl ing stress gives safe va lues . 
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7.3.1 Conc lus ions 

Orthogonal ly stiffened pla tes are important e lements of we lded structures, thus their 
m i n i m u m cost design influences the e c o n o m y of these structures significantly. The 
basic formula for overal l buckl ing strength shows that the t ransverse stiffening 
increases the pla te strength in a greater measure . 

In the opt imizat ion process the height and number of halved rol led I-sect ion 
stiffeners as wel l as the base plate th ickness is sought , wh ich fulfil the des ign 
constraints and min imize the cost function. Both the global buckl ing and the 
stiffener induced failure constraints are active. 

T h e part icle swarm algor i thm has been p roved to be efficient in finding the opt ima. 

A n approximate calculat ion shows that the deflections caused b y the shr inkage of 
longitudinal we lds are smal ler than the deflection taking into account as initial 
imperfect ions in the buckl ing strength formulae. 

7.4 E C O N O M I C W E L D E D S T I F F E N I N G O F A S T E E L P L A T E L O A D E D 
B Y B E N D I N G 

7.4.1 Introduct ion 

In the present s tudy a s imply suppor ted rectangular plate is chosen wi th or thogonal 
stiffening, subject to a uni formly distr ibuted normal load, stiffeners o f halves rol led 
I-section are we lded to the base plate on one side wi th double fillet we lds . 

The main point of a structural opt imizat ion procedure is the select ion of variables 
from the structural characteris t ics , wi th the change of wh ich the mos t suitable 
structural vers ion can b e found. Des ign constraints relate to the m a x i m u m deflection 
and stresses in the base pla te as wel l as in stiffeners. Fabr icat ion constraints express 
the need for the free space be tween stiffener flanges to guarantee suitable p lace for 
we ld ing of stiffeners to the base plate . 

F rom the large amoun t of publ ica t ions relat ing to the s trength and design of 
stiffened plates w e ment ion only the fol lowing: M i k a m i and N i w a (1996-1997) have 
given a design me thod for or thogonal ly stiffened uniaxial ly compressed plates 
consider ing the effect of residual weld ing stresses and initial imperfect ions. Stability 
p rob lems have been invest igated b y Grond in (1999) and Fuj ikubo (1999) . Des ign of 
ship panels has been deal t wi th by Paik ( 2 0 0 1 , 2003) . Some op t imum design 
p rob lems are worked out by authors in the book (Farkas & Jarmai 2003) . 

Our special ty is the use of a cost function, for wh ich the realistic data are collected 
from literature and industry. Our book (Farkas & Jarmai 2003 ) contains p rob lems of 
finding economic structural vers ions by minimiza t ion of a cost function. The cost 
function contains the cost of mater ia l , assembly , we ld ing and paint ing. Since the 
functions are h ighly nonlinear , special effective mathemat ica l me thods should be 
used to perform the constra ined function minimizat ion. Because of the complex i ty 
o f p rob lems only numer ica l t rea tments is poss ible to w o r k out. Therefore, the 
conclus ions cannot be general . In spite of this the conclusions can help designers to 
find suitable structural vers ions . 
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Figure 7.8 Orthogonally stiffened plate subject to a uniformly distributed normal load. Halved rolled I-
section stiffeners are used in both directions 

7 .4 .2 P r o b l e m formulat ion 

Dete rmine the economic or thogonal stiffening of a rec tangular plate wi th given main 
d imens ions a0 and b0, subject to a uni formly distr ibuted normal load of intensi ty p0 

(Figure 7.8), wh ich fulfils the des ign and fabrication constraints and min imizes the 
cost function. Ha lved rol led I-section stiffeners are we lded to the base pla te b y 
double fillet we lds . 

Numer i ca l data (Figure \): a0 = 9000 , b0 = 9000 - 18000 mm,p0 = 0.01 M P a , steel 
y ie ld stress fy = 355 M P a , elastic m o d u l u s E = 2 . 1 x l 0 5 M P a , densi ty p = 7 .85x l0" 6 

k g / m m 3 , selected rol led I-sections U B profiles (see Append ix ). 

U n k n o w n s to be opt imized: base plate th ickness t, s izes and n u m b e r of stiffeners in 
both direct ions: hy, hx, ny, nx. Ranges o f u n k n o w n s : 4 < t < 2 0 m m , 152 < h < 1016 
m m , 4<n<nmax, nmax are de te rmined by the fol lowing fabrication constraints : 

^ - - b > 300 m m , - > 300 m m . (7.141) 

7 .4 .3 Geometr i c characterist ics of stiffeners 

The sizes of the ha lved rol led I-sections U B profiles are calculated according to the 
size of h in Append ix C, Eqs C 1 - C 3 . 
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Effective cross-sect ional areas (i = x, y) 

A e i = ^ + b , t j l + s J , s y = ^ , s x = ^ ; s E = 1.9/ [f 
2 ny nx \fy 

w h e n s E < S i s e i = s E , 

w h e n sE>Sj s e i = Sj. 

N o t e that the formula o f sE is given by E C C S rules (1988) 

The dis tances of the gravi ty centre G 

_K+t+tfl 

z g i \ - z< 

The momen t s of inertia 

The bending stiffnesses 

B = ^ ; B = ^ 
x ' v 

s y s * 

It should be noted that the torsional stiffnesses for open sect ion ribs are 
and can be neglected w h e n the or thotropic plate theory is used. 

7.4.4 Des ign constraints 

7.4.4.1 Limitation of stresses in the base plate 

stresses from the bending of the whole stiffened pla te 

° " * m a x = C x P a 0 Z G y 
B, 

y m a x y 
C y P a 0 Z G x 

E 

BXBY 

stresses from the local bending o f a base plate field wi th c lamped edges 

o > = 6 c ^ 0 5 2

L I N / / 2 , 

(7 .142) 

(7.143) 

(7.144) 

. (7 .145) 

(7 .146) 

re very small 

(7 .147) 

(7.148) 

(7 .149) 

(7 .150) 

-, hit • ht (h- t Y (hi + t-t* \2 

• e ' G ' 96 2 ^ 4 2
 G' J ' J'{ 2 G ' y 
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isx,sy). (7 .151) 

The factors of and cfy are given in function of i m a x / ^ m i n hi the Append ix B 

where 

• W = m a x (sx, sy). (7 .152) 

The stress constraint is defined by 

ar = \o\+cr\-op2<f^fy^fyl\A, (7 .153) 

whe re 

^ i ^ ^ + ff/,. (7-154) 

°2=(Jymax+°fy- (1A55) 

7.4.4.2 Limitation of stress in stiffeners 

2 E 

m a x = CxS P a 0 ZGyl D ^ fy\ , (7-1 56) 

E 

< T y , m = C y , P a O Z G x l ^ fyl • (7-157) 
B * B y 

N o t e that the local buckl ing of base plate fields is l imited by considerat ion of the 
effective wid th sE. 

1.4 A3 Limitation of maximum deflection 

In the intensity of load the effect o f self mass is considered: 

P = Po + P ° V , 2 ;p0 = 7 . 8 5 x 1 ( T 5 N / m m 3 , (7 .159) 
°obo 

K1=flDv + -.k-i(*"2

/"+V*) (7-160> 

V 2 = V x + b 0 { n x - ^ K ' - +bxtjxy (7 .161) 

The factors of cx, c „ cxs, cvs and cw can be calculated in function of 
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(7.162) 

accord ing to Schade (1941) w h o has g iven d iagrams as a result of the solut ion of the 
differential equat ion for or thotropic plates (Farkas 1983). These d iagrams can be 
approximated by formulae given in Append ix A. 

7.4.5 Cost function 

The cost function includes the cost of mater ia l , assembly , we ld ing and paint ing and 
is formulated accord ing to the fabrication sequence . 

The cost of mater ial 

Ku=kuPV2;ku=\Xi$l)sg. (7 .163) 

Weld ing of the base plate from butt we lds (one in direct ion of a0 and 5 in direct ion 
of b0) ( S A W - submerged arc weld ing) (Farkas & Jarmai 2003) : 

The fabrication cost factor is taken as kF - 1.0 $/min, the factor of complex i ty of the 
assembly & w = 2 : 

K0=kF 0wj!\2pVo +l.3Cwt"{a0+5b0)], (7 .164) 

Vo = aobot, (7 .165) 

f o r / < l l Cw = 0 . 1 3 4 6 x l 0 ~ 3 ; « = 2 , (7 .166a) 

for Cw = 0 . 1 0 3 3 x 1 0 ~ 3 ; n = 1 .904 . (7 .166b) 

Weld ing (nv-l) stiffeners to the base plate in x direct ion wi th double fillet welds 
( G M A W - C - gas meta l arc weld ing wi th C 0 2 ) : 

Kwl=kF[®w^nypVl + 1 . 3 x 0 . 3 3 9 4 x l 0 ~ 3 < 2 a 0 ( n y - l ) ] , (7 .167) 

awy = 0.4 tyy but a^ymi,, = 3 m m . 

Weld ing o f (nx - 1) stiffeners to the base plate in v direct ion wi th doub le fillet we lds . 
These stiffeners should be interrupted and we lded with fillet we lds to the stiffeners 
in the x direction. 

KW2 =kF[@wyj{nynx-nv+\)pV2 + 1.3x0.3394x10 3 al 2b0{nx - l ) + Tx ] , (7 .168) 

f, = 1 . 3 x 0 . 3 3 9 4 x l 0 - 3 a l 4 ( n > , - \ \ n x + b x j, (7 .169) 

aWx = 0.4 twx but awxmin = 3 m m . 

Paint ing 
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Table 7.8 T h e o p t i m u m sizes in m m of the stiffened plate in the function o f the 
length of the plate b0 

bo a0 K K t nv nx *[$] 
9000 9000 610 610 10 4 4 18037.5 
12000 9000 914 152 7 4 8 21529.4 
15000 9000 914 152 8 4 7 25969.3 
18000 9000 914 152 9 4 7 31217.3 

7.4.7 Conc lus ions 

T h e analys is and opt imiza t ion o f an or thogonal ly stiffened p la te is s h o w n subject t o 
uniformly dis t r ibuted normal load. The stiffeners are halved rolled I-sections in both 
direct ions. T h e design constraints relate to the l imitat ion of deflection and stresses in 
the base plate and in the stiffeners. Fabr ica t ion constraints express the l imitat ion of 
number s of stiffeners to m a k e it poss ible to weld the stiffeners to the base pla te by 
double fdlet welds . For the calculat ion of s tresses the Schade d iagrams are used 
based on the or thotropic pla te theory. 

Kp=kp0PSp, (7 .170) 

kP = 1 4 . 4 x l 0 - 6 $ / m m 2 , 0 P = 2 . 

Surface to be pain ted 

SP = 2 a A + a0 (ny - 1 + 2by) + b0 (nx - 1 )(hlx + 2bx). (7 .171) 

T h e total cost 

K = KM + K0 + Kwl + Kw2 + Kp. (7 .172) 

7.4.6 Opt imizat ion a n d results 

In the numer ica l example w e have kept a0 constant and change the va lue of b0 to 
de termine the o p t i m u m sizes and n u m b e r stiffeners for the stiffened plate . 

b0 = 9000 - 18000 m m , a0 = 9000 mm,p0 = 0.01 N / m m 2 , y ie ld stress fy = 355 M P a , 
Y o u n g modulus E = 2 1 0 0 0 0 M P a . 

Size l imitat ions 

152 < xx < 1016 m m , 

152 < x2< 1016 m m , 

4 < x 3 = r < 20 m m , 

4 < x 4 = « y < s e e E q . ( 7 . 1 4 1 ) , 

4 < x5 = nx < s e e E q . ( 7 . 1 4 1 ) . 

Resul ts are shown in Table 7.8. 
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The effective plate wid th sE is calculated according to design rules o f E C C S (1988) . 

(7 .173) 

hie - h e - 2tfe . 

The dis tances of the gravi ty centre G e 

(7.174) 

(7.175) 

The cost function includes the mater ia l , assembly , weld ing and paint ing costs . In the 
structural opt imizat ion process the var iables are the base plate thickness , the 
number s and d imens ions of stiffeners in both direct ions. The o p t i m u m des ign was 
m a d e us ing an evolut ionary technique , the part icle swarm opt imizat ion, wh ich is 
very robust finding the global opt ima. 

Resul ts s h o w that the deflection constraint is act ive whi le the other stress and 
fabrication constraints are pass ive . In a rec tangular plate the stiffeners in the 
direct ion of the longer plate side should be smaller . W h e n b0 approaches to infinite, 
the stiffeners in x-direct ion are only work ing wi thout any stiffeners in y-direct ion. 

7.5 M I N I M U M C O S T D E S I G N O F A W E L D E D S Q U A R E S T I F F E N E D 
P L A T E S U P P O R T E D A T F O U R C O R N E R S 

7.5.1 Introduct ion 

A square plate is invest igated subject to uniformly distr ibuted normal static load, 
supported at four corners , stiffened by a square symmetr ica l or thogonal grid of ribs. 
Ha lved rolled I-sect ion stiffeners are used we lded to the base plate by double fdlet 
we lds (Fig.7.9) . 

The bending m o m e n t s are ca lcula ted us ing the force me thod for tors ionless 
gr idworks wi th different number s of stiffeners. Constraints on stress in the base 
plate and in stiffeners as wel l as on deflection o f edge b e a m s and of internal 
stiffeners are formulated. The cost function includes material , we ld ing as wel l as 
paint ing costs and is formulated according to the fabrication sequence . 

The u n k n o w n s are the base pla te th ickness , the d imens ions o f edge and internal 
stiffeners and the number o f internal stiffeners. 
Fig.7.9 shows a schemat ic d rawing of a square stiffened plate suppor ted at four 
corners . 

7.5.2 Geometr ic characterist ics of stiffeners 

Edge stiffeners (Fig.7.9) 

Effective cross-sect ional area 
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(7.176) 

96 4 2 G 

h + t - t , \ 2 

•~ZR, (7 .177) 

For internal stiffeners the same formulae hold bu t wi thout index e (Fig. 7.9). 

Figure 7.9 A schematic illustration of a stiffened square plate supported at four corners as well as the 
cross-sections of the edge and the internal stiffeners 

7.5.3 Costs as a funct ion of n u m b e r of internal stiffeners in one direct ion («) 

The cor responding structural vo lumes are as fol lows. 

V0 = L2t; V, = V0 + 4AeSL- V2=V,+nLAs; (7 .178) 

V3 = V2 + nLAs; AeS = betfi + hletJ2 ; (7 .179) 

As=btf+h,tJ2. (7 .180) 

Weld ing o f the base plate with 36 plate parts o f d imens ion 6x1.5 m us ing G M A W - C 
single-bevel we lds wi th comple te jo in t penetra t ion 

KF{=kF(0p6pVo + 1 . 3 Q F x l 0 _ V ' 1 l 3 l ) . (7 .181) 

Weld ing of four edge b e a m s to the base plate by double fillet we lds us ing G M A W - C 

ZGel ~ Z G e 2 
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KF2=kF(&^J5pVl + 1 . 3 x 0 . 3 3 9 4 x l O " 3 a ^ e 8 l ) , (7 .182) 

awe = 0 . 4 C , but awe,mi„ = 3 m m . (7 .183) 

We ld ing of n cont inuous internal stiffeners to the base plate and to the edge b e a m s 
by double fillet we lds us ing G M A W - C 

KF3=kF[&^j{n + l)pV2 + 1 .3x0.3394xl0~ 3 a2

w2n(L + h, +2 /3 ) ] , (7.1 84) 

(7 .185) 

Weld ing of n intermittent internal stiffeners to the base plate , to the edge b e a m s and 
to the cont inuous internal stiffeners (at the internal nodes but t we lds are used for 
connect ion o f bo t tom flanges) 

KF4 =kF(@J\(n + l)n+\yOV3 + 1 .3x0.3394xl0~ 3 a 2 {2«Z + 2(« + l)n/!1 +2n(n +4)b)+Tx 

Tl=l.3Cjf2n2b. (7 .186) 

for but t we lds us ing G M A W - C 

for ( / < 1 5 m m Cw =0 .1939x10" 3 , n, = 2, (7 .187a) 

for tf>l5 m m Cw = 0 .1496x l0" 3 , n, = 1.9029. (7 .187b) 

Cost o f mater ial 

KM=kMpV3. (7 .188) 

Cost of paint ing 

KP=&PkPSP, (7 .189) 

SP = 2L2 + AL{hu +2be)+ 2nl\hx + 2b). (7 .190) 

Tota l cost 

K = KM + Kfl + Kp + Kf3 + Kf4 + KP _ (7 .191) 

7.5 .4 Constra ints 

Stresses in edge b e a m s from bend ing m o m e n t Me in the top fiber and from local 
bending of the base plate 

a e = ^ z G e + c p 0 ^ < f y { , (7 .192) 
1 ye 

c = 0 .3078, 

the dis tance be tween the internal stiffeners a = ^ 
« + l 

aw = 0Atw, but aw,mi„ = 3 m m . 
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Stress in edge b e a m bo t tom fiber from the bending m o m e n t 

a el ~ j '•Gel — J y\ • 

y<? 

Stresses in the internal stiffeners from bend ing m o m e n t M in the top fiber and from 
local bending of the base plate 

M a2 

a = ^ z a + c p 0 ^ T < f y l . (7 .194) 

Stress in the internal stiffener bo t tom fiber from bend ing m o m e n t 

< r , = ^ z G 1 < ; / , , . (7 .195) 
y 

Deflect ion of the edge b e a m s 

w e < » U , . ( 7 - ] 9 6 ) 

Deflect ion o f the internal stiffener 

> v < H W (7 .197) 

Bend ing m o m e n t s and deflections should b e derived for each n u m b e r of internal 
stiffeners n. 

7.5.5 N u m e r i c a l data 

Yield stress o f steel fy = 355 M P a , fyl =fj\.\, elastic modu lus E = 2 . 1 x l 0 5 M P a , 
edge length of the base plate L = 18.0 m , factored load intensity p0 = 0 .0015 
N / m m 2 , load intensi ty cons ider ing the self mass 

p = p 0 + p 0 ^ r , (7 .198) 

densi ty of steel p = 7 . 8 5 x 1 0 - 6 k g / m m 3 , p0 = 7 .85x l0~ 5 N / m m 3 , 

admiss ib le deflect ion wadm =/V300, factor for the complex i ty o f a s sembly 0 = 3, 

factor for the complex i ty o f pa in t ing 0 P = 3, cost factors: kM= 1.0 $/kg, kF= 1.0 

$/min, kP= 14.4x10" 6 $ / m m 2 . 

T h e ranges of u n k n o w n s : t = 4 - 40 m m , h and he=\S2- 1008.1 m m . 
T h e discrete va lues of h and the nominal size of I -beam (UB)( in the parenthesis) are 
as fol lows accord ing to A R C E L O R cata logue 

Approx ima te express ions for other d imens ions of rol led I-profiles as a function of h 
or he according to the A R C E L O R cata logue are detai led in Append ix C, Eqs C10-
C12 . 
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L=4a 

1 

o : 
3 2 i 

1 

i 

f — I 

1 1 

1 

o • 5 ; z : \ * 
F3 F2 F3 

W30 

r v 

w20 

Fi 

F3 

\ .. — ' ~ ~ T 

F3 

pa 
~4 

pa 
2 

W12-W20 

Figure 7.10 A square plate with three internal stiffeners in one direction. Internal forces and deflections 

\F2 

7.5.6 Special case of three internal stiffeners (« = 3) (Fig.7.10) 

The internal forces in the nodes o f the g r idwork are F,, F2 and F3 (Fig.7 .10) , s ince 
in the nodes locating in the d iagonals internal forces do not occur because of square 
symmetry . The u n k n o w n forces can be de te rmined solving t w o equi l ibr ium and one 
deflection equat ion. 
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The equi l ibr ium equa t ions are as fol lows (Fig.7.10): 

2pa2 + F, = 2F3, 

2pa2-2F, = 2F2. 
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The deflection equat ion expresses the fact that the two internal stiffeners in the 
nodes N o . l have the s ame deflection 

w13 - w30 = w12 - w20, 
where w30 and w20 are the deflect ions of the edge beams . 

F2L? 11F 3 L 3 

48x8x16 4 8 

5 

6 x 6 4 

57 pL3 UF2L' F3U 
EIye^= ~ + — +" 

E I y W U 

EI

y™n 

4 8 x 3 2 x 6 4 12x64 

5pLs

 +F]L3 

48 

4 8 x 6 4 48 

57 pL5 FXL3 

48x64x16 4 8 

In t roducing the nota t ion ij = I /1 one obtains the equat ion 

UpL2 51.5 pL2rj 
+ 32F]Tf + 5F2+6F3 = 0 . 

64 64 

Toge ther wi th the equi l ibr ium equat ions the solut ion o f the three equat ions is 

2 16 1 

3 16 2 

The m a x i m u m bend ing m o m e n t in the edge b e a m s 

16x8 2 4 16 2 

and in the internal stiffener 

M = —— + —— 
16x4 4 

(7 .201) 

(7.202) 

(7 .203) 

(7.204) 

(7.205) 

(7.206) 

(7 .207) 

(7 .208) 

(7 .209) 

(7 .210) 

(7 .211) 

(7 .199) 

(7.200) 
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(7 .214) 

F*=E4—FW, (7-215) 
l o 

l o 1 

W 2 0 0 = + ^ - + , ( 7 . 2 , 7 ) 
2 0 0 48x8x16EI 48EI ' "™ 4 8 x 8 x 1 6 £ 7 ^ 4SEIye 6x64EIye 

(7 .218) 

7.5.7 Special case o f four internal stiffeners (n = 4) (Fig.7.11) 

Similar than in the case of n = 3 , there are also three u n k n o w n forces F2, F3 and Fs, 
since in the nodes N o . 1 and N o . 4 internal forces do no t occur because of symmetry . 
T h e two equi l ibr ium equat ions are as fol lows: 

5 2 

5 ,2 

pa2 +2F2=2F5, (7 .219) 

pa2 - 2F2 = 2F3. (7 .220) 
2' 

The deflection equat ion is expressed as 

w„ - w 3 0 = w 2 5 - w 5 0 , (7 .221) 

whe re 

„ , 29pa5 UF2a3 

y W l 3 =~~Y2 6~~ ' 

w 5p0L5

 | FI0L3 

1 3 0 4 8 x 6 4 £ 7 y 4SEIy ' 

T h e constraint on m a x i m u m deflection for an edge b e a m is expressed as 

w20 0 < 1 / 3 0 0 , (7.212) 

a n d for an internal stiffener 

w 1 3 0 < L / 3 0 0 , (7 .213) 

w 2 o.o and W o o should be calculated w i t h p 0 instead o fp: 

E I y e W 2 0 = - ^ + ^ +

1 - ^ , (7 .202) 
y e 2 0 48x8x16 4 8 6 x 6 4 
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6 
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(7.223) 

(7 .224) 

(7.225) 

) 1 

4 2 2 

| « 

4 

2 f 1 2 

2 1 1 2 

4 2 2 4 

a 5 3 3 i < 

W23-W30 

^ •? <> R 

Figure 7.11 A square plate with four internal stiffeners in one direction. Internal forces and deflections 
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_ 460?7 + 155 
3 ~ 3 1 2 ? 7 - 4 0 

F = ^ - ^ 
2 2 2 

, 2 

pa , 

Spa' 

The m a x i m u m bending m o m e n t in the edge b e a m is g iven by 

_, PL3 2F3L F5L 
M, = —— + —— + —— . 

e 160 5 5 

(7 .226) 

(7 .227) 

(7.228) 

(7.229) 

The m a x i m u m bend ing m o m e n t in the internal stiffeners is the larger of the 
fol lowing two values 

pL3 F2L 
M3 = 

80 

M 5 = ^ l + ^ 
5 80 5 

M = m a x ( M 3 , M 5 ) . 

Deflect ion constraints should b e calculated wi th forces us ing p0 instead of p: 

_ 4 6 0 7 + 155 = 5 p y 
3 0 " 3 1 2 7 7 - 4 0 ^ ° ' 5 0 2 

Deflect ion constraint for edge b e a m s 

F 
1 30 • 

and for internal stiffener 

(7.230) 

(7.231) 

(7.232) 

(7.233) 

(7 .234) 

(7 .235) 

7.5.8 Specia l case of five internal stiffeners (n = 5) (Fig.7.12) 

U n k n o w n s : F2, F4, F5, F6, F8, F9 

Equi l ibr ium equat ions : 

3pa2 + 2F5 + F4 = 2F9, 

3pa2 -2F5 + F2 = 2F8, 

(7.236) 

(7 .237) 

5 ' 

1 (3l25p0a5 59FMa3 7lF50a3} L 
w = ^ — + ^ — + ^— < , 

e EIye{ 384JC4 12 24 J 300 

1 (3l25paa5 59F2a3} L 
w = —— + 1— < . 

EI I 3 8 4 x 2 12 I 300 

Solving the two equi l ibr ium and one deflection equat ion one obtains 
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Figure 7.12 A square plate with five internal stiffeners in one direction. Internal forces and deflections 
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3pa2-2F4-2F2 = 2F6. 

Deflect ion equat ions : 

For the node 5 

W;c> - Wgo = Wsg - WgO • 

For the node 4 

w49 -W90 = w46 - w60. 

For the node 2 

W 2 8 - W 8 0 = W 2 6 - W 6 0 • 

The deflections are as follows 
for edge b e a m 

\35pa5 9F6a3 

+ — 5 — + 
2 

23Fia3 \3F9a3 

3 ' 3 ' 

Upa5 23F6a3 

EIy,WK- 3 + g + 

2 0 F 8 a 3 2 3 F 9 a 3 

3 6 

205pas 1 3 F 6 a 3 

• H 
6 

2 3 F 8 a 3 7F9a3 

6 3 

for the stiffener 9-9 

2 2 p a 5 23F4a3 

EIyw59- 3 + 6

 + 

2 0 F 5 a 3 

3 ' 

\35pa5 9 F 4 a 3 

+ — - — + 
2 

2 3 F 5 a 3 

3 ' 

for the stiffener 8-8 

2 0 5 p a s 

£ 7 v w , R = 
y 5 8

 4 8 

1 3 F , a 3 

• + 
6 

7F5a3 

3 ' 

1 3 5 p « 5 

y 28 ^ 
9 F , a 3 

+ — 
2 

\3F5a3 

3 ' 

for the stiffener 6-6 

2 0 5 p a 5 

E I ^ = 4 8 

2 3 F 2 a 3 

6 

7FAa3 

3 ' 

20F2a3 

3 

2 3 F 4 a 3 

6 ' 

(7 .238) 

(7 .239) 

(7 .240) 

(7 .241) 

(7.242) 

(7.243) 

(7.244) 

(7.245) 

(7.246) 

(7.247) 

(7.248) 

(7.249) 

(7 .250) 
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M 3 = + 3Fba + 2F4a + F2a, (7 .257) 

Deflect ion constraints should be calculated wi th forces us ing p0 instead of p 
(F20, F40, F50, F60, Fso, F90): 

7.5.9 Opt imizat ion results 

Resul ts obta ined for cont inuous var iables by the Snyman-Fat t i global min imiza t ion 
a lgor i thm are summar ized in Table 7.9. 

EIye{ 32 2 3 3 J 300 

= J _ f 1 3 5 ^ _ 2 3 F 2 0 . 3 _ 1 3 ^ > 3 _ ^ < _L_ 

EIy\ \6 3 3 ) 300 ' 

After the substi tut ion of Eqs (7 .242-7.250) into Eqs (7 .239 , 7 .240 and 7.241) one 
obtains 

- 2 0 8 F 2 / 7 + 368F 477 + 864F 577 + 1 6 0 F 6 + 2 7 2 F 8 + 1 4 4 F 9 = -\47 pa2{\ + 2rj) (7 .251) 

368F 2 /7 + 656F4rj + 736F5n + 2 2 4 F 6 + 3 6 8 F 8 + 1 9 2 F 9 = -2QQpa2(\ + 2rj) (7 .252) 

l072F2Tj + 36SF4ij-4l6FsT} + 64Fs+96Fi+ASF9 =-53 pa2 (l + 2rj) (7 .253) 

After the solut ion of six equat ions (7 .236, 7 .237, 7 .238, 7 .251 , 7 .252, 7.253) w e 
calculate the bend ing m o m e n t s and deflections to check the constraints . The 
m a x i m u m bend ing m o m e n t in the edge b e a m can b e expressed as 

Me = ^P^— + 3FAa - 2F9a -F%a . (7 .254) 
8 

The governing bend ing m o m e n t in the internal stiffeners M is the m a x i m u m from 
the fol lowing three bending m o m e n t s 

Ml =-^j-+3F9a-F5a, (7 .255) 

M 2 = + 3Ffia + 2F5a, (7 .256) 

4~ 

M = max(Ml,M2,M3). (7 .258) 

�� �� �� �� �� ��



156 Design and optimization of steel structures 

Table 7.9 Resul ts obta ined by the global minimizat ion a lgor i thm. Dimens ions 
a n d deflections in m m , stresses in M P a , costs in $ 

n K h t rjei rje 
a w K 

3 941.40 557.27 14.50 224 316 110 104 38 47 108423 
4 1005.13 590.02 8.34 87 190 272 150 58.7 50.9 98253 
5 961.47 778.45 11.98 148 243 259 314 50.8 42.7 122502 

Resul ts obtained for cont inuous and discrete var iables b y P S O are summar ized in 
Tab le 7.10. 

Table 7.10 Resul ts obta ined by P S O for cont inuous (cont) and discrete (disc) 
var iables . D imens ions and deflections in m m , stresses in M P a , costs in $ 

N he h t °~1 a w K 
3 cont 945.14 560.44 14.08 112025 
3 disc 1016 607.6 14 208 310 112 106 36.1 47.6 118500 
4 cont 1004.38 589.97 8.35 97993 
4 disc 1016 607.6 9 109 286 205 285 51.6 51.7 106800 
5 cont 953.43 818.95 12.78 127210 
5 disc 1008.1 762.2 12 142 233 301 299 45.9 42.7 134200 

It can be seen that « o p t = 4 . The stress constraints are act ive for n = 3 and n = 5, the 
deflection constraint is act ive for n = 4 . 

7.5.10 Conclus ions 

A plate suppor ted at four corners and stiffened by open sect ion ribs can be 
calculated as a tors ionless gr idwork. In the case of square symmet ry the equat ions of 
the force me thod can be significantly simplified. Ha lved rol led I-section stiffeners 
can be used wi th different d imens ions for edge and internal r ibs. 

The uniformly distr ibuted normal load causes a lso local bend ing stresses in the base 
pla te fields. Des ign constraints relate to the stresses in the base plate and in 
stiffeners as wel l as to deflections of stiffeners. Fabricat ions constraints guarantee 
the suitable weld ing technology. 

T h e cost function includes the material , we ld ing and paint ing costs and is 
formulated in function of the number of stiffeners in one direct ion («). The costs are 
ana lyzed consider ing the fabrication sequence. 

Since the formulae of constraints are different for different number of stiffeners, the 
opt imizat ion should be carr ied out separately for each stiffener number . In our 
numer ica l p rob lem the opt imizat ion is per formed for n = 3 , 4 and 5 and it is found 
that the m i n i m u m cost des ign can be real ized taking n = 4. 

The used t w o different mathemat ica l function min imiza t ion methods , name ly the 
Snyman-Fat t i g lobal opt imizat ion a lgor i thm and the part icle swarm opt imizat ion 
( P S O ) have proved to be suitable for such opt imizat ion p rob lems and have given 
near ly the same results . 
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7.6 M I N I M U M C O S T D E S I G N O F A W E L D E D S T E E L S Q U A R E 
C E L L U L A R P L A T E S U P P O R T E D A T F O U R C O R N E R S 

7.6.1 Introduct ion 

Cellular plates can be applied in var ious structures e.g. in floors and roofs of 
bui ld ings , in br idges , ships, mach ine structures etc. Cel lular pla tes have the 
fol lowing advantages over the plates stiffened on one side: (a) because o f their large 
torsional stiffness the plate th ickness can be decreased, wh ich results in decrease o f 
weld ing cost, (b) their p lanar surface is more suitable to corros ion protect ion, (c) 
their symmet r ic we lds do not cause residual distort ion. 

In prev ious studies (Farkas 1985, Farkas & Jarmai 2006) it has been shown that 
cellular pla tes can be calculated as isotropic ones , bend ing m o m e n t s and deflections 
can be de termined b y us ing classic results of isotropic pla tes for var ious load and 
support types . 

A large research project was per formed b y Wi l l i ams (1969) w h o used a we lded 
cellular plate mode l for double bo t tom of ships. Pet tersen (1979) has worked out a 
detai led analysis of double -bo t tom plates o f ships . Evans and S h a n m u g a m (1984) , 
S h a n m u g a m and Evans (1984) and S h a n m u g a m and Balendra (1986) have treated 
the analyt ical p rob lems of cellular plates relat ing to the ship construct ion. 

A base pla te for t ransportat ion of heavy structures m a y be buil t b y us ing an 
or thogonal grid we lded from rol led I -beams. The lower face plate has been jo ined to 
the grid b y p lug we lds (Sahmel 1978). In the revolving frame of surface min ing 
equ ipment (dragl ine) a pla t form for boom, cab , p o w e r unit and other structural parts 
forms an a l l -welded mult i-cel l s tructure (Birchfield 1981). Laser we ld ing technology 
has been used for we ld ing of "Nor s i a l " metal l ic sandwich plates and a cor rugated 
sheet sandwiched be tween t hem (Haroutel 1982). 

In the book (Farkas & Jarmai 1997) some p rob lems can be found about cellular 
plates . W e l d e d cellular plates for ships invest igated in (Jarmai et al. 1999, Farkas & 
Jarmai 2003) consist of two face sheets and some longi tudinal r ibs of square ho l low 
sect ion we lded be tween t hem us ing arc-spot we ld ing technology. 

In the present chapter a cellular plate is des igned, wh ich is suppor ted at four corners 
and subject to a uni formly distr ibuted normal load. 

In order to guarantee a sui table fabrication p rocedure ha lved rol led I-section 
stiffeners are used , their w e b is we lded to the upper base pla te b y double fillet we lds 
and the bo t tom base pla te parts are we lded to the stiffener flanges also b y fdlet 
we lds (Fig. 7.13). 
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7.6.2 Derivat ion o f the fundamenta l differential equat ion o f an orthotropic 
plate in the case of a uni form transverse load 

nv+m 
mxv+mi,dx 

qy+qv 
Fig. 7.13 Equilibrium of an orthotropic plate element 

q<+qi dx rri +rr\,' dx 

m, +m'y dy 
O n the basis of the theory o f plates the relat ionships be tween the in-plane strains and 
the derivat ives of the t ransverse deflection w are as follows: 

-zw",e =-zw~,y =-2zw" (7.261) 

The pr ime (') and dot ( ) superscripts denote partial derivat ives wi th respect to x and 
y respectively. 

The formulae for stress componen t s are 

a x = El(ex + vey)=-E]z(w" + vw), (7 .262) 

a y = -Eiz[w + vw"\rxy= -2Gw . (7 .263) 

The formulae for the bend ing and twist ing m o m e n t s per uni t length are as follows: 

mx = \(JxzdA = -Bx(w" + vw'), (7 .264) 

my = -By(w +vw"), (7 .265) 

mxy = jr^zdA = 2Bxyw , myx = -2ByxW . (7 .266) 

F rom the equi l ibr ium equat ions of a plate e lement (Fig.7.13) one obtains 

? x =m'r+ « x , = \BXW" + {2Byx + vBx \ w \ (7 .267) 

9y=my-m-xy= A[Byw + {iB^ + vBy )w" ] , (7 .268) 
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Insert ing Eq. (7 .267) and Eq. (7 .268) into Eq. (7 .269) yie lds the H u b e r ' s equat ion for 
or thotropic plates in the case of a uni form t ransverse load 

Bxw" + 2Hw + B w = p, 

where 

H = BXY+BYT+^(BX+BY), 

is the torsional stiffness of an or thotropic plate . 

(7 .270) 

(7 .271) 

Fig. 7.14 Cellular plate and dimensions of halved rolled I-section stiffeners 

The corresponding bend ing and torsional stiffnesses are defined as 

5 
a„ a v 1 — v 

(7.272) 

(7.269) 

�� �� �� �� �� ��



160 Design and optimization of steel structures 

for cellular plates 

GI GI E 
B X Y = ^ ; B v c = ^ ; G = — - , (7 .273) 

ax 2(1 + v) 

H = B x y + B y x + ^ ( B x + B y ) = ^ - (7.214) 

for pla tes of quadrat ic symmet ry 

H = Bx= By . (7 .275) 

Thus , the torsional stiffness of a cellular plate o f quadrat ic symmet ry equals to its 
bend ing stiffness. 

7.6.3 Bend ing m o m e n t s a n d deflections 

Lee et al. (1971) have solved the differential equat ion for rectangular or thotropic 
plates (Eq.7 .270) suppor ted at four corners by us ing a po lynomia l function. 

Formulae have given for bend ing m o m e n t s and deflections as a function o f bending 
and torsional stiffnesses. In the case o f a square cellular plate the bend ing stiffnesses 
are equal to the torsional stiffness (Bx = By = H) and the m a x i m u m bend ing m o m e n t 
is 

Mmax = 0.15pL2, (7 .276) 

and the m a x i m u m deflection is expressed b y 

wmax = 0.025PoL4/Bx, (7 .277) 

whe re L is the pla te edge length, p0 is the factored intensity of the uniformly 
distr ibuted normal load and p is the load intensity including the self mass of the 
plate . 

Resul t s for square isotropic pla tes according to T imoshenko & Woinowsky-Kr iege r 
(1959) 

for v = 0 .3 , 

and 

Mmax = 0.\404pL2, (7 .278) 

*W = 0 . 0 2 4 9 ^ / 5 , . (7 .279) 

It can be seen that the constants are near ly the same. 

7.6.4 Geometr ic characterist ics (Fig. 7.14) 

Effective wid th of the compressed upper base plate according to E C C S (1988) 
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Cross-sect ional area of a ha lved rolled I-section stiffener 

As = ^ + b t f , h, = h-2tf. 

Cross-sect ional area of a stiffener wi th upper and bo t tom base plate parts 

L 
A = sEt, + at2 + As, a = 

Dis tances of the gravi ty center 

n + \ 

1 
of, I ^ + ^ - + % 1+6/ , 

2 2 2 

A, + r, + fy 

4 2 

_ A + f, + r 2 

ZG1 - ^ ZG 

M o m e n t of inertia 

^ = sEtxz2

a+at2z2

Gl+btf 

h\+tl+ tf 

y l 96 

Bend ing stiffness 

EJ 
Br 

x ' \ - v 2 

(7 .281) 

(7.282) 

(7.283) 

(7.284) 

(7.285) 

(7 .286) 

(7 .287) 

Structural v o l u m e s cor responding to each fabrication phase are as fol lows: 

Vl =L2tx,V2=V2+{n + 2)AS,Vi=V2+(n + l)As , (7 .288) 

V,=V3+L%. 

Load intensity including the self mass 

PoV4 
p=p>+-e-

(7.289) 

(7 .290) 

ZG 

i^^+

hMh^-zA, 
y l 96 2 U 2 G J 

(7 .280) 
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7.6.6 Fabricat ion constraints 

Thickness l imitation: tmin = 4 m m . 

Limita t ion o f the dis tance be tween stiffener flanges to a l low the we ld ing of the 
stiffener w e b to the upper base plate: 

a-b>300 m m . (7 .296) 

7.6.7 Structural characterist ics to be changed (variables) 

N u m b e r of stiffeners in one direct ion (square symmet ry ) n, 

—thicknesses of the upper and bo t tom base plates / 7 and t2, 

—height of the rol led I-section stiffener h. 

Anothe r d imens ions of U B profdes are given in Table 7 .11 . N o t e that for these 
d imens ions approximate formulae can be appl ied as wel l . 

Avai lable series o f rol led I-sections: U B profiles selected according to the 
A R C E L O R cata logue (Sales P rog ram 2007) (necessary for the opt imizat ion) 

7.6.5 Des ign constraints 

Stress constraint including normal stress due to local bending of an upper base plate 
part with built- in edges according to T imoshenko & Woinowsky-Kr i ege r (1959) 

2 2 
aP = 0 . 0 5 1 3 ^ - = 0 . 3 0 7 8 ^ L , (7 .291) 

t2/6 t\ 

0A5PL2

ZG J% 

Iy L I 

0ASPl}zG J% 

Iy L I 

Deflection constraint 

H' m a x * wallow = ^ . (7 .294) 

Shear s tress constraint at the corners 

r = 7 ? - ^ 7 ^ 7 r - ( 7 - 2 9 5 ) 
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UB profile h B tf 
610x229x113 607.6 228.2 11.1 17.3 
686x254x140 683.5 253.7 12.4 19.0 
762x267x173 762.2 266.7 14.3 21.6 
838x292x194 840.7 292.4 14.7 21.7 
914x305x224 910.4 304.1 15.9 23.9 
1016x305x349 1008.1 302.0 21.1 40.0 

7.6.8 N u m e r i c a l data 

Plate edge length: L = 18 m, factored load intensi ty p0 = 150 k g / m 2 = 0.0015 
N / m m 2 , yield stress of steel fy = 355 M P a , elastic modu lus E = 2 . 1 x l 0 5 M P a , 
Po isson ratio v = 0 .3 , steel densi ty p = 7 .85x l0" 6 k g / m m 3 , p0 = 7 .85x l0" 5 N / m m 3 . 

7.6.9 Cost function 

T h e cost function is formulated according to the fabrication sequence . 
W e l d i n g of the upper base plate (18x18 m ) from 36 p ieces of size 6 m x 1.5 m us ing 
single or double bevel we lds wi th comple te jo in t penetra t ion ( G M A W - C gas meta l 
arc we ld ing wi th C 0 2 ) : 

*„i = *J0V36/>Fi + l - 3 C , / r , 1 3 l ] , (7 .297) 

we ld ing cost factor kw = 1 $/kg, factor for the complex i ty of a s sembly 0 = 3 , 

for < 15 m m C, = 0 .1939 and nl = 2 , (7 .298a) 

for h > 15 m m C y = 0 .1496 and nl = 1.9029. (7 .298b) 

We ld ing of n+2 cont inuous stiffeners to the upper base plate by double fillet we lds 
( G M A W - C ) 

K„i = kw[®-yl(n + 3)pV2 + 1.3x0.3394x10 3 a 2

w 2 ( n + 2)L\, (7 .299) 

aw = 0.44,, but awmi„ = 4 m m . 

We ld ing of n+2 intermittent stiffeners to the upper base plate and to the cont inuous 
stiffeners (webs with fillet welds , flanges wi th but t we lds G M A W - C ) 

Kw3 = k (7.300) &^j(n2 +3n + 3)pV3 +TX+T2\ 

7, = 1 . 3 x 0 . 3 3 9 4 x l 0 " 3 a 2 , ( / ? , +b)l{n + \\n + 2), (7 .301) 

T2=l.3C1t"/2D(n + ]\n + 2 ) . (7 .302) 

W e l d i n g of the bo t tom plate parts to the flanges o f stiffeners b y fillet we lds 
( G M A W - C ) 

Table 7.11 Selected U B profi les according to the A R C E L O R cata logue 
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0y](n2 +2n + l)pVA +1.3x0.3394x1 ( T 3 a2

w[ 4L(n +1)| (7 .303) 

awl = 0At2, but a w l m i n = 3 m m . 

Cos t of material 

KM = kMPV4> KM= 1 $/kg, 

Cost of paint ing 

Kp = ^ 0 ^ , 5 / , , © ^ = 3 , JtP = 14 .4x l0" 6 $ / m m 2 , 

surface to be pain ted 

Sp=3L2+2L(h1 +b\n + 2). 

Total cost 

(7 .304) 

(7.305) 

(7 .306) 

K = KM+KwX+ Kw2 + Kwi + Kw4 + KP. (7.307) 

7.6.10 Opt imizat ion and results 

In the opt imizat ion process the o p t i m u m values of var iables are sought , wh ich fulfil 
the design and fabrication constraints and min imize the cost function. Calculat ion 
shows that the deflection constraint is a lways act ive, and the m i n i m u m cost 
corresponds to the m i n i m u m value of plate th ickness t2 = 4 m m . The results are 
summar ized in Table 7.12. 

It can be seen that the cost increases w h e n h decreases , thus it is not necessary to 
cont inue wi th the search. The op t imum is marked by bol t letters. Each result g iven 
in Table 7.12 satisfies all the constraints . 

Table 7.12 Opt imizat ion results . A l lowable deflection is 60 m m . D imens ions 
and deflections in m m , stresses in M P a 

h n U h o 2 Wmax io_ 5a:[$] 
1008.1 3 8 1 191 57.2 1.125 

4 7 4 122 57.2 1.071 
5 5 4 166 59.6 1.061 
6 4 4 191 56.8 1.094 

910.4 3 12 4 65 57.6 1.158 
4 10 4 60 59.1 1.121 
5 9 4 51 56.9 1.129 

840.7 3 14 4 47 57.7 1.232 
4 12 4 41 58.4 1.188 
5 11 4 34 56.0 1.191 
6 10 4 30 55.0 1.195 
7 9 4 29 55.2 1.200 
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7.6.11 Conc lus ions 

It has been shown in prev ious studies that, in the case of square symmet ry , the 
torsional stiffness of cellular plates equals to their bend ing stiffness. Thus , they can 
be calculated as isotropic ones and the bending m o m e n t s and deflection for a square 
plate suppor ted at four corners can be obta ined by us ing the formulae for isotropic 
plates. 

In the opt imizat ion process the four var iables are as follows: height and n u m b e r of 
halved rol led I-section stiffeners as wel l as the th icknesses of upper and bo t tom face 
plates. A systemat ic search considers the constraints on stresses and deflection as 
wel l as the cost function to be min imized . It is found that the deflection constraint 
and the l imitation of the bo t tom face plate th ickness are a lways active. 
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8 
Welded Stiffened Cylindrical and Conical 
Shells 

Overview of sections in Chapter 8 
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The economy of some structural types is demons t ra ted by the compar i son of 
m i n i m u m costs of different structural vers ions . Such a compar i son has been 
per formed for var ious k inds o f stiffened cylindrical shells as fol lows: r ing stiffeners, 
external pressure (Farkas et al. 2002) , r ing stiffeners, bending (Farkas et al. 2004) , 
s t r inger stiffeners, axial compress ion and bend ing (Farkas & Jarmai 2005a) , s tr inger 
stiffeners, bend ing (Farkas & Jarmai 2005b) , r ing and stringer stiffeners, axial 
compress ion and external pressure (Jarmai et al. 2006) . Fini te e lement calculat ions 
of circular and conical shells are t reated by Ross (1984) . 

8.1 R I N G - S T I F F E N E D C Y L I N D R I C A L S H E L L S S U B J E C T T O A X I A L 
C O M P R E S S I O N A N D E X T E R N A L P R E S S U R E 

8.1.1 Introduct ion 

T h e buckl ing strength for both load cases is calculated according to the Amer i can 
Pe t ro leum Insti tute design rules (API 1987) Since the A P I interaction curves are too 
compl ica ted , i.e. need an iteration process , w e use here the s impler l inear interaction 
relat ion according to E C C S Recommenda t ions ( E C C S 1988). 

The design constraints relate to the general and local shell buckl ing as wel l as to the 
l imitation of imperfect ions. R ing stiffeners o f we lded box section are used to avoid 
til t ing of flat stiffeners. The effect of imperfect ions caused by shr inkage of 
circumferential we lds is considered by an imperfect ion factor p roposed b y Farkas 
(2002) . 

The cost function includes the mater ial and fabrication costs . For the calculat ion of 
we ld ing costs w e use our recent ly developed formulae (Jarmai & Farkas 1999). For 
the constra ined function min imiza t ion two effective opt imizat ion me thods are used: 
the mathemat ica l p r o g r a m m i n g Hi l lc l imb and the evolut ionary Particle Swarm 
Opt imizat ion (PSO) techniques . The P S O algor i thm was modif ied to find discrete 
opt ima. Recent ly , w e have worked out the case of external pressure (Farkas et al. 
2002) . 

In an illustrative numer ica l p rob lem the total shell length and the shell radius is 
g iven, the u n k n o w n s are the shell th ickness , the d imens ions and number of r ing 
stiffeners. The cost compar i son shows that, us ing the op t imum number of stiffeners 
significant cost savings can be achieved in the design s tage by opt imizat ion. 

8.1.2 Des ign constraints 

8.1.2.1 Axial compression (d imens ions according to Fig. 8.1) 

F 
<YD=^-Tt^rl°u, (8-1) 

8.1.2.2 External pressure and interaction 

R ^ Rpu 
PD = YbP-< Pu if ^D — ' (8-2) 
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(8.3) 

Pu = ^MUL^UL^G^UG) , 

Kt f= — 
^ f / = 7 « , g r i - 5 - 5 0 ^ ; 0 . 6 0 5 — V ^ + l , Ar , 

K L>rt 

(8.4) 

(8.5) 

where Ar is the cross-sect ional area of a ring-stiffener, Lr is the dis tance be tween 
ring-stiffeners, y b = 1.5 is the safety factor and the plast ici ty reduct ion factor. 

For Ar > 0 . 2 , a x g = 0 . 7 2 (8.6) 

Figure 8.1 The ring-stiffened shell and the cross-section of a ring-stiffener. 

The reduct ion factors are as follows: 

n is the plast ic reduct ion factor, fj is the imperfect ion factor. 

7 = 1 , For A = -^-<0.55, 
fy 

for 0.55 <A< 1.6, 

for 1 . 6 < A < 6 . 2 5 

for A > 6 . 2 5 , 

, = ^ + 0 . 1 8 
A 

(8.7a) 

(8.7b) 

(8.7c) 

(8.7d) 

1.31 
n = 

1 + 1.15A ' 
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Let(hr+^ 

y E = 3S#Lj ' (8'15) 

Le=\A 2Rt if Mx = - j = = > 1 . 5 6 , (8.16) 

Le = Lr if M x < 1 . 5 6 . (8.17) 

T h e dis tance of the centroid E of the cross-sect ion consis t ing of the stiffener and the 
effective part of shell is character ized by 

R c = R - { h r - y E + t l l ) . (8.18) 

T h e m o m e n t of inertia of the stiffener and the effective part of shell is 

0 .01< /S = ^ ^ < 0 . 0 2 w h e n / 3 < 0 . 0 1 , £ = 0 . 0 1 , (8.8) 
4y/Rt 

"max = 0 .64x0.844x10~ 3 . (8.9) 

For butt we lds QT=60.7Aw(Awmmm2), (8.10) 

w h e n / < 10 m m , Ay/ — 

w h e n t > 10 m m , Aw = 3 . 0 5 ? 1 4 5 

The cross-sect ional area o f a stiffener is Ar = 3A r f r = 3 5 r A r (8 .11) 

The ul t imate local and global buckl ing strengths are 

R „ 

°~UL=aLPeLJKL, a L = 0.8 , (8.12) 

is the imperfect ion factor, and for our numer ica l example KL = 1, 
aUG = ~~PeG~K<3 , (8.13) 

aG = 0.8 is the imperfect ion factor, the factor of 1.2 is r e c o m m e n d e d to avoid the 

m o d e interaction (coupled instabili ty). 

The distances of centroid G are as fol lows (Fig. 8.1) 

hr 2hr t 

y G = — \ y r = — + - , (8.14) 
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r y R

K G +—TZ->KG - Ar + Let 6 " ' " 12 

nL is calculated in function of 8L = o~UL I fy as fol lows 

nL=\ if SL< 0 .55 , 

0 .45 
*1L - + 0 . 1 8 if 0 . 5 5 < ^ z < 1.6 , 
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(8.19) 

(8.20) 

(8.21) 

1L = 
1.31 

l + 1.15c? £ 

1 

if 1.6 <SL< 6 . 2 5 , 

if ^ > 6 . 2 5 , 

(8 .22) 

(8.23) 

1 .27£ 
Pel - ~TTx 

^ 1 1 8 + 0.5 

PeL=-
0 .92 / 1 ( t 

A [R 

\ 2 

if A£>1.5 and A=MX- 1.17 < 2.5 , (8 .24) 

if 2.5 < A< 0 . 2 0 8 / ? / / , 

P e L = 0 . 8 3 6 C p 1 0 6 1 £ [ ± if 0 . 2 0 8 < CP = — < 2 . 8 5 , 
Rlt 

peL = 0 . 2 7 5 £ if C F > 2.85 

(8.25) 

(8.26) 

(8.27) 

and E is the elastic modu lus of steel . 

The plast ici ty reduct ion factor nG is calculated in function of SG = aUG I fy wi th the 

s ame formulae as in the case of nL . 

E-*-Ai 

PeG = 
, EIer(n2-\) 

LrR2

cR ' 
(8.28) 

whe re 

AG = 
KR 1850;r 

Lh 15000 
0 .3875 (8.29) 
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Consider ing the local buckl ing constraint o f the stiffener flange as act ive, w e use the 
fol lowing correlat ion be tween the height and th ickness tr =Srhr. 

Data: length of shell Lb= 15 m, we lded from 5 m long segments , radius of shell R — 
1850 m m , intensity of the external pressure p = 0.5 MPa , the compress ion force is 
var ied u p to F = 10 8 N , yield stress of steel fy = 355 MPa . To avoid til t ing of r ing-
stiffeners, we lded square box sect ion is used, wh ich is character ized b y the height hr 

and thickness tr. 

8.1.3 T h e cost function 

The cost function includes the mater ia l , fabrication and paint ing costs : 

Figure 8.2. Shell segments of the cylindrical shell. 

8.1.2.3 Local buckling constraint 

(8.30) 

K — KM + Kf + Kp . (8.31) 

The mater ial cost is 

K M = k u P v , (8.32) 

kM [$/kg] is the mater ial cost factor, the vo lume of the structure is 

n is that value, wh ich g ives the m i n i m u m value of peG, nmi„ = 2 , nmax = 10. For our 
case n = 2 is used. 
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\n8rh} R-
V 2 

V = 2nRtLh + nr 

where nr is the number of ring-stiffeners. 

+ 2n8rh2

r{R-hrX^ ( 8 . 33 ) 

The fabrication cost function is formulated accord ing to the fabrication sequence . 
For a fabrication phase it is 

KF = kF(®dwJ^p~V+13Cwa%rLw), (8.34) 

whe re kF ($ /min) is the fabrication cost factor, ®dw=3 is the difficulty factor 

express ing the complexi ty o f a structure regarding the assembly , the first m e m b e r 
calculates the t ime for a s sembly and tacking, K is the n u m b e r of structural parts to 
b e assembled, the second m e m b e r calculates the t ime of we ld ing and addit ional 
works (changing the electrode, des lagging, ch ipping) . The addit ional works are 
cons idered by the factor of 1.3. Lw is the weld length, aw is the weld size, Cw and n 
are g iven for different we ld ing technologies and weld type (butt or fillet). 

The fabrication cost function is formulated accord ing to the fabrication sequence as 
fol lows. 

(1) Welding of a shell segment from 3 parts without stiffeners wi th G M A W - C (Gas 
Me ta Arc Weld ing wi th C 0 2 ) butt we lds , number of structural parts to be assembled 
is 3 

K m = 3ppVs +1.3x0.2245x10"3t2x3Ls , (8 .35) 

whe re Ls = 3000 m m , Vs = 2RrtLs . 

(2) Welding of a ringstiffener from 3 plate parts wi th 2 fillet we lds of G M A W - C , 
we ld size aw = 0.7tr 

KF2 = 3^3pVr + 1 .3x0 .3394x10~ 3 a^xAniR - h r ) , (8.36) 

whe re VR = AtcS^Ir-^V2n8rh2

r{R-hr). 
V 2 J 

(3) Welding of n/5 stiffeners to a shell segment wi th 2 fillet we lds o f size aw = 
0.7tr„ G M A W - C 

Kp3=3j I s ^ 1 } ^ 3
 + l 3 x 0 3 3 9 4 x l 0 ~ 3 a l x 4 ^ R n r / 5 , (8 .37) 

whe re V3=VS+ VrnJ5 . 

(4) Welding of 5 stiffened shell segments together wi th but t we lds G M A W - C 

�� �� �� �� �� ��



174 Design and optimization of steel structures 

KF4=3^5p5V3 + 1 . 3 x 0 . 2 2 4 5 x 1 0 ~ 3 t 2 x S R r r . (8 .38) 

Tota l mater ial cost is 

KM=kMpSV3. (8 .39) 

Total fabrication cost is 

KF = kF{5KF1 + nrKF2 + 5KFi +KF4). (8.40) 

The paint ing cost is 

K p — kp 2RnLh + 2Rn{hb - nrhr)+ 2K{R - hr )hr + An 
2 j 

(8.41) 

In the numer ica l example the fol lowing cost factors are used: ^ = 1 . 0 $/kg, kF = 1.0 
$/min and kP = 28.8x10" 6 $ /mm 2 . 

8.1.4 Opt imizat ion techniques and results 

The opt imizat ion p rob lem can be defined as follows: 

Minimize the objective function f(xi)—> rmn. 

Design constraints are: explicit x f ^ x ^ x f (/ = 1,2,...,N), 

implicit g 7 ( x , ) > 0 (j = \;2,..,M). (8.42) 

Table 8.1 Discrete opt ima in the function of the compress ion force 

[10 7 N1 / [mm] tr [rami nr 

0 9 5 19 38857 
1 9 5 19 38857 
2 9 5 19 38857 
3 10 5 16 39242 
4 13 5 8 40867 
5 16 5 5 45157 
6 18 5 5 50259 
7 21 4 5 54255 
8 23 4 5 58252 
9 25 4 5 62559 
10 27 4 5 66277 

W e have used two conceptual ly different opt imizat ion techniques . One of t hem is 
the R o s e n b r o c k ' s Hi l lc l imb technique (Rosenbrock 1960, Farkas & Jarmai 1997), 
wh ich is very quick, but rel iable results need more starting points . The other one is 
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an evolut ionary t echn ique , the Part ic le Swarm Opt imiza t ion (PSO) (Kennedy 1977, 
Wi lke et al. 2003) , wh ich uses the s w a r m intel l igence. 

Chang ing the compress ion force the n u m b e r of stiffeners and the object ive function 
are a lso changing . L o w n u m b e r of stiffeners is ineffective for buckl ing , h igh shell 
th ickness is needed for the stress constraint , h igh n u m b e r o f stiffeners increases the 
object ive function. The t w o opt imizat ion techniques gave near ly the same solut ions. 

Higher compress ion forces increase the shell th ickness and decrease the n u m b e r of 
stiffeners. If F< 3 x l 0 7 then the buckl ing constraint is act ive, if F> 3 x l 0 7 the stress 
constraint is more important . 

8.2 A R I N G - S T I F F E N E D S H E L L S U B J E C T T O B E N D I N G 

8.2.1 Introduct ion 

Design rules for the shell buckl ing strength have been worked out by E C C S (1988) , 
A P I (2000) and D N V (1995) . The o p t i m u m des ign of stiffened shells has been 
treated in some of our articles (Farkas et al. 2002 , Farkas 2002a , Ja rmai et al. 2003) . 
T h e o p t i m u m des ign o f a stiffened shell be l t -conveyor br idge has been t reated in 
(Liszkai & Farkas 1989). The buckl ing behav iour of stiffened cyl indrical shells has 
been invest igated b y several authors , e.g. Hard ing (1981) , Dowl ing & Hard ing 
(1982) , El l inas et al. (1984) , Frieze et al. (1984) , Shen et al (1993) , T ian et al. 
(1999) . 

In the calculat ion of shell buckl ing strength the initial imperfect ions should be taken 
into account . These imperfect ions are caused b y fabrication and by shr inkage of 
circumferent ial we lds . A calculat ion me thod for the effect of we ld ing has been 
worked out by the first author (Farkas 2002b) and it is used in the calculat ion o f the 
local shell buckl ing strength. 

In this s tudy the des ign rules of De t N o r s k e Veri tas ( D N V ) are used for r ing-
stiffened cylindrical shells. The shape o f r ings is a s imple flat p la te , wh ich is we lded 
to the shell by double fillet we lds . In the calculat ion o f the fabrication cost the cost 
of forming the shell e lements into the cylindrical shape and the cutt ing of the flat 
ring-stiffeners is also taken into account . 

The shell is a suppor t ing br idge for a bel t -conveyor , s imply suppor ted wi th a given 
span length o f L = 60 m and radius of R = 1800 m m (Figures 1,2). T h e intensi ty of 
the factored uniformly distr ibuted vert ical load is p = 16.5 N / m m + self mass . 
Fac tored live load is 12 N / m m , dead load (belts , rol lers , se rv ice -walkway) is 4.5 
N / m m . For self mass a safety factor o f 1.35 is used , wh ich is prescr ibed b y Eurocode 
3 (note that E C C S gives 1.3). T h e safety factor for var iable load is 1.5. 

The flat plate r ings are uni formly dis t r ibuted a long the shell. N o t e that the belt-
conveyor supports are independent of the r ing stiffeners, they can be real ized b y 
us ing local plate e lements . 

The u n k n o w n var iables are as fol lows: shell th ickness t, stiffener th ickness tr and 
number o f stiffeners n. 
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W e do not consider the case of an unstiffened shell , s ince to assure a stable 
cylindrical shape, a certain number of ring-stiffeners should be used. In the present 
s tudy w e consider a range of r ing number s n = 6 - 30 . The range of th icknesses t and 
tr is taken as 4 - 20 m m , rounded to 1 m m . 

8.2.2 The des ign constraints 

8.2.2.1 Local buckling of the flat ring-stiffeners (Fig. 8.3) 
Accord ing to D N V 

K V/v 

(8.43) 

Consider ing this constraint as act ive one , for E = 2 .1x10 M P a and yield stress fy

z 

355 M P a one obtains 

hr = 9tr. 

8.2.2.2 Constraint on local shell buckling (as unstiffened) (Fig. 8.5) 

p = 16.5 + 1 3 5 p ( 2 R n t + nAr); 

p = 7 .85x10" 6 k g / m m 3 ; Ar = hrtr, 

(8.44) 

(8.45) 

(8.46) 

A 

n 1 1 r 
i j i J. 

i i i 

PI 

i t 

Figure 8.3 (a) A simply supported belt conveyor bridge constructed as a ring stiffened cylindrical shell, 
(b) the cross-section of a ring stiffener including the effective width of the shell 

^ m a x 
8 ; 

R 

(b) 
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Figure 8.4 Cross-section of a belt conveyor bridge with two belt conveyors and a service walkway in the 
middle 

7TR2t 

X2=^,aE=(\.5-50p)C^-
o v V ' 10.92 

L = 

E 

L 

n + \ 

f . V 

v4y 

(8.47) 

(8.48) 

(8.49) 

The factor o f ( 1 .5 -50 / J ) in Eq. (8.48) expresses the effect of initial radial shell 
deformat ion caused by the shr inkage of circumferential we lds and can be calcula ted 
as fol lows (Farkas 2002b) . 

Figure 8.5. Top-view of the shell with local buckling 

The m a x i m u m radial deformat ion o f the shell caused by the shr inkage of a 
circumferential we ld is 
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w m a x = 0.64^7/777, (8 .50) 

whe re ATt is the area o f specific strains near the weld . Accord ing to our results 
(Farkas & Jarmai 1998) 

ATt = ° - 3 3 5 5 ^ o , ( 8 5 1 ) 

F o r steels it is 

ATt = 0 . 8 4 4 x 1 0 ~ 3 Q T ( ^ i n m m 2 , 0 r i n J / m m ) , (8.52) 

QT=TJ0 — = C A A W . (8 .53) 
vw 

F o r manua l ly arc we lded but t we lds it is 

QT = 6 0 . 7 A W (AW in m m 2 ) (8.54) 

W h e n t< 10 m m , Aw=\0t, (8 .55) 

W h e n O 10 m m , A W 3 . 0 5 ? 1 4 5 , (8 .56) 

In t roducing a reduct ion factor of B for wh ich 

0 .01 <B = - ^ £ = < 0 . 0 2 , (8 .57) 

and the imperfect ion factor for shell buckl ing strength should be mult ipl ied by 
( 1 . 5 - 5 0 / 3 ) . 

For £ < 0 . 0 1 £ = 0.01, for £ > 0 . 0 2 £ = 0.02. (8.58) 

Fur thermore 

C = y/. 1 + , Z = 0 . 9 5 3 9 - ^ - , (8-59) 
Rt 

^ = l ^ = 0 . 7 0 2 Z , p 0 = 0 . 5 f l + -^-l • (8-60) 
I, 3 0 0 ? ) 

It can be seen that <JE does not depend on Lr , s ince in Eq . (8.48) Lr

2 is in 

nomina to r and in C (Eq.8 .59) it is in denominator . The fact that the buckl ing 
s t rength does not depend on the shell length is first der ived by T imoshenko & Gere 
(1961) . 
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hX>\ — + 0 . 0 6 
Z 2 

Lt , 

' 12 ' l + o) 500EL 

K Let 
—-,— —-;a) = —£— 
2 ( 1 + ® ) ' hrtr 

Le = rokL^Lr,Le0 = \.54Rt) 

8.2.2.4 Deflection constraint 

5p0L4 ^ L 

(8.61) 

(8.62) 

(8.63) 

(8.64) 

(8.65) 

(8.66) 

3 8 4 £ 7 , 5 0 0 

Ix=7tR3t • 

T h e unfactored load is 

p0= 12/1.5 + 4 . 5 / 1 . 3 5 + p(2R7rt + nAr)= 1 1 . 3 3 + p(2Rnt + nAr). (8 .67) 

Figure 8.6 Top-view of panel ring buckling 

N o t e that A P I des ign rules (2000) give another formulae. O n the contrary, in the 
case of external pressure the dis tance be tween ring-stiffeners p lays an impor tant role 
(Fa rkas et al . 2 0 0 2 , Ja rmai et al . 2003) . 

8.2.2.3 Constraint on panel ring buckling (Fig. 8.6) 

Requ i rement s for a r ing stiffener are as fol lows: 
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8.2.3 The cost function 

The cost function is formulated according to the fabrication sequence . A poss ible 
fabrication sequence is as fol lows: 

(1) Fabr icate 20 shell e lements o f length 3 [m] wi thout r ings (using 2 end r ing 
stiffeners to assure the cylindrical shape) . For one shell e lement 2 axial butt 
we lds are needed ( G M A W - C ) . T h e we ld ing of end r ing stiffeners is not 
calculated, since it does not influence the var iables . T h e cost of the forming of 
the shell e lement to a cyl indrical shape is also inc luded (KF0). Accord ing to the 
t ime data obta ined from a Hungar i an product ion c o m p a n y (Jaszberenyi 
Apr i togepgyar , Crush ing Mach ine Factory , Jaszbereny) for plate e lements of 3 
m wid th (Table 8.2), the t imes (Ta + Tb) can be approx imated by the fol lowing 
function of the pla te th ickness (Eq. 8.68). 

Table 8.2 T i m e for forming the shell e lements of 3 m width into circular shape 
(r„),as wel l as for reduc ing the initial imperfect ions due to forming (Tb) 

t [mm] Ta [min] Tb [min] Ta+ 7i[min] 
6 270 184 454 
8 336 204 540 
10 395 228 623 
15 495 304 799 
20 588 374 962 
25 680 442 1122 
30 744 538 1282 
40 834 692 1526 

/ C F 0 = A: F®(212.18 + 4 2 . 8 2 4 f - 0 . 2 4 8 3 / 2 ) . (8.68) 

The cost of weld ing o f a shell e lement is 

KFl =/tF[©V^ + 1 . 3 x 0 . 2 2 4 5 x l 0 - Y ( 2 x 3 0 0 0 ) ] , (8 .69) 

whe re 0 is a difficulty factor express ing the complex i ty o f the assembly and K is 
the number o f e lements to be assembled 

K = 2;Vl = 2 / t a - r * 3 0 0 0 ; © = 2 . (8 .70) 

The first t e rm of Equat ion (8.69) expresses the t ime of assembly and the second 
calculates the t ime o f we ld ing and addit ional works (Farkas & Jarmai 1997). 

(2) Weld ing the who le unstiffened shell from 20 e lements wi th 19 circumferential 
but t we lds 

KF2 = kF(®^2QpV, + 1 . 3 x 0 . 2 2 4 5 x 1 0 ~ Y x l 9 x 2 / ? / r ) , (8 .71) 

(3) Cut t ing of n flat plate r ings wi th acetylene gas (Farkas & Jarmai 2003) 
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KF2=kF&cCctr

025Lc (8 .72) 

whe re 0C, Cc and Lc are the difficulty factor for cut t ing, cut t ing pa ramete r and length 

respect ively, ® c = 3 , Cc= 1.1388, Lc « 2Rxn + 2(R-hr)xn . 

(4) Weld ing n r ings into the shell wi th double-s ided G M A W - C fillet we lds . N u m b e r 
o f fillet we lds is 2n 

KF4 = kFi@^(n + l)pV2 + 1 . 3 x 0 . 3 3 9 4 x l 0 " 3 4 x 4 ^ « ) , (8 .73) 

aw = 0.5?„ but awmin = 3 m m , 

V2 = 20Vl + 2 ^ R - ^ x h r t r n , (8 .74) 

is taken so that the double fillet we ld jo in t be equivalent to the stiffener 
th ickness . 

The total mater ia l cost is 

KM=kMpV2, (8 .75) 

The total cost is 

K = KM+ 20(KF0 + KFl) + KF2 + KF3 + KF4. (8 .76) 

kM= I $/kg; kF = 1 $/min. 

8.2.4 Resu l t s of the o p t i m u m design 

Tab le 8.3 C o m p u t a t i o n a l results: the n u m b e r of st iffeners, th ickness of the 
stiffeners, mater ia l and total costs in the case o f o p t i m u m shell th ickness t = 7 
m m . T h e o p t i m u m solution is m a r k e d by bold letters 

n tr KM K 

6 21 39291 76041 
7 19 39211 75870 
8 18 39266 76296 
9 17 39278 76531 
10 16 39252 76595 
11 16 39448 77640 
12 15 39365 77446 
13 15 39538 78384 
14 14 39404 77965 
15 14 39555 78803 
16 13 39379 78191 
17 13 39509 78935 
18 13 39640 79679 
19 12 39409 78819 
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The opt imizat ion has been worked out us ing the Hi l lc l imb technique (Farkas & 
Jarmai 1997). Resul t s can be found in Table 8.3. Those results for wh ich the p lace of 
stiffeners coincides wi th the circumferential we lds of the shell segments are not 
appl icable for fabrication reasons ( n = 3 , 4 , 9, 19). 

Table 8.4 Cost distr ibution for the o p t i m u m solution 

n tr 2 0 ^ 0 2QKF1 KF2 Kfs KF4 KM K 

1 19 19991 4707 3459 1076 7425 39211 75870 
26% 6% 5% 2% 10% 5 1 % 100% 

Table 8.4 shows the va lue o f the different cost e lements . 

8.2.5 Conc lus ions 

The shell th ickness is de te rmined by the constraints on local shell buckl ing as well 
as on deflection. Since the n u m b e r o f ring-stiffeners does not influence these 
constraints , in order to assure a stable circular shell shape, a certain n u m b e r o f r ings 
should be used. 

Since the design rules do not give any prescr ipt ions for the m i n i m u m number o f 
ring-stiffeners, for the invest igated case w e have selected a r ing number domain of 
n = 6 - 30 and have per formed the opt imizat ion in this domain . 

The De t Nor ske Veri tas des ign rules give suitable formulae for the design of r ings, 
the d imens ions of wh ich decrease wi th the increase o f the number o f r ings. 

T h e initial radial deformat ion of the shell caused by the shr inkage of circumferential 
we lds affects the local shell buckl ing strength significantly. Cos t calculat ion 
me thods are p roposed for the forming o f shell e lements into circular shape and for 
the cutt ing o f flat plate ring-stiffeners. T h e cost function is formulated according to 
the fabrication sequence . 

T h e opt imizat ion results (Table 2) show that, due to the cut t ing and we ld ing costs o f 
stiffeners, the smal ler n u m b e r of stiffeners is m o r e economic . T h e op t imum ring 
n u m b e r is 7, wh ich min imizes the total mass (material cost) and the total cost. 

Mater ia l cost is about hal f of the total one and is insensi t ive to the variat ion of r ing 
numbers . The forming cost o f the shell e lements (KF0) is significant. The difference 
be tween the best and wors t op t ima indicated in Tab le 2 is 7 % , thus it is wor th us ing 
an opt imizat ion process in the design stage. 

8.3 A S T R I N G E R - S T I F F E N E D S H E L L S U B J E C T T O B E N D I N G 

8.3.1 Introduct ion 

A n interest ing p rob lem relat ing to the e c o n o m y of structures is h o w to achieve cost 
savings by us ing th inner stiffened pla tes or shells instead of th ick unstiffened ones . 
T h e stiffened structure is economic , if the th icknesses can b e decreased in such a 
m a n n e r that the cost savings caused by this decreas ing is h igher than the addi t ional 
cost o f stiffening mater ial and weld ing . The cost o f forming the plate e lements into 
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cyl indrical shapes and that o f we ld ing can significantly b e decreased by the 
reduct ion of plate th ickness . 

O u r prev ious studies relat ing to the e c o n o m y of stiffened shells h a v e shown that the 
cost effectiveness o f stiffening depends on the load (axial compress ion , bend ing or 
external pressure) , stiffening geomet ry (ring-, stringer-stiffeners or both) and the 
cross-sect ional shape of stiffeners (flat, rol led I, we lded box , cold-formed L, 
t rapezoidal etc.) . W e have found that the ring-stiffening is economic for external 
pressure (Farkas et al. 2004) , but it is uneconomic for axial compress ion or bending, 
s ince the shell th ickness cannot be decreased b y r ings wi th realistic dis tances 
be tween t hem (Farkas et al. 2004) . 

O u r another result is that the stringer-stiffening can be economic for bend ing in the 
case w h e n an a l lowable lateral d i sp lacement (e.g. horizontal d i sp lacement of a 
co lumn top) is prescr ibed (Farkas & Jarmai 2005) . In this case it is advan tageous to 
use str ingers o f ha lved rol led I-section we lded outs ide to the shell. 

Circular cyl indrical shells are often used for be l t -conveyor br idges , since the closed 
shape is advan tageous for such purposes (Fig.8.7) . W e have worked out the 
m i n i m u m cost des ign o f a be l t -conveyor br idge us ing ring-stiffened shell (Farkas & 
Jarmai 2004) . In the present s tudy it is s h o w n that the stringer-stiffened shell wi th 
stiffeners of ha lved rol led I-section welded outs ide o f the shell (Fig.8.8) can be 
economic , w h e n the deflection constraint is act ive. 

4r 

Figure 8.7 A simply supported belt-conveyor bridge with two belts, side view and cross-section 

In order to show the e c o n o m y of stringer-stiffening, a stiffened and an unstiffened 
vers ion is opt imized for m i n i m u m cost and their costs are compared to each other. 
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Design constraints are formulated according to the rules of De t N o r s k e Veri tas 
(1995) . The cost function is formulated according to the fabrication sequence . In the 
case o f the stiffened version, the u n k n o w n s are the shell th ickness as wel l as the 
d imens ion and n u m b e r of stiffeners. The constraints relate to the shell buckl ing, 
panel stiffener buckl ing and fabrication l imitat ions. 

8.3.2 P r o b l e m formulat ion 

Structural opt imizat ion procedures have to be carr ied out for a stringer-stiffened and 
an unstiffened circular cyl indrical shell and the cost effectiveness o f stiffening 
should b e evaluated by a compar i son of their min imal cost. 

Fo r bo th vers ions the given data are as follows: L = 60 m span length o f the s imply 
suppor ted br idge, R = 1850 m m shell radius , <p - a l lowable deflection f a c t o r , ^ = 355 
M P a yield stress of steel, E = 2 . 1 x l 0 5 M P a elastic modu lus , v = 0.3 Poisson rat io, 
kM, kF, kP -cost factors for mater ia l , fabrication and paint ing. 

The intensity of the factored uniformly distr ibuted vert ical load is p = 26 N / m m + 
self mass . Fac tored l ive load is 20 N / m m , dead load (belts, rol lers , se rv ice-walkway) 
is 6 N / m m . For self mass a safety factor o f 1.35 is used. The safety factor for 
var iable load is 1.5. 

The u n k n o w n s are as follows: the shell th ickness (t), the d imens ion (hs) and number 
of str ingers (ns). The d imens ions of a ha lved rol led I-section (Universal B e a m - U B 
according to A R B E D 2001) can be de te rmined b y their height hs, s ince w e use 
approximate express ions for another d imens ions and geometr ic characterist ics {hh 

tw, b, tf, A, Iy) (Fig. 8.8) us ing a special software (Table Curve 2003) (Append ix C, 
Eqs C4-C9) . 

N o t e that the use of ha lved rol led I-section str ingers is advantageous because of their 
large m o m e n t of inertia and small w e b th ickness , wh ich enables the use of small 
fillet welds to connect the str ingers to the shell. 

In the op t imum design, the o p t i m u m values of u n k n o w n s are sought , which 
min imize the cost function and fulfil the des ign constraints . W e use for constra ined 
function min imiza t ion an effective mathemat ica l method . 

8.3.3 The stringer-st iffened shell 

8.3.3.1 Design constraints 

Shell (curvedpanel) buckling 

" * ; A - A ; C = , + A ; 5 = ^L, (8 .77) 
&ntt Vl + A 4 °E 2 s ns 

M = -Z=-;p = 26.0 + l.35p(2Rjrte), p = 9 . 8 1 x 7 . 8 5 x 1 0 6 , (8 .78) 
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1 2 ( l - v ' ) 

C = 4 J l + ' M V 2 = ^ V i ^ ; p e = o . 5 f i + - A ^ 
4 Rt { 150 / 
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Figure 8.8 Halved rolled I-section stringers welded outside to the shell 

T h e calculat ion o f the factor 1.5 - 50 /? is detai led in Sec. 8.2.2.2 (Eqs 8.50 - 8.57). 

N o t e that the residual we ld ing distort ion factor 1.5 - 50/7 = 1 w h e n f>9 m m . 

Stringer panel buckling 

(8.81) 

1 
1 + C =w 

p ™ p 

\ + ys 

v YP j 

; Z = 0 . 9 5 3 9 — J = 0 . 7 0 2 Z „ ; r s = 1 0 . 9 2 ^ 
p Rt st 

p A ' 

sj 

(8.82) 

according to E C C S (1988) 

IL­
IA 

S e = i 9 ? jJL ; if sE<s se = sE;if sE>s se = s, (8.83) 

Isef is the m o m e n t of inertia o f a cross section conta ining the stiffener and a shell 
par t of wid th se. 

M . A • 22 A . r rc2E ft)2 

^5 , 
(8 .79) 

= 0 . 7 0 2 Z , (8.80) 
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hi

2tw/8 + hbtf/2 
j_ — L • 

° ^ l l + btj+sj 

Deflection limitation 

<t> 3 8 4 £ 7 yO 

p0 is the load intensity wi thout safety factors: 

p0=20/\.5 + 6.0/1.35 + p2Rxte = ll.78 + p2Rxte, 

the deflection l imitat ion factor (j) is var ied be tween 400 - 1000. 

The m o m e n t of inertia of the stiffened shell is 

Iy0=XRt + 
Y 

-t.+bt f 

h, + tf 

R + - }—zl 

A sin 
f2m^ 

hxtJ2{hxIA + tfl2) 

hxtJ2 + btf 

(8.84) 

(8.85) 

(8.86) 

(8.87) 

(8.88) 

The characterist ic data o f the U B rol led I-sections are expressed by the main 
parameter of the section height hs (see Append ix C, Eqs C4-C9) . 

8.3.3.2 TTie cost function 

The fabrication sequence can be as fol lows: 

(1) Fabricat ion of 20 shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement 2 axial but t we lds are needed ( G M A W - C - Gas Meta l Arc Weld ing wi th 
C 0 2 ) (KFi) (Farkas & Jarmai 2003) . The cost o f forming a shell e lement into the 
cylindrical shape is also included (KF0). 

(2) Weld ing of an unstiffened shell unit from 4 shell segments of 3 m length wi th 3 
butt we lds wi th 4 circumferential but t we lds (KF2). 

(3) Weld ing the ns stiffeners into the uni t wi th 2ns fillet we lds of size aw and length 
12 m (KFS), aw = 0.3tw, awmi„ = 3 mm. . 

(4) We ld ing the 5 units together wi th 4 butt we lds and but t we lds connect ing the 
halved U B stiffeners. 

The mater ial cost is 

KM=km5PlV2, (8 .89) 

V2 = 4Vt + ns ; Vx = 3000x2Rxt, 
2x5 

(8.90) 

2 A : 
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KF0 = kF®^;p = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r 0 5 + 0 .009541996 ( 2 / ? ) ° 5 , (8.91) 

Kp^kp^QyJKp^ + 1 .3x0 .152x10~Y 9 3 5 8 x6000) , (8.92) 

® = 2\K = 2;pl= 7 .85x10~ 6 k g / m m 3 , (8 .93) 

&Fi =kF{®yl*x4plVl + 1 . 3 X 0 . 1 5 2 X 1 0 - Y 9 3 5 8 6/?TT), (8.94) 

kp= l .0 $/min, kM1 = 1.0 $/kg. 

whe re 0 is a difficulty factor express ing the complexi ty o f the assembly and K is the 
number o f e lements to be assembled . Fur thermore 

KP3=kp(®yj(n, + l)p1V2 + 1 . 3 x 0 . 3 3 9 4 x l 0 " 3 4 2 I « s / 5 ) , (8.95) 

KF4 = kF[®yl5x5plV2) + 

+kF 1 . 3 x 0 . 1 5 2 x 1 0 " 3 j^W9358 + ns ^tlf5* + n s b t f

n x j . (8 .96) 

The cost of pa in t ing is 

KP = kP i^ARnL + ns ~ ~ ^ kp = 1 4 . 4 x 1 0 ' 6 W . (8.97) 

The total cost is 

K = KM + 2 0 K F I + 2 0 K F 0 + 5 K „ + 5KFi + K F 4 + ̂ . (8.98) 

8.3.4 T h e unst i f fened shell 

8.3.4.1 Design constraints 

Shell buckling 

°a = -^T~ ~ acr = ~ T = 7 ' A l = A ; / r = M s = 0 , (8-99) 

M = ^L-;p = 20 + 6+1.35p(2Rxt), p = 9 .81x7.85x10 ' 6 N / m m 3 , (8 .100) 
8 

° E = C fEJLV (8-101) 
12(l-v 2 )UJ 

N o t e that the residual we ld ing distort ion factor l .5 - 50/? = 1 w h e n f>9 m m . 
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C = J\ + (pjf;Z = j - t ^ ' > Pe = a 5 ( 1 + ^ ) " ^ = ° - 7 0 2 Z • ( 8 - 1 0 2 ) 

Deflection limitation 

w = 5 p ° L \ < - ; P o = 20/1.5 + 6.0/135 +plRxt = 17.78 +p2Rxt. (8 .103) 
m a x 3&4EaR t <f> 

8.3.4.2 The cost function 

Fabr icat ion sequence: 

(1) Fabricat ion of 20 shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement 2 axial but t we lds are needed ( G M A W - C ) (KF1). The cost of forming of 
a shell e lement into the cyl indrical shape is a lso included (KF0). 

(2) We ld ing the 20 uni ts together wi th 19 butt we lds (KP2). 

The mater ial cost is 

KM = km20pxVy; Vx = 3000x2Rnt, (8 .104) 

KF0 = kF®e";ju = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r 0 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 i ? ) ° 5 , (8 .105) 

KFI = £ f ( 0 v V , F 1 + 1 . 3 x 0 . 1 5 2 x l 0 - Y 9 3 5 8 x 6 0 0 0 ) , (8 .106) 

KF2=kF i&^lOxlOpy, +1.3x0.152x10" 3 r1 9 3 5 8 3SRir); 

kF=l.O $/min, kM1 = 1.0 $/kg. (8 .107) 

The cost of paint ing is 

Kp = kP(4RnL);kp = 14.4x10~6 $ / m m 2 . (8 .108) 

T h e total cost is 

K = KM+20KFl +20KF0 + KF1+KP- (8 .109) 

8.3.5 Opt imizat ion and compar i son of results 

The opt imizat ion is performed b y us ing the Particle Swarm algor i thm, which is an 
effective mathemat ica l me thod (Farkas & Jarmai 2 0 0 3 ) . The opt imizat ion results are 
summar ized in Tab le 1. It can be seen that significant cost savings can be achieved 
by stringer stiffening w h e n the deflection constraint is act ive. In our case the cost 
difference is 11-34% w h e n the deflection factor is 700-1000 . For the factor of 400-
500 the stiffening is uneconomic , since the cost of the unstiffened version is 9 % 
smal ler than that of the stiffened one . 
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Table 8.5 Resul ts of the opt imizat ion. Negat ive cost difference m e a n s savings 
b y stiffening 

Stiffened shell Unstiffened shell 
t 

mm 
hs 

mm 
«s w < LIS 

m a x — r 

mm 

K% t 
mm 

w < Lld> 
m a x T 

mm 

K$ Cost 
differ­
ence 

400 9 152 5 95.7<150 102030 9 116<150 93930 +9 
500 9 152 5 95.7<120 102030 9 116<120 93930 +9 
600 8 533 6 78.5<100 112433 12 96<100 118000 -5 
700 8 762 5 73.6<85.7 126398 15 84<85.7 142300 -11 
800 8 914 5 68.3<75 137336 19 74<75 175300 -22 
900 7 838 9 58.4<66.6 158800 24 66<66.6 217900 -27 
1000 7 838 12 52.5<60 185086 31 59<60 280800 -34 

8.3.6 Conc lus ions 

E c o n o m y of stiffened steel shells is invest igated in the case of a we lded stringer-
stiffened cylindrical shell constructed for a be l t -conveyor br idge. Both the stiffened 
and unstiffened structural version is op t imized for m i n i m u m cost. 

Ha lved rol led I-section str ingers are we lded outs ide the shell. In this case the 
stiffened shell has m u c h larger m o m e n t of inertia (stiffness against deflection) than 
that of str ingers we lded inside the shell. In the case of ha lved I-section their w e b can 
be we lded to the shell by small fdlet we lds . It is advantageous , s ince the we ld ing 
cost is propor t ional to the square o f we ld size. 

T h e shell th ickness p lays an important role in decreas ing the structural cost. It can 
be seen that, in the case of an active deflection constraint the th ickness of the 
unstiffened shell can be decreased b y stiffening in such a measure that the stiffening 
can significantly be economic . 

In our numer ica l mode l the deflection l imitat ion is act ive for wmax <Z,/700, thus , for 
these cases significant cost savings can b e achieved by stringer-stiffeners. 

8.4 A S T R I N G E R - S T I F F E N E D S H E L L S U B J E C T T O A X I A L 
C O M P R E S S I O N A N D B E N D I N G 

8.4.1 Introduct ion 

A n important requi rement from m o d e r n we lded structures is the economy, s ince the 
cost of we ld ing is h igh. Therefore , the bas is of compar i son of different s tructural 
vers ions is the cost. Since only the o p t i m u m vers ions can be realist ically compared 
to each other, the m i n i m u m cost des ign should b e per formed for each structural 
version. 

T h e e c o n o m y of stiffened cylindrical shells depends on several pa ramete rs as 
fol lows: load (axial compress ion , bending , external pressure or combined load) , type 
o f stiffening (ring-, stringer-stiffeners or or thogonal stiffening), stiffener profde 
(flat, rol led I, ha lved rol led I, L- , ho l low section or t rapezoidal) . 
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It has been shown that r ing-stiffening is economic in the case of external pressure 
(Farkas & Jarmai 2 0 0 3 , Farkas et al. 2002) . In the case of bend ing the ring-stiffening 
should b e used to assure the sufficient cyl indrical shape. In this case the cost of 
stiffened shell is h igher than that o f unstiffened one , s ince the shell th ickness cannot 
b e decreased by ring-stiffeners (Farkas et al. 2004) . 

Stiffening is economic only in those cases , w h e n the th ickness can be decreased in 
such a measure that the cost savings caused by this decreas ing is h igher that the 
addit ional cost of stiffening mater ia l and welding. 

A s a part of our systematic research relat ing to stiffened cylindrical shells, in the 
present s tudy a co lumn is invest igated subject to an axial compress ion and a 
hor izonta l force act ing on the top of the co lumn (Fig. 8.9). 

T h e co lumn is fixed at the bo t tom and free on the top . It is shown that a shell 
stiffened outs ide wi th stringers can be economic , w h e n a constraint on horizontal 
d isplacement of the co lumn top is active. 

In order to decrease the we ld ing cost o f stiffeners, their cross-sect ional area is 
increased, i.e. ha lved rol led I-section (UB) stiffeners are used instead of flat ones . 
The halved I-sections are advantageous , since the w e b can be easier welded to the 
shell than the flange. 

Figure 8.9 A column constructed as a stiffened cylindrical shell loaded by a compression force NF and a 
horizontal force Hp. Cross-section and a detail of the cross-section with outside stiffeners of halved rolled 

I-section. The horizontal displacement of the top (w) is limited 
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It should be men t ioned that stringer-stiffening can also be economic in those cases , 
w h e n the cor responding unstiffened vers ion needs a very th ick shell (more than 4 0 
m m ) . 

T h e cross-sect ion o f the stiffened shell is cons tant a long the w h o l e height . 
Constra ints on local shell buckl ing , on str inger pane l buckl ing and on hor izonta l 
d isp lacement are taken into account . 

The buckl ing constraints are formulated according to the D N V des ign rules (1995) . 
The cost function to b e min imized includes the cost of mater ia l , forming of shell 
e lements into cylindrical shape, assembly , we ld ing and paint ing. 

In order to demonst ra te the economy of the stiffened shell , the unstiffened version is 
also opt imized. The results show that the cost savings depends on the act ive 
d isp lacement constraint . 

8.4.2 P r o b l e m formulat ion 

The invest igated structure is a suppor t ing co lumn loaded by an axial and hor izonta l 
force (Fig. 8.9). T h e horizontal d i sp lacement o f the top is l imited by the reasons of 
serviceabil i ty of the supported structure. Bo th the stiffened and unstiffened shell 
vers ion is opt imized and their cost is compared to each other. In the stiffened shell 
outside longi tudinal stiffeners o f halved rolled I-section ( U B ) are used . T h e cost 
function is formulated accord ing the fabrication sequence . 

Given data are as follows: co lumn height L, shell radius R, factored axial 
compress ion force Nf, factored horizontal force HF, yield stress of steel fy, cost 
factors for mater ia l , fabrication and pain t ing k„, kf, kp. The u n k n o w n s are the shell 
th ickness t as wel l as the height h and n u m b e r ns of ha lved rol led I-sect ion stiffeners. 
The characterist ics of the selected U B profiles are given in Append ix C. 

In order to calculate wi th cont inuous va lues the geomet r ic character is t ics of an U B 
section (Iy, b, tf) are approximated by curve-fi t t ing functions (see Append ix C, Eqs 
C 1 - C 3 , Tab le Curve 2 D 2003) . 

8.4.3 The stiffened shel l 

8.4.3.1 Constraints 

Shell buckling (unstiffened curved panel buckling) 

The s u m of the axial and bend ing stresses should be smal ler than the critical 
buckl ing stress 

NF , HFL 
<a = 

cr 

fy (8 .110) 
2Rnte R2nte 

where the reduced s lenderness 
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A2=- fy 

\ a E a aEb J 

A, 2Rn 
; t e = t + ^-;s = : 

2s n. 
(8 .111) 

te is the equivalent th ickness . The elastic buckl ing stress for the axial compress ion is 

< 7 & = C f l ( 1 . 5 - 5 0 / ? ) 
7T2E ( t * 

10.92 U 

C^ = a}\ + \BA J ; z = — 0 . 9 5 3 9 , 
4 ) Rt 

A , = 0 . 5 1 + 
R 

150/ 
= 0 . 7 0 2 Z • 

The elastic buckl ing stress for bending is 

A = 0 . 5 1 + 
300/ 

(8 .112) 

(8.113) 

(8 .114) 

(8.115) 

(8 .116) 

(8 .117) 

No te that the residual we ld ing distort ion factor 1.5-50,0 = 1 w h e n t>9 m m . The 

detai led derivat ion of it is t reated in Sec.8.2.2.2 (Eqs 8.50 - 8.57). 

Stringer panel buckling 

a b crp 
fy 

] 2 fy „ n l E [ t 
~\(7e — C 

' ED D " a E ; Ep p 10.92 U 

; Z = 0 . 9 5 3 9 — > 

(8.118) 

(8 .119) 

(8.120) 

£ , = 0 . 7 0 2 Z , ; y , = 1 0 . 9 2 - ^ . . (8 .121) 
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(8 .122) 

Since the effective shell par t se (Fig.8.9) is g iven by D N V with a compl ica te 
i teration procedure , w e use here the s impler me thod of E C C S (1988) 

sE=l.9t (8 .123) 

if sE<s se = sE, 

if sE >s se = s . 

ISef is the m o m e n t o f inertia of a cross section conta in ing the stiffener and a shell 
par t of wid th se (Fig. 8.9). For a stiffener of ha lved rol led I-section it is 

h\twl%+hxbtfl2 

h,tw/2 + btf + set 

Horizontal displacement 

(8.124) 

(8 .125) 

(8 .126) 

<p is the var ied be tween 400 and 1000 (Table 8.6). 
The exact calculat ion of the m o m e n t of inertia for the horizontal d i sp lacement uses 
the fol lowing formulae (Fig.8.9): 
The dis tance of the center of gravi ty for the halved U B section is 

_ hxtwl2{hxIA + tfl2) 

\ t J 2 + btf 

T h e m o m e n t of inertia of the halved U B sect ion is expressed by 

f 1 2 

(8 .127) 

(8 .128) 

T h e m o m e n t of inertia o f the whole stiffened shell cross-sect ion is 

/ J t 0 = ^ 3 / + / X | ; s i n 2 

r2ni^ 

sef e ° \2\2 ) 2 U J f \ l ) 

ML1 L 
wh =—— <wallow = - , 

3EIx0 <p 

J) 2 I7~ z \ 
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+ \ ^ + btf 

2 f 
R + ±-J—zA £ s i n 2 

r2ni^ ( 8 . 1 2 9 ) 

M = HFLlyM;yM=\.5;HF=Q>. \NF. ( 8 . 1 3 0 ) 

Numerical data: NF = 3 4 0 0 0 kN, j£ = 355 M P a , £ = 1850 m m , X = 15 m. 

8.4.3.2 The cost function 

Fabr icat ion sequence: 

( 1 ) Fabr icat ion of 5 shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement 2 axial butt we lds are needed ( G M A W - C ) (KF1). T h e cost of forming of 
a shell e lement into the cylindrical shape is also included (KF0). 

( 2 ) Weld ing of the who le unstiffened shell from 5 e lements wi th 4 c ircumferential 
butt welds (KF2). 

( 3 ) We ld ing of ns stiffeners to the shell wi th double-s ided G M A W - C fdlet we lds . 
N u m b e r of fdlet we lds is 2ns. (KFS)-

T h e material cost is 

KM = km5pV, + kU2pnsAsLI2, ( 8 . 1 3 1 ) 

Vx = 3000x2R7rt;p = 7.85x10" 6kgrnm" 3. kF=l.O $/min, kM1 = 1.0 $/kg. ( 8 . 1 3 2 ) 

The cost of forming of a shell e lement into the cylindrical shape according to 
(Farkas et al. 2 0 0 4 ) is 

KF0 = kF®e";p = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r 0 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 J ? ) ° 5 , ( 8 . 1 3 3 ) 

KF1=kF ®^JKpV{ +1.3x0.1520x10"Y9 3 5 8(2x3000) ( 8 . 1 3 4 ) 

where 0 is a difficulty factor express ing the complexi ty of the assembly and K is the 
n u m b e r of e lements to be assembled 

K = 2;K1 = 2/&rtt3OOO;0 = 2, (8 .135) 

KF2 = kF(&yJ25pVl + 1 . 3 x 0 . 1 5 2 0 x 1 0 ~ Y 9 3 5 8 x 4 x 2 / t e ) , (8 .136) 

KF3 =kp(®J(n,+l)pV2 + 1 . 3 x 0 . 3 3 9 4 x 1 0 " 3 a2

w 2L«,). (8 .137) 

The fdlet we ld size aw = 0.3tw, awmin = 3 m m . 

V2=5Vl + nsAsL/2 (8 .138) 

The cost of pa in t ing is 
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KP = kP( ARKL + nsALL/2);kP = \ 4 . 4 x 1 0 - 6 $ / m m 2 

The total cost is 

K — KM + 5KFl + 5KFQ + KF2 + KF1 + Kp • 

8.4.4 T h e unst i f fened shell 

8.4.4.1 Constraints 

Shell buckling 

NF HFL ^ fy 
2Rnt Rlnt 

A2=_Jy_ 

crEa = Ca(l.5-50/3) 
n2E ( t 

10.92 U 

Ca = ^l + {pj)2;Z = ^0.9539, 

p = 0 . 5 

P a y 1 5 0 ? , 

crEh = Cb(\.5-50B) 

; £ = 0 . 7 0 2 Z , 

n2E (t x 2 

10.92 U 

=Vl+(̂ )2. 
A = 0 . 5 1 + 

R 

300 / 

Horizontal displacement 

ML2 

w, 3EnRh m , o w <f> 

M = HFL/ylf;yil = \.5;HF = 0.\NF. 
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(8 .141) 

(8.142) 

(8 .143) 

(8 .144) 

(8 .145) 

(8.146) 

(8 .147) 

(8 .148) 

(8 .149) 

(8.150) 

8.4.4.2 The cost function 

Fabricat ion sequence: 

L 

(8 .139) 

(8 .140) 
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(1) Fabricat ion of 5 shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement 2 axial butt we lds are needed ( G M A W - C ) (KFl). The cost of forming of 
a shell e lement into the cylindrical shape is also included (KF0). 

(2) We ld ing the 5 uni ts together wi th 4 circumferential but t we lds (KF2). 

The material cost is 

KM=kUl5PlVl> 

V, = 3 0 0 0 x 2 ^ , 

KF0 = kF®ef \n = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r ° 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 / ? ) 

KFl = kF + 1 . 3 x 0 . 1 5 2 x 1 0 3t x 9 3 5 8 x 6 0 0 0 ) , 

& = 2;K = 2;Pi= 7 .85X1 0" 6 k g / m m 3 , 

KF2 = kF [&^5x5P]V, + 1 . 3 x 0 . 1 5 2 x 1 O ' Y 9 3 5 8 8 / f r r ) , 

kF=\.Q $/min, £ A / , = 1.0 $/kg. 

The cost of paint ing is 

KP = kP(ARjrL);kP = 14 .4x10" 6 $ /mm 2 . 

The total cost is 

0.5 

(8.151) 

(8.152) 

(8.153) 

(8.154) 

(8.155) 

K = KM + 5KFl + 5KF0 + KF2 + Kp • 

(8.156) 

(8.157) 

8.4.5 Opt imizat ion and results 

The opt imizat ion is per formed us ing the Part icle Swarm mathemat ica l a lgor i thm 
(Farkas & Jarmai 2003) . The results are summar ized in Table 8.6. 

Table 8.6 Resul ts of the opt imizat ion for stiffened and unst i f fened shell. T h e 
posit ive cost difference m e a n s savings due to stiffening 

Stiff­
ened 

Un­
stiffened 

cost 
dif­
fer­
ence 

% 

* h m m ns t wh<wa„ot, o <acr K 
m m M P a $ 

/ wi,<waih„ cr<crcr K 
m m M P a $ 

cost 
dif­
fer­
ence 

% 
400 
500 
600 
700 
800 
900 
100 

203 5 24 25<37.5 314<317 56310 
610 5 22 24<30 307<311 56082 
406 5 23 24.8<25 313<314 55760 
686 14 16 2 K 2 1 . 4 293<294 57751 
914 10 16 18.2<18.7 268<282 62294 
914 15 12 16<16.7 248<254 66545 
914 18 11 14.4<15 227<253 70571 

22 27.7<37.5 349<351 49480 
22 27.7<30 349<351 49480 
25 24.4<25 307<352 55800 
29 2 K 2 1 . 4 264<353 64440 
33 18.5<18.7 232<354 73370 
37 16.5<16.7 207<354 82580 
41 14.9<15 187<354 92100 

-14 
-13 
0 
12 
18 
24 
30 
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It can be seen that the buckl ing (stress) constraint is active w h e n the a l lowable 
hor izonta l d i sp lacement is L/400 - Z /500 and for these cases the unstiffened shell is 
cheaper than the stiffened one . 
O n the other hand , for Z /700-L/1000 the d isp lacement constraint is act ive and the 
stringer-stiffened shell is cheaper than the unstiffened one . The cost savings 
achieved b y stiffening is 12-30%. 

Comparison of the costs for unstiffened and stiffened shells 

This compar ison is s h o w n in Tab le 8.7. 

Table 8.7 S u m m a r y of costs (posit ive difference m e a n s cost savings) (Costs in $) 

Cost Unstiffened Stiffened Difference 
shell shell % 

Material Ku 56117 45321 24 
Forming 5KF0 8385 4342 93 
Welding 5KF1+KF2 22577 
Welding 5KF,+KF2+KF3 10169 122 
Painting KP 5021 10739 -114 
Total 92100 70571 30 

It can be seen that the cost savings caused by str inger stiffening are significant in 
forming and we ld ing costs , bu t the pa in t ing for unstiffened shell is 114% cheaper 
than that for stiffened one. 

It can be conc luded that the cost factors o f fabrication and pain t ing play an 
important role in the achievable cost savings. 

8.4.6 Mult iobject ive opt imizat ion 

T h e Part icle Swarm Opt imizer has been built into this interact ive decis ion support 
p r o g r a m sys tem (Jarmai 1989a) as it w a s wri t ten in Chap te r 1, wh ich conta ins the 
fol lowing single object ive opt imizat ion methods 

C o m p l e x me thod of B o x (1965) 

Flexible Tole rance (FT) me thod of H immelb l au (1971) , 

Direct R a n d o m Search (DRS) me thod (Siddal 1982), 

Hi l lc l imb me thod (HILL) of Rosenbrock (1960) , 

Davidon-Flecher -Powel l (DFP) me thod of Rao (1984) , 

Part icle S w a r m Opt imiza t ion (PSO), ( Jarmai 2005) . 

The efficiencies of these me thods are different. Al l of them use the same objective, 
constraints subrout ines . Fo r a p rob l em like this , which is h ighly non-l inear , several 
local min ima exist. They find different ones . The advantage of Part icle swarm 
opt imizat ion is that it can find op t imum for a nonconvex prob lem. It has found the 
m i n i m u m cost s t ructure. Table 8.8 shows the s ingle object ive opt ima. 
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Table 8.8 Different opt ima for the total cost, us ing different s ingle object ive 
opt imizat ion techniques 

Method hs ns 
t (mm) Total 2 n d 3 r d 4 t h Painting 

(mm) cost ($) Material Fabrication cost 
cost cost 

Flexible 257.2 25 21 79081.4 46463.6 22912.1 9705.6 
tolerance 
Hillclimb 257.2 15 24 82361.4 49678.7 24632.6 8050.1 
Davidon 257.2 17 23 81593.5 49014.2 23634.2 8945.0 
Fletcher 
Powell 
Particle 257.2 24 21 78639.7 46283.1 22746.1 9610.6 
swarm 

optimization 

The objective functions are as follows: 

Tota l cost of the structure in $, K (1 s t ) , 

Mater ia l cost of the structure in $, KM ( 2 n d ) , 

Fabr icat ion cost of the structure in $, = 5Kn+5KVo+Kf2 ( 3 r d ) , 

Paint ing cost in $, KP ( 4 t h ) . 

Tab le 8.9 shows the different mult iobject ive opt ima. The mater ial cost is 
dominat ing , 55-65 % of the total cost. The other two object ives are around 35-45 %. 
T h e height o f stiffener is near ly the same at all op t ima; the number o f stiffeners and 
the shell th ickness is changing on an opposi te w a y due to the necessary stiffness. 
The greatest conflict is be tween the total and the paint ing costs . The paint ing cost 
m i n i m u m gives the greatest shell th ickness t. 

T h e opt imizat ion is performed us ing the Part icle Swarm mathemat ica l a lgori thm. 
T h e results are summar ized in Table 8.9. 

T h e interactive decis ion suppor t p r o g r a m sys tem conta ins several mul t iobject ive 
opt imizat ion methods . T h e y are the fol lowing: 

M i n - m a x method , 

Global criterion method: type - 1 , 

Global criterion method: type - II, 

We igh ted min-max method , 

Weigh ted global cri terion method , 

Pure weight ing method, 

Normal i zed weight ing method . 

Weigh t ing coefficients are similar to all four object ives 0.25 each. 
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Table 8.9 Mult iobject ive opt ima for the str inger stiffened shel l 

Method K t 1 s t Total 3 r d 
4th 

(mm) (mm) cost ($) Material Fabrication Painting 
cost ($) cost ($) cost ($) 

1 s t objective 257.2 24 21 78639.7 46283.1 22746.1 9610.6 
2 n d objective 257.2 24 21 78639.7 46283.1 22746.1 9610.6 
3 r d objective 683.5 25 15 87516.6 56295.1 17691.4 13530.0 
4 t h objective 257.2 5 26 85276.8 52840.0 24632.6 7804.1 

Min-max 257.2 24 21 78629.7 46283.1 22746.1 9610.6 
Weighted min-max 257.2 24 21 78629.7 46283.1 22746.1 9610.6 
Global criterion 1 308.7 23 21 79432.3 46994.2 22599.6 9838.6 

exp. 3 
Global criterion 2 257.2 21 22 80336.5 47738.9 23272.2 9325.4 

exp. 2 
Weighted global 257.2 21 22 80336.5 47738.9 23272.2 9325.4 
Pure weighting 257.2 25 21 79081.4 46463.6 22912.1 9705.7 

Normalized 257.2 24 21 78629.7 46283.1 22746.1 9610.6 
weighting 

8.4.7 Conc lus ions 

Cylindrical shells stiffened outs ide by str ingers are economic for axial compress ion 
and bend ing wi th an act ive deflection constraint , but wi thout a deflection constraint 
they are uneconomic . 

In order to decrease the we ld ing cost, the stiffeners should have cross-sect ional area 
as large as poss ible and should we lded to shell wi th we lds as small as poss ib le , thus 
the outs ide ha lved rol led I-section str ingers are advantageous for this purpose . 

In the invest igated numer ica l p rob lem 12-30 % cost savings can be achieved us ing 
this stiffening in the case of d i sp lacement l imit of I / 7 0 0 - L / 1 0 0 0 . It should be noted 
that cost savings cannot be achieved by str ingers we lded inside of the shell. 

The decis ion support sys tem, which contains several single and mult iobject ive 
opt imizat ion techniques , is an efficient tool for structural opt imizat ion. Us ing the 
same constra ints , the opt imizers can find the opt ima. If these op t ima are similar, or 
c lose to each other, the des igner can be sure, that h e has found, or c lose to the global 
op t imum. Discrete solut ions are useful for the appl icat ion of the results . The 
robustness of P S O is vis ible , w h e n the p rob lem is non-convex . In this case the 
mater ial cost is dominant ; the opt ima for the total and for the mater ial cost m i n i m u m 
are identical . Us ing different mult iobject ive opt imizat ion techniques , different 
weight ing coefficients, w e can get a great number o f op t ima to get more information 
about the behav iour of the structure. 

The P S O technique was found to be a robust me thod for mul t iobject ive opt imizat ion 
as well . Some o f the object ives are in conflict. T h e mater ia l cost represents more 
than 60 % of the total cost. Opt imiza t ion for the cost of forming the shell e lements 
into the cylindrical shape, assembly and we ld ing m e a n s a smal ler shell th ickness and 
more and larger stiffeners. Opt imiza t ion for the pa in t ing cost m e a n s a thicker shell 
wi th fewer and smal ler stiffeners. 
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8.5 A W E L D E D O R T H O G O N A L L Y S T I F F E N E D C Y L I N D R I C A L S H E L L 
S U B J E C T T O A X I A L C O M P R E S S I O N A N D E X T E R N A L P R E S S U R E 

8.5.1 Introduct ion 

In the present s tudy the combined load of axial compress ion and external pressure is 
considered, as it acts on par ts of the co lumns of a t russ tower of a fixed offshore 
pla t form (see Figures 8.10 and 8.11). The cylindrical-shell m e m b e r that is 
or thogonal ly stiffened by us ing r ing stiffeners of box cross-sect ion and str ingers of 
halved rolled I-section (see Figures 8.12 and 8.13), is to be opt imized wi th respect to 
a cost function, wh ich includes mater ia l , manufactur ing and paint ing costs . 

In order to demonst ra te the e c o n o m y of the stiffening, bo th stiffened and un­
stiffened assembl ies are op t imized and their costs are compared to each other . The 
des ign rules used here are formulated according to the des ign rules o f Det Norske 
Veri tas (1995) . The cost function is formulated in cor respondence to the 
manufactur ing sequence . The specified constraints relate to shell buckl ing, panel 
stringer and panel r ing buckl ing, as wel l as to manufactur ing l imitat ions. 

In the case of the or thogonal ly stiffened assembl ies , the part icular design variable to 
be cons idered are the shell th ickness (/), the number of longitudinal stiffeners 
(str ingers) (ns), the n u m b e r of ring-stiffeners (« r ) , the box height (hr) and the stringer 
stiffener height (h=h\+2tf), (see Figures 8.12 and 8.13). 

8.5.2 Constraints for the orthogonal ly stiffened cyl indrical shell 

S o m e of the quanti t ies that appear in the definitions of the constraints are given 
below, are also indicated in Figure 8.12. 

Figure 8.10 A part of a fixed offshore structure, the main columns are stiffened cylindrical shells 
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8.5.2.1 Shell (curvedpanel) buckling 

T h e equivalent stress ae mus t satisfy the constraint : 

Figure 8.11 An illustrative sketch of a part of an orthogonally stiffened cylindrical shell 

fy\ 

' i t i i i m 

(8 .158) 

N F L . N F 

1///// 

1 
L, 

1 

' t t • 
j 

Figure 8.12 Stringer and ring stiffened cylindrical shell with compression and external pressure 

f 
where / " , = — , a n d the stress due to axial compress ion is g iven by 

p 
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NF A, 2Rn 
aa = — — , w h e r e te = t + — and s = 

2Rat„ S n. 

(8.159) 

Figure 8.13 Cross-section of the stiffened shell 

He re fy is the yield stress, NF is the factored compress ion force, R is the shell radius , 
t is the shell th ickness , As is the cross-sect ional area of a stringer, ns is the number of 
longitudinal stiffeners (str ingers) . Also appear ing in the above constraint definition 
is the stress due to external pressure 

CT„ = T ^ 7 > « = - T T ' 4 o = m i n ( 4 , 4 r = 1.56>/*7) and LR = 
t(l + a) nr - 1 

(8.160) 

Here pF is the factored external pressure intensity, Ar is the cross-sect ional area of a 
ring-stiffener, L is the shell length, nr is the n u m b e r of ring-stiffeners, Lr is the 

dis tance be tween r ings. Also used in the definition above is A 2 defined by 

X2 L± 
CT, Eps J 

, where a = r ^ E , 
E a s ^ ( l - v 2 ) 

2 
t 
s 

(8.161) 

E and v are the Y o u n g modu lus and the Po isson ratio, respect ively 

C =w , 1 + 
as T as 11 

r as^ as 

\ Was J 
va,=4>za.= Tt^1^^ = 0702Z-' (8'162) 

••03 1 + 
R 

150? 

-05 

°Er. CPS 1 ( ) 9 2 

7t2E (t_ 

s 
(8 .163) 

Vt 1 + 
r ps~ ps 

> PPS = 0-6, (8 .164) 

and 

Pas = 
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8.5.2.2 Panel stiffener (stringer) buckling 

In this case the equivalent stress ae mus t satisfy the constraint : 

f y l (8.166) 

whe re 

,2 _ fy\ 
AN — ' G r - C 

cap ap 10.92 v4y 
> CaP=¥ap- 1 + 

r ap^ a/ 

/ % = 0 - 5 , ^ = 0 . 7 0 2 Z V , Zap = ^ 0 . 9 5 3 9 , 

1 + , ys = 1 0 . 9 2 - ^ f , a n d s £ = 1 . 9 / 

, (8.167) 

(8 .168) 

(8 .169) 

1 + 
5 / J 

With respect to further quanti t ies to b e computed be low, the fol lowing rule is 
appl ied: 

if sE < s, se = sE , and if sE>s, se=s- (8 .170) 

ISef is the m o m e n t of inertia of a stiffener inc luding effective shell p la t ing se. In the 
case of a stiffener of ha lved U B sect ion (flange width b, f lange th ickness //, w e b 
he igh t hi/2, and w e b th ickness /„,as shown in F igure 8.13), the dis tance o f the centre 
of gravi ty is 

h, (h, t 

4 2 
+ - \+bt, 

hj + t + t. 

set + btf+hltw/2 
(8 .171) 

and 7^, is g iven b y 

hef=SetZG + 

and 

I 2 J 12 2 

h, t 
-!- + - - z c 

4 2 c 

+ 6 / , 
hj+t + t. 

•-zr. 

As = btf+\tyil2-

, (8 .172) 

(8.173) 

r 
i 

2 

(8 .165) 
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Fur the rmore 

CT =C — EVP PP jQ Q 2 

f . V 

, C =w 
' pp Y pp 

1 + r pp^pi 

<5 = 1 .04 A /Z~~ , Z =Z , p = 0 . 6 , and w = 2 ( 1 + , / l + y ). 
' PP \ pp > pp '-'api y pp Y pp M 

(8 .174) 

(8.175) 

8 . 5 . 2 . 3 Panel ring buckling 

T h e ring-stiffeners are welded square b o x sect ions, (see F igure 8 . 1 2 ) , constructed 
from three plate e lements o f wid th br and th ickness tr. The re la t ionship that mus t be 
satisfied be tween the wid th and th ickness , is prescr ibed by the Eurocode 3 ( 2 0 0 2 ) 

ru le for compress ion pla tes against buckl ing , and is g iven by 

tr > d \ , M8r =42e, s = A / 2 3 5 7 7 ^ , fy = 3 5 5 , Sr = 1 / 3 4 . ( 8 . 1 7 6 ) 

A s s u m i n g the buckl ing constraint , g iven by (Eq. 8 . 1 7 6 ) , to be act ive, then the cross-
sect ional area o f a ring-stiffener is 

AR=3hrtr=3Srh2 (8.177) 

The required cross-sect ional area of ring-stiffener, excluding the effective shell 
width , is 

*Rreq 

2 \ L2 

+ 0.06 \Lrt, w h e r e Z = - ^ 0 . 9 5 3 9 . 
Rt 

Thus the constraint is: 

(8 .178) 

(8.179) 

The effective flange width is g iven by 

Le = min(z,,,2x 1.56v0?7). 

The dis tance of the centroid o f r ing (point E in Figure 8.12), including the effective 
shell flange width is g iven by 

Lj(hr+t/2)+Srh3

r 

3Sh2+Lj 
(8.180) 

The m o m e n t of inertia of the r ing about x-axis is 

yE + srh2

ryl + Lj h + •yE . (8 .181) 

T h e required m o m e n t of inertia o f a r ing is g iven by 

2 
t 

1 
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IRreq ~ 1'a + 1p ' 
(8 .182) 

whe re IA is the required m o m e n t of inertia for axial compress ion , and IP that for 
external pressure , respect ively g iven by 

(8 .183) 

and 

pFRRQLr 

3E 
2 + -

3EyES0 

R* fy 
~2~Gp 

with 5n = 0.005.R. (8.184) 

The constraint is: 

I Rreq — Ir ' 
(8 .185) 

8.5.2.4 Manufacturing limitations 

In order to ensure that the we ld ing of the w e b s o f the ha lved rol led I-section 
str ingers into the shell is poss ible , the m i n i m u m dis tance be tween the str inger 
flanges should satisfy the fol lowing condi t ion: 

2(R-hr/2}r 
- 6 > 3 0 0 m m . (8 .186) 

or: 

n ^2{R-hr/2}r 

6 + 300 
(8 .187) 

Ano the r l imitat ion is related to the m i n i m u m value of fillet we lds connec t ing the 
str inger webs to the shell , and that for connect ing the plate e lements o f r ing-
stiffeners. They are respect ively g iven by aws = 0Atw, a w s m i n = 3 m m , and awr = 0Atr, 
ammi„ = 3 m m . 

8.5.3 Cost funct ion for the orthogonal ly stiffened cyl indrical shell 

The cost function (K) includes material (KM) and manufac tur ing costs (KFl), as wel l 
as the cost o f paint ing (KP) the final assembly , i.e. the total cost is g iven b y 

K = K M + ^ K F i + K p 
(8 .188) 

The manufactur ing sequence , de termining the associated total manufactur ing cost, is 
as follows: 

cx/l+^V 
j _ ± EJ_, Ro=R-(„r-yE), 

500ELR 
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(1) F o r m plate e lements of Ls ~ 3 m length, into cylindrical shapes , (KF0). 

(2) W e l d shell segments o f Ls = 3 m length, from 2 curved plate e lements , with 2 
but t we lds us ing G M A W - C (Gas Meta l A r c Weld ing wi th C 0 2 ) , (KF1). 

(3) Weld whole un-stiffened shell of L = 1 5 m length, from 5 shell segments wi th 4 
circumferential butt we lds , us ing G M A W - C , (KF2). 

(4) W e l d nr ring-stiffeners from 3 plate e lements wi th 2 fillet we lds , each us ing 
S M A W (Shielded Meta l A r c Weld ing) , (KF3). 

(5) W e l d nr ring-stiffeners into the who le shell wi th 2 nr c ircumferential fillet we lds , 
us ing S M A W , (KF4). 

(6) Weld ns stringers into the shell with 2 ns fillet welds , us ing S M A W , (KF5). 

The vo lume of a shell segment is 

VX=2RMLS, (8 .189) 

and the vo lume of a ring-stiffener is g iven by 

VR = 27tSrh2

r{R-hr)+4nSrh2{R-hr 12). (8 .190) 

T h e mater ial cost is expressed as 

KM=km5pVl + kM]pnrVR+kM2pnsAsL, (8 .191) 

where kM1 and kU2 are the respect ive cost factors for pla tes and rolled I-sections. 

The manufactur ing cost componen t s are as follows: 

KF0 = SkF®e" ,p = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r ° 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 / ? ) ° 5 , (8 .192) 

KFl =5kF(®J^ + \3x0.l520xl0~3tl 935S><2Ls), & = 2,K = 2, (8 .193) 

KF2=kF(@p5pV, + 1 . 3 x 0 . 1 5 2 0 x l 0 - 3 r , 9 3 5 8 x 4 x 2 ^ ) , (8 .194) 

KF3=nrkF[3ppVR + 1 . 3 x 0 . 3 3 9 4 x l 0 - 3 a 2 , r 4 7 r ( i ? - / ? r ) j , (8 .195) 

KF4 = kF[3^(nr + l ) / ? (5F , + nrVR) + 1 . 3 x 0 . 3 3 9 4 x 1 ( T 3 a 2

w r n r ARrr\, (8 .196) 

and 

KF5 = kF[3^{nr + ns+ \)p\5Vx + nrVR + nsAsL) + 1.3x 0 . 3 3 9 4 x IQ'3a2

wsns2l\. 
(8 .197) 

Final ly, the cost of paint ing is given by 
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Kp=kP 2R?rL + 2R7r(L-nrhr)+2nrxhr(R-hr)+4mirhr R—- + nsL(h1+2b) • 
L v 2 y J 

(8 .198) 

8.5.4 Constra int and cost function for the unstiffened shel l 

8.5.4.1 Constraint on shell buckling 

The equivalent stress ae mus t satisfy the constraint : 

a e = y a a ~ a a a p + a l < - ^ = , (8 .199) 
VI + A, 

f 
w h e r e f, = — > 

A 2 = ^ L f ^ 2 _ + O > 0 . = J V £ _ ; ( j = M , (8 .200) 

°za = Ca jl >Ca=¥L[^A,¥a=l, (8-201) 
I2[l-v )yL) \ \Va ) 

T2 i ( R V 0 ' 5 

Z a = ~ V l - v 2 , ^ = 0 7 0 2 Z a , / 7 a = 0 . 5 1 + — , (8.202) 
Rt v 1 5 0 / ) 

„2K ( i\2 f o E Y 
<r* = C p — - > C = j * . 1 + , pp = 0 . 6 , (8 .203) 

L p " 10.92 U J V ^ ̂ P J 
a n d £ p = 1 . 0 4 Z p , Z p = Z a , ^ = 4 . (8 .204) 

8.5.4.2 Cost function for the unstiffened shell 

T h e cost function includes cost of mater ia l , manufac tur ing and paint ing: 

K = Ku+YtKPi+Kp. (8 .205) 

The manufactur ing sequence in this case is as follows: 

(1) F o r m pla te e lements of Ls = 3 m length, into cylindrical shapes , (KF0). 

(2) W e l d shell segments of Ls = 3 m length from 2 curved plate e lements , wi th 2 butt 
welds , using G M A W - C (Gas Meta l Arc W e l d i n g wi th C Q 2 ) , (KF]). 
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(3) W e l d whole un-stiffened shell o f L = 15 m length, from 5 shell segments wi th 4 
circumferential but t we lds , us ing G M A W - C (KF2). 

The vo lume of a shell segment is 

Vx = 2R70L,. (8 .206) 

The mater ial cost is expressed as 

KM=km5pVl. (8 .207) 

whe re kMi is the cost factor for plates . 

T h e manufactur ing cost componen t s are as fol lows: 

Kpg = 5 ^ e e " , 1 w = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r 0 - 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 f l f 5 , (8 .208) 

KFl = 5 ^ ( 0 ^ 0 ^ + 1 . 3 x 0 . 1 5 2 0 x 1 0 ' V 9 3 5 8 x 2 Z S ) , ® = 2 , / r = 2 , (8 .209) 

KF2 = kF[@^25pVx + 1.3x 0.1520x lO^Y' 9 3 5 8 x 4 x 2Rx), (8 .210) 

kF = 1.0 $/min, £ M / = 1.0 $/kg. 
The cost of painting is given by ^ = 4RnLkp,kP = 1 4 . 4 x l 0 " 6 $ / m m 2 . 

8.5.5 Numer ica l opt imizat ion results 

8.5.5.1 Numerical data 

The loading is specified by NF = 5 .4x10 7 N and pF = 1.5 M P a . The values of the 
remaining data used are: L = 15 m, R = 1850 m m , / , = 355 M P a , E = 2 . 1 x l 0 5 MPa , 
V = 0.3. The cost factor va lues are kM, =kM2 = 1.0 $/kg, kF = 1.0 $/min and kP = 
14 .4x l0" 6 $ /mm 2 . 

T h e geometr ic characteris t ics of an U B section, name ly (/„,, b, tf, h) are 
approximated by curve-fit t ing functions (Table Curve 2 D 2003)(see in Append ix C, 
E q s C l - C 3 ) . 

Practical considerat ions restrict the final va lues of the des ign var iables . The 
thicknesses t m a y as sume any integer m m value . The height of the r ing stiffeners hr 

is restr icted to steps of 10 m m . For the U B sect ions, according to the A R B E D 
catalogue, the only acceptable values for h are 152, 2 0 3 , 254 , 3 0 5 , 356, 406 , 457 , 
5 3 3 , 610 , 686 , 762 , 838 , 914 m m (Profil Arbed 2001) . 

For the opt imizat ion the leap-frog, the dynamic -Q and the part icle swarm algor i thms 
are used. These methods are descr ibed in Chapter 1. 

8.5.5.2 Results for the orthogonally stiffened cylindrical shell 

The best cont inuous solution obtained, together wi th the discrete solut ion are listed 
in Tab le 8.10. 
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Table 8.10 Resul t s for the 5 var iables: cont inuous and discrete solutions 
(M=500) . 

t [mm] ns 
nr hr [mm] h [mm] K[%] 

13.82 26.85 8.31 260.96 225.79 54444.62 (cont.) 
14 27 9 270 203 55342.9 (disc.) 

8.5.5.3 Results for the unstiffened shell 

T h e shell buckl ing constraint is satisfied if the shell th ickness is t = 50 m m . In this 
case the object ive function is K = 112131.3 $. T h u s , a cos t sav ing o f 51 % can b e 
achieved by the or thogonal stiffening of the shell m e m b e r . 

8.5.6 Conc lus ions 

T h e results show that if the m e m b e r is stiffened, a cost saving of more than 50 
percent , compared to that of the unstiffened shell , m a y be obtained. This is due to 
the fact that stiffening a l lows the th ickness o f the shell to b e r educed to 14 m m , 
wh ich represents a significant mater ial saving, compared to the unstiffened shell that 
requires a m i n i m u m th ickness of 50 m m . This mater ial saving ove r shadows the 
increase in labour and we ld ing costs associated with the stiffening. 

8.6 A S T R I N G E R - S T I F F E N E D S T E E L C Y L I N D R I C A L S H E L L O F 
V A R I A B L E D I A M E T E R S U B J E C T T O A X I A L C O M P R E S S I O N A N D 
B E N D I N G 

8.6.1 Introduct ion 

A co lumn is invest igated subject to an axial compress ion and a horizontal force 
act ing on the top of the co lumn (Fig .8 .14) . The co lumn is fixed at the bo t tom and 
free on the top . It is shown that a shell stiffened outs ide wi th str ingers can be 
economic , when a constraint on horizontal d isp lacement o f the co lumn top is active. 
In order to decrease the weld ing cost of stiffeners, their cross-sect ional area is 
increased, i.e. ha lved rol led I-section (UB) stiffeners are used instead o f flat ones . 

T h e ha lved I-sections are advantageous , since the w e b can be easier we lded to the 
shell than the flange. It should b e men t ioned that stringer-stiffening can also be 
economic in those cases , w h e n the corresponding unstiffened vers ion needs a very 
th ick shell (more than 4 0 m m ) . 

T h e cross-sect ion of the stiffened shell is constant a long the who le height . 
Const ra in ts on local shell buckl ing , on str inger pane l buckl ing and on horizontal 
d i sp lacement are taken into account . The buckl ing constraints are formulated 
accord ing to the D N V des ign rules (1995) . The cost function to b e min imized 
includes the cost o f mater ia l , forming of shell e lements into cylindrical shape, 
assembly , we ld ing and paint ing. 

In order to demons t ra te the economy of the stiffened shell , the unstiffened version is 
a lso opt imized. T h e results show that the cost savings depends on the active 
d isp lacement constraint . 

�� �� �� �� �� ��



210 Design and optimization of steel structures 

8.6.2 P r o b l e m formulat ion 

The invest igated structure is a suppor t ing co lumn loaded b y an axial and horizontal 
force (Fig.8.14) . The horizontal d i sp lacement of the top is l imited by the reasons o f 
serviceabil i ty of the suppor ted structure. Bo th the stiffened and unstiffened shell 
vers ion is opt imized and their cost is compared to each other. In the stiffened shell 
outs ide longi tudinal stiffeners of halved rol led I-section ( U B ) are used. T h e cost 
function is formulated according the fabrication sequence . 

G iven data are as fol lows: co lumn height L, factored axial compress ion force NF, 
factored horizontal force HF, yield stress of steel fy, cost factors for mater ia l , 
fabrication and pain t ing km, kfi kp. The u n k n o w n s are the shell th ickness / and radius 
R as wel l as the height h and n u m b e r ns of ha lved rol led I-section stiffeners. 
The characterist ics o f the selected U B profiles are given in Append ix C. 

In order to calculate wi th cont inuous values the geometr ic characterist ics of an U B 
sect ion (Iy, b, tf) are approximated by curve-fit t ing functions as fol lows: h 
approximate ly equals to the first n u m b e r of the profile n a m e (Table Curve 2 D , 2003) 
(Append ix C, Eqs C I 1-C13). 

8.6.3 The stiffened shell 

8.6.3.1 Constraints 

Shell buckling (unstiffened curved panel buckling) 

The sum of the axial and bend ing stresses should b e smal ler than the critical 
buckl ing stress 

4 is the equivalent th ickness . The elastic buckl ing stress for the axial compress ion is 

(8 .211) 

whe re the reduced s lenderness 

2Rx (8.212) 

(8.213) 

(8 .214) 

0 .5 1 + 
R 

= 0 . 7 0 2 Z • (8 .215) Pa 1 5 0 / V 
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Figure 8.14 A column constructed as a stiffened cylindrical shell loaded by a compression force NF and a 
horizontal force HF. Cross-section and a detail of the cross-section with outside stiffeners of halved rolled 

I-section. The horizontal displacement of the top (w) is limited 

The elastic buckl ing stress for bend ing is 

C , = 4 . l l + | £ f i . | . (8-217) 

3—] . (8 .218) A = 0 . 5 1 + 
H b \ 300? 

N o t e that the residual we ld ing distort ion factor 1 . 5 - 5 0 / ? = 1 w h e n t>9 m m . The 

detai led der ivat ion of it is t reated in (Farkas 2002) . 

Stringer panel buckling 

(8.219) a +<T, < a -
a b — crp 

fy 
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K = — \ ° B O = C o . (8 .220) 
' a E ; Ep ' 10.92 UJ 

To 5(5 Y T2 

CP=VPX1+ >ZP = 0 . 9 5 3 9 ^ - , (8 .221) 

$p = 0.702Zp;ys = 1 0 . 9 2 ^ , (8 .222) 

y p = ^ f - ; (8-223) 

2* ef 

Since the effective shell par t se (Fig.8.14) is g iven by D N V with a compl ica ted 
i teration procedure , w e use here the s impler me thod of E C C S (1988) . 

J f i = 1 . 9 f f ^ > (8-224) 
V fy 

if sE<s se = sE, 

if sE >s se = s . 

Isef is the m o m e n t of inertia of a cross sect ion conta ining the stiffener and a shell 
par t of wid th se (Fig. 8.14). For a stiffener of ha lved rol led I-section it is 

Lr = sttz2

G + ^ { ^ 1 + ^4^ - zG t + to, f _ z t (8 .225) 
s c / e 0 1212 J 2 U J f { 2 ° ) 

h2t/8 + hbtJ2 

z = J L J ! 1_L (8 .226) 

Horizontal displacement 

w " = - = T ' ( 8 , 2 2 7 ) 

The exact calculat ion of the m o m e n t of inertia for the horizontal d i sp lacement uses 
the fol lowing formulae (Fig.8.14): 
T h e dis tance of the centre o f gravi ty for the halved U B sect ion is 

z _ y w / 2 ( V 4 + f / / 2 ) - ( 8 2 2 8 ) 

\tJ2 + btf 

The m o m e n t of inertia of the ha lved U B section is expressed by 
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T h e m o m e n t of inertia o f the who le stiffened shell cross-sect ion is 
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/ T 0 = , T / ? 3 / + / , £ sin 

+ 1 -LJi-+btf 

2 ' 

f2ni^ 

R + - — f — z sin 
(2ni^ 

M = HFL/yM;yM=1.5;HF=0.\NF 

(8.230) 

(8.231) 

Numerical data: NF = 6 x l 0 7 kN, fy = 355 M P a , L = 15 m , the radius is var ied 
be tween R = 1900-3 500 m m . 

8.6.3.2 The cost function 

Fabr icat ion sequence : 

(1) Fabr ica t ion of 5 shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement 2 axial butt we lds are needed ( G M A W - C ) (KF1). The cost o f forming o f 
a shell e lement in to the cylindrical shape is a lso inc luded (KF0). 

(2) We ld ing of the who le unstiffened shell from 5 e lements wi th 4 circumferent ia l 
but t we lds (KF2). 

(3) We ld ing of ns stiffeners to the shell wi th double-s ided G M A W - C fillet welds . 
N u m b e r of fillet we lds is 2ns. (KF3). 

T h e mater ial cost is 

KM=km5pVx+kM2pnsAsLI2, (8 .232) 

Vx = 3000x2R7rt;p = 7 . 8 5 x 1 0 " 6 k g m m ' 3 . 

kF=l.O $/min, kM1=\.0 $/kg. (8 .233) 

The cost of forming o f a shell e lement into the cylindrical shape according to 
(Farkas et al. 2004) is 

KF0 = kF®e";p = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 / " 0 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 / ? ) ° 5 , (8 .234) 

KFl =kF [ © v

/ ^ + 1 . 3 x 0 . 1 5 2 0 x l 0 " 3 / 1 9 3 5 8 ( 2 x 3 0 0 0 ) ] , (8 .235) 

whe re 0 is a difficulty factor express ing the complex i ty o f the assembly and K is the 
number of e lements to be assembled 

K = 2\V.- 2/te/x3OOO;0 = 2, (8.236) 

2 

(8.229) 
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KF2 = kF (@y]25pV, + 1 . 3 x 0 . 1 5 2 0 x 1 0 - V 9 3 5 8 x 4 x 2 / ? ^ ) 

KF, = kF(®A*{ns+\)pV2 + 1 . 3 x 0 . 3 3 9 4 x l 0 - 3 4 2 L « ^ 

The fillet we ld size aw = 0 . 3 c awmin = 3 m m . 

V2 =5Vi + nsAsLI2. 

T h e cost of pain t ing is 

Kp = kp{ ARTZL + nsALLI2);kP = \AAx\Q'6 $ /mm 2 . 

T h e total cost is 

K - KM + 5KF1 + 5KF0 + KF2 + KF3 + KP. 

8.6.4 T h e unstiffened sheU 

8.6.4.1 Constraints 

Shell buckling 

NF HFL ^ fy 
" 2Rnt ' R2nt VL + /L4 

A2=—^ 
K^Ea aEb J 

< r & = C f l ( 1 . 5 - 5 0 / 0 
7T2E ( t 

Ca=J\ + {pJ)2;Z = ^-0.9539, 

10.92 \L 

2 

Rt 

pa=0.5 1 + 
R ^ 

-0.5 

150/ 
= 0 . 7 0 2 Z , 

<rEb = Ct(l.5-50fi) 
7T2E ( t 

10.92 U 

(8 .237) 

(8.238) 

(8 .239) 

(8 .240) 

(8.241) 

(8 .242) 

(8.243) 

(8 .244) 

(8.245) 

(8 .246) 

(8 .247) 

(8 .248) 

(8 .249) 
A = 0 . 5 ' 1 R X 

300 / J 

r 
a _j o_ 
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Horizontal displacement 

" 3EnR3t a"ow </> 

M = HFL/yM;yM = l.5;HF=0. \NF. (8 .251) 

8.6.4.2 The cost function 

Fabr icat ion sequence: 

(1) Fabr ica t ion of five shell e lements of length 3 m wi thout stiffeners. For one shell 
e lement t w o axial butt we lds are needed ( G M A W - C ) (KFI). T h e cost o f forming 
of a shell e lement into the cylindrical shape is also inc luded (KF0). 

(2) We ld ing the five uni ts together wi th 4 circumferent ial butt we lds (KF2). 

T h e mater ial cost is 

KM=km5p,Vx, (8 .252) 

Vx = 3000x2Rxt, (8 .253) 

KF0 = kFGe" ;n = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 r 0 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2R)°5, (8 .254) 

KFl =/cF(©7^" + 1 . 3 x 0 . 1 5 2 x 1 0 ^ 1 9 3 5 8 x 6 0 0 0 ) , (8 .255) 

® = 2;K = 2;pl = 7 . 8 5 x l 0 " 6 k g / m m 3 , 

KF2 = kF(QJ'5x5plVl + 1 . 3 x 0 . 1 5 2 x 1 0 - 3 / 1 9 3 5 8 8 ^ z - ) , (8 .256) 

kF = 1.0 $/min, kM, = 1.0 $/kg. 

The cost of paint ing is 

Kp = kP(AR7TL);kP = 14 .4x10" 6 W . (8 .257) 

The total cost is 

K = KM+5KFl+5KF0 + KF2 + Kp. (8 .258) 

8.6.5 Opt imizat ion a n d results 

T h e opt imizat ion is per formed us ing the Part icle S w a r m mathemat ica l a lgor i thm 
(Farkas & Jarmai 2003) . The results are summar ized in Table 8.11 for deflection 
l imit factor of tp = 1000 only. 
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Table 8.11 Resul ts of the opt imizat ion for stiffened and unstiffened shell. T h e 
posit ive cost difference m e a n s savings due to stiffening. D imens ions in m m 

Stiffened Unstiffened 
R h ns 

t A : $ / a<rj c r MPa w m m K$ cost 
diff.% 

1900 1016 24 9 124600 67 193<350 14.80 165162 24 
2100 50 220<343 14.73 133675 
2300 910.4 18 17 94560 38 25K331 14.75 105959 29 
2500 607.6 16 21 84980 30 280<311 14.55 88744 4 
2700 257.2 14 24 83309 26 287<289 13.33 82177 -1 
2900 203.2 17 22 84650 25 268<275 11.19 85924 1 
3100 257.2 18 21 86110 24 252<260 9.54 87413 1 
3300 257.2 14 20 87240 23 240<245 8.25 88546 1 
3500 203.2 21 19 88510 23 220<235 6.92 93206 5 

Comparison of the costs for unstiffened and stiffened shells 

This compar i son is shown in Tab le 8.12. 

Table 8.12 S u m m a r y of costs (posit ive difference m e a n s cost savings) 

Cost [$] Unstiffened shell Stiffened shell Difference % 
Material KM 56117 45321 24 

Forming 5KF0 8385 4342 93 
Welding 5KF,+KF2 22577 

Welding 5KF,+KF2+KF3 10169 122 
Painting KP 5021 10739 -114 

Total 92100 70571 30 

It can b e seen that the cost savings caused by str inger stiffening are significant in 
forming and we ld ing costs , but the pain t ing for unstiffened shell is 114% cheaper 
than that, for stiffened one. It can be concluded that the cost factors of fabrication 
and pain t ing p lay an important role in the achievable cost savings . 

8.6.6 Conclus ions 

Table 8.12 shows that bo th stiffened and unstiffened vers ions have an o p t i m u m 
radius , in our numer ica l p rob lem Rop, = 2700 m m . 

It can be seen that, for smal ler radii (R<2\QQ m m ) the required thickness is 
unrealis t ical ly large (f>50 m m ) , thus , stiffening is needed to decrease this th ickness 
and the th ickness reduct ion b y stiffening results in considerable cos t savings . 

Cos t difference is considerable only for radii smal ler than the op t imum, thus , the 
stiffening is economic only for these radii . For radii larger than the op t imum, the 
difference be tween the th icknesses and be tween the costs is small , s ince the 
unstiffened shell can b e real ized wi th larger radius and no t too large th ickness . 

It can also b e seen that , for both structural vers ions the stress constraint is act ive for 
radii smal ler than Rop, and the deflection constraint governs for radii larger than Ropt. 
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8.7 A R I N G - S T I F F E N E D C O N I C A L S H E L L L O A D E D B Y E X T E R N A L 
P R E S S U R E 

8.7.1 Introduct ion 

Conica l shells are appl ied in numerous structures e.g. in submar ine and offshore 
structures, aircraft, tubular structures, towers , tanks , etc. The i r structural 
characterist ics are as fol lows. 

- Mater ia l : s teels , Al-a l loys , fibre-reinforced plast ics , 

- Geomet ry : sl ightly conical ( transit ion parts be tween t w o circular shells) , s t rongly 
conical (s torage tank roofs) , t runcated, 

- Stiffening: ring-stiffeners, s tr ingers, combined , equidistant , non-equidis tant , 

- Stiffener profi le: flat, box , T-, L-, Z-shape , 

- Loads : external pressure , axial compress ion , torsion, combined , 

- Fabr ica t ion technology: weld ing , r ivet ing, bol t ing, gluing. 

Kloppe l and Motze l (1976) have carr ied out buckl ing exper iments wi th t runcated 
unstiffened and ring-stiffened steel conical shell spec imens and p roposed s imple 
formulae for critical buckl ing stress. 

R a o and R e d d y (1981) have worked out an opt imizat ion p rocedure for m i n i m u m 
weigh t of t runcated conical shells. Rec tangular ring-stiffeners and str ingers are used 
and constraints on shell buckl ing as wel l as on natural f requency are considered. In 
the book, wri t ten by Ell inas et al. (1984) , exper imenta l results and des ign of 
stiffened conical shells are treated. 

Spagnol i has wri t ten a P h D thesis on buckl ing behav iour and design o f stiffened 
conical shells unde r axial compress ion (Spagnol i 1997). Rec tangula r str ingers are 
considered. La te r Spagnol i a lso wi th co-authors (Spagnol i & Chryssan thopoulos 
1999a, 1999b, Spagnol i 2001) has publ i shed other articles in this field. 

Chryssan thopoulos et al. (1998) have used finite e lement me thod for buckl ing 
analysis of stringer-stiffened conical shells in compress ion . 

Singer et al. (2002) have given a detai led descript ion of exper iments carr ied out wi th 
stiffened conical shell mode l s . 

M i n i m u m cost des ign has been worked out for ring-stiffened circular cyl indrical 
shell in our s tudy Farkas et al. 2002 , Farkas & Jarmai 2003) . 

In the present s tudy w e select the fol lowing structural characteris t ics: steel, sl ightly 
conical shell , r ing-stiffeners of we lded square box sect ion to avoid t r ipping, 
equidis tant stiffening, external pressure , we ld ing . Des ign rules o f Det Nor ske 
Veri tas (1995 , 2002) are appl ied for shell and stiffener buckl ing constraints . 

T h e var iables to be opt imized are as follows: n u m b e r of shell segments («) (Fig. 
8.15), shell th icknesses (/,), d imens ions of ring-stiffeners (hh tr^). The number of 
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8.7.2 Des ign of shell th icknesses 

Accord ing to D N V rules (2002) , for shell segments be tween two ring-stiffeners of 
radii i?, and Ri+I the buckl ing constraint val id for circular cylindrical shells wi th 
equivalent radius 

Figure 8.15. The main dimensions of the conical shell - a shell segment with the ring-stiffener of welded 
square box section 

stiffeners is n+\, s ince stiffeners should be used at the ends of the shell , thus , t w o 
stiffeners are used in the first shell segment . 

The r ing stiffeners are p laced in a small dis tance from the circumferential we lds 
connect ing t w o segments to a l low the inspect ion of welds , this is marked in F igure 
8.15 by dot ted l ines. The cost function includes the cost o f mater ia l , assembly , 
we ld ing and paint ing and is formulated accord ing to the fabrication sequence . 
The opt imizat ion process has the fol lowing parts : 

(a) des ign of th icknesses for each shell segment given b y two radii (Rt and Ri+i) 
us ing the shell buckl ing constraint , 

(b) des ign of ring-stiffeners for each shell segment us ing the stiffener buckl ing 
constraint , 

(c) cost calculat ion for each shell segment and for the who le shell s tructure. 

These des ign steps should be carried out for a series of segment -numbers . O n the 
basis of calculated costs the op t imum solut ion cor responding to the m i n i m u m cost 
can be determined. 
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R

M + R, l 
R e , = — , cos cc = , (8 .259) 

2 c o s« Vtan2a + 1 
t a n a = X-,RM = L, t a n a + = - 2 - , (8 .260) 

L0 n 

and equivalent th ickness 

tei = c o s a . (8 .261) 

The normal stress due to external pressure in a shell segment should be smal ler than 
the critical buckl ing stress 

x. = \Ll t ( 8 . 2 6 2 ) 

Ctn2E 

where 

"f- , ^ = — — , (8 .263) 
KLei j c o s a 

C' =4J1 + f̂ r-] >&=l-M&> Z,. = -^71^ . (8 .264) 

Us ing Eqs (8 .263) , Eq (8.264) can be wri t ten in the form of 

C, = 4 , | l + 0 . 0 2 3 2 1 4 - ^ - . (8 .265) 
V RJe, 

F r o m the shell buckl ing constraint Eq (8.262) the unknown /, can be calculated us ing 
a Mathcad algori thm. 

8.7.3 Des ign o f a ring-st iffener for e a c h shell s e g m e n t 

For ring-stiffeners a square box section we lded from 3 parts is selected to avoid 
t r ipping, wh ich is dangerous failure m o d e for open-sec t ion stiffeners (Fig .8 .15) . 
The constraint on local buckl ing of the compressed stiffener flange according to 
Eurocode 3 (2002) is expressed by 

tri > Sh^llS = 42s,e = ^ 2 3 5 / fy (8 .266) 

for fy = 355 M P a \I8 = 34. 

Calcula t ing wi th E q (8 .266) as equali ty, the only u n k n o w n for a square ring-stiffener 
is the he ight hh Th i s d imens ion can b e de te rmined from t h e stiffener buck l ing 
constraint relat ing to the required m o m e n t of inertia of a stiffener sect ion about the 
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^xi ~ ^reqi 3E 
2 + 3 ^ , 0 . 0 0 5 ^ . 1 

whe re 

(8.267) 

6 
Y i ?3 

->>H +Sh?{hi-yEif+ f +Lefltiy2

B (8 .268) 

25h] 

3Shf +Leflti 

Lefl = m i n ( l , , 4 / 0 ; ) , 4 / 0 , . = 1 -56^R~ti, 

(8.269) 

(8.270) 

(8.271) 

The required A, can be calculated from E q (8 .267) . 

8.7.4 The cost function 

The cost function is formulated according to the fabrication sequence as follows 
(Farkas & Jarmai 2003) . 

(1) Forming of 3 plate e lements for shell segments into slightly conical shape (KF0). 

(2) Weld ing 3 curved shell e lements into a shell segment wi th G M A W - C (gas metal 
arc weld ing wi th C 0 2 ) but t we lds (KFI). 

(3) Weld ing of n+l ring-stiffeners each from 3 e lements wi th 2 G M A W - C fdlet 
welds (KF2). 

(4) Weld ing of a ring-stiffener into each shell segment wi th 2 G M A W - C fdlet we lds 
(KF3). 

(5) Assembly of the who le stiffened shell structure from n shell segments (KF4A). 

(6) Weld ing of n shell segments to form the whole shell structure wi th n-\ 
circumferential G M A W - C butt welds (KF4W). 

(7) Paint ing of the who le shell s tructure from inside and outside (KP). 

The total cost includes the cost o f material , assembly , we ld ing and paint ing 

K - KM+ KF0 + KFl + KF2 + KFi + KF4 + Kp , 

KM=kMpV,kM=\Mlkg 

(8.272) 

(8.273) 

axis x of the point E, wh ich is the gravi ty center of the cross-sect ion including the 3 
stiffener par ts and the effective part of the shell (Fig.8.15) 
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The vo lume o f the who le structure includes the vo lume o f shell segments (VH) and 
ring-stiffeners (Vri) 

1=1 1=1 

KFOi = kF&e",p. = 6 . 8 5 8 2 5 1 3 - 4 . 5 2 7 2 1 7 ? : ° 5 + 0 . 0 0 9 5 4 1 9 9 6 ( 2 ^ , ) ° 5 , 

* ™ = 5 X o , » (8-275) 
1=1 

where the factor of fabrication difficulty is taken as © = 3 and the steel densi ty is 
/3 = 7 . 8 5 x l 0 - 6 k g / m m 3 . 

KFli = kF[@J3p~Vl~ + \3x0A52xl0-'t]

i

9^x3Lei], KFX = ^ K F X i , (8 .276) 
i = i 

Vu=2xRetLeiti, (8 .277) 

KF2i = kF[@yJ3pVri +1.3x0.3394x10"3a^xAn^R, - hi)], (8 .278) 

where 

Vri = Amrth,(R, - k 12)+ 27arlh,(R, - \ ) , 

and the fillet we ld size awi = 0.75A,-. 

KF3t = kF[&ppV3i + 1 . 3 x 0 . 3 3 9 4 x l 0 - 3 a 2 , , x 4 ^ , ] , V3I = Vx, + Vri, (8 .279) 

KF4 = KF4A + KF4W,KF4A = kF@Jnp~V , KF4W =J^KF4Wi , (8 .280) 
1=2 

K F 4 m = 1.3/c FxO. 1 5 2 x 1 0 ^ ? ; *™x2nRi, (8 .281) 

= Kpi +J^KPi,KPI = k P 4 x R ™ x + R { L0, (8 .282) 

i=l 2 

ATW = kpATdt^Ri -^12), (8 .283) 

/c P = 2 x l 4 . 4 x l 0 - 6 $ /mm 2 . 

8.7.5 N u m e r i c a l data (Figure 8.15) 

Total shell length L = 15000, side radii Rmi„ = R, = 1850 and Rmax = R„+i = 2 8 5 0 m m , 
yield stress of steel fy = 355 M P a , wi th a safety factor for y ie ld stress fyl = fylXA, 
external pressure intensi ty p = 0.5 M P a , safety factor for loading yh = 1.5, Poisson 
ratio v = 0 .3 , elastic m o d u l u s E = 2 . 1 x l 0 5 M P a . 
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8.7.6 Resul t s of the opt imizat ion 

T h e detai led calculat ions are carr ied out for n u m b e r s of shell segments n = 3-15. 
The corresponding mater ial and total costs are summar ized in Table 8 .11 . 

Table 8.11 T h e material and total costs in $ for invest igated n u m b e r s of shell 
s egments . T h e opt ima are m a r k e d by bold letters 

N 3 4 5 6 8 10 12 15 
KM 48540 43540 40350 36830 33390 31390 29840 31192 
K 85390 82360 81430 79210 80260 82120 84811 95818 

It can be seen that the op t imum n u m b e r of shell segments for mater ial cost is nMop! = 
12 and for total cost nop, = 6. This difference is caused by the fact that the fabrication 
(assembly , we ld ing and paint ing) cost represents a large amount of total cost. The 
cost data show that, in the fabrication cost a significant part have the forming of 
plate e lements into shell shape , weld ing and paint ing. 

Table 8.12 M a i n d imens ions (in m m ) of the o p t i m u m shell s tructure (n = 6) 

i R, t, hi 
1 1850 18 121 4 
2 2017 19 132 4 
3 2184 20 143 5 
4 2351 20 156 5 
5 2518 21 155 5 
6 2685 22 153 5 
7 2852 23 152 6 

In order to character ize the d imens ions o f the op t imum structure, the main data are 
g iven in Table 8.12. 

The fabrication and pain t ing cost componen t s for the op t imum structure are given in 
Tab le 8.13. 

Table 8.13 Fabricat ion and paint ing cost components in $ for the o p t i m u m 
structure o f n = 6 

KFO KF1 KF2 KP3 KP4A KF4W KPT JX„ 
1 5330 1329 3202 1410 5681 12760 689 

8.7.7 Conclus ions 

The op t imum design p rob lem is solved for a slightly conical shell loaded in external 
pressure wi th equidistant ring-stiffeners of a we lded square box section. The 
op t imum n u m b e r of shell segments is found, wh ich min imizes the cost function and 
fulfils the design constraints . 
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The thickness o f each shell segment is calculated from the shell buckl ing constraint. 
This constraint is s imilar to that for circular cylindrical shells , but an equivalent 
th ickness and segment length is used according to the D N V des ign rules (2002) . 

The d imens ions of ring-stiffeners for each shell segment are de te rmined on the basis 
of the r ing buckl ing constraint . This constraint is expressed b y the required m o m e n t 
of inertia o f the ring-stiffener cross-sect ion. 

The cost function includes the cost o f mater ia l , forming o f plate e lements into shell 
shape , assembly , we ld ing and paint ing. The fabrication cost function is formulated 
according to the fabrication sequence . The forming, we ld ing and pain t ing costs p lay 
an important role in the total cost. 

The cost difference be tween the m a x i m u m and m i n i m u m cost in the invest igated 
range of shell segment n u m b e r (n = 3 - 15) is ( 9 5 8 1 8 - 7 9 2 1 0 ) / 9 5 8 1 8 x l 0 0 = 1 7 % , 
thus , a significant cost savings can be achieved b y opt imizat ion. 

The ring-stiffening is very effective, s ince the unstiffened shell needs a th ickness o f 
42 m m , which is unreal is t ic for fabrication. 
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9 
Tubular Structures 

9.1 C O S T C O M P A R I S O N O F A R I N G - S T I F F E N E D S H E L L A N D A 
T U B U L A R T R U S S S T R U C T U R E F O R A W I N D T U R B I N E T O W E R 

9.1.1 Introduct ion 

Steel towers for w ind turbines can be constructed in var ious structural vers ions . 
Ring-st iffened cylindrical shells or tubular t russes are usual ly applied. Since the 
ma in requi rements of engineer ing structures are the safety, fitness for product ion 
and economy, an impor tant p rob lem for des igners is the cost compar i son of these 
structural vers ions . 

A cost calculat ion me thod has been developed and applied for var ious we lded 
structures (Farkas and Jarmai 2 0 0 3 , Jarmai and Farkas 1999). The cost function 
includes the cost of mater ia l , cutt ing and gr inding o f tubular m e m b e r ends , assembly 
and weld ing . This cost function has been applied in var ious p rob lems o f m i n i m u m 
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cost design, e.g. for a t r iangular t russ (Farkas 2001) , for a ring-stiffened cylindrical 
shell loaded by external pressure (Farkas and Ja rmai 2002) . S o m e other p rob lems o f 
economic design are t reated in the book of Farkas and Jarmai 2003) . 

This cost calculation me thod is appl ied n o w to t w o structural vers ions o f a w ind 
turbine tower. The tower is 45 m high, loaded on the top by a factored vertical force 
o f 9 5 0 kN (self we igh t o f the nacel le) , a bending m o m e n t o f 9 9 7 k N m and a 
horizontal force of 282 kN from the turbine operat ion. The tower wid th is l imited to 
2.5 m due to the rotat ing turbine b lades of length 27 m. 

Both the shell and the t russ structure are const ructed from 3 parts each of 15 length 
wi th s tepwise increas ing wid ths . The shell par t s are des igned agains t shell buckl ing 
and pane l r ing buckl ing according to the des ign rules of the Det N o r s k e Veri tas 
(1995) . The number of flat ring-stiffeners is de te rmined by the des igner to avoid 
larger oval izat ion of the cylindrical shell. The 3 shell par ts are j o ined by bol ted 
connect ions . 

W i n d turbines are used wor ldwide wi th var ious capaci t ies and tower height. In the 
book (Spera 1994) a detai led descr ipt ion is g iven of var ious wind turbine towers . 
Koumous i s and D i m o u (1995) have treated the m i n i m u m vo lume des ign of a 
cylindrical shell t ower wi th vary ing diameter and th ickness consider ing stress and 
d isp lacement constraints . Horva th and Toth (2001) have invest igated the mos t 
suitable shape of a cyl indrical shell t ower wi th var iable d iameter regarding the 
natural frequency us ing the finite e lement method . 

Bazeos et al. (2002) have studied the stability and seismic behaviour of a 38 m high 
shell t ower s tructure for a 4 5 0 k W wind turbine wi th cyl indrical and conical parts o f 
vary ing diameters and thicknesses . Lavassas et al. (2003) have invest igated for 
gravity, se ismic and wind loadings a 1 M W capaci ty and 44 m high tower of tubular 
shape wi th var iable d iameter and th ickness us ing t w o different finite e lement 
models . 

9.1.2 Ring-st i f fened shell s tructure 

For the cost minimiza t ion , the procedure already developed by Farkas et al. (2004) 
to opt imize the design of a ring-stiffened cylindrical shell loaded in bending, is used. 
Des ign constraints on shell buckl ing and on local buckl ing o f flat ring-stiffeners are 
formulated according to D N V (1995) and API (2000) design rules . The wind load 
act ing on the shell tower is calculated accord ing to Eurocode 1 Part 2-4 (EC1) 
(1999) . The wind force and bend ing m o m e n t act ing on the top of the 45 m high 
tower for a 1 M W wind turbine in Greece , is g iven by Lavassas et al. (2003) . The 
load due to the self-weight o f the nacel le is furthermore considered. 

To avoid shell oval izat ion, a m i n i m u m n u m b e r of 5 and a m a x i m u m n u m b e r of 15 
stiffeners is prescr ibed. In the shell buckl ing constraint , an imperfect ion factor as 
p roposed by Farkas (2002) , is used which expresses the effect of radial shell 
deformat ion due to shr inkage of circumferential we lds . 
F igure 9.1 shows the d iameters , loads, bend ing m o m e n t d iagram and the op t imum 
shell th icknesses . 
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For the three shell segments , the w ind loads are as follows: pwl = 6.334, pw2 = 6.883 
a n d p w 3 = 6.864 kN/m. Fwl = 9 5 . 0 1 , Fw2 = 103.25, Fw3 = 102.95 kN. 

The factored bend ing m o m e n t s due to w ind load Fw, are g iven in F igure 9.1 (c) , wi th 
M w 0 = 997 k N m , the safety factor be ing 1.5. The factored load Fw0 = 282 kN and 
nacel le (rotor) selfweight Gw= 950 kN. 

9.1.2.1 Design constraints 

Local buckling of the flat ring-stiffeners 

T h e l imitation on the he ight to th ickness ratio of a flat ring-stiffener is (API 2000) 

^ < 0.375 A 

t, V f. 

(9.1) 

whe re tr is the r ing stiffener th ickness to be determined. Us ing the upper limit to 
obtain a larger m o m e n t o f inertia, one obtains 

K= 9tr, 

for E = 2 . 1 x 1 0 s M P a and yield stress fy= 355 M P a . 

Constraint on local shell buckling (unstiffened) 

G, 

Fwo 

(9-2) 

_1 1496 

y M w [kNm] 

(a) (b) (c) (d) 

Figure 9.1 Loads, bending moments and optimal shell thicknesses in three tower parts of length 15 m 
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Accord ing to Det Nor ske Veri tas (1995) , for the length of one shell par t L = 15 m, 
the number of r ing stiffeners in one shell par t n, R the radius and / the thickness of 
the shell, Appertaining to the m o m e n t on the shell par t (see Figure 9 . 1 ( b ) ) : 

The s u m of the axial and bend ing stresses should be smal ler than the critical 
buckl ing stress 

M ^ 
- + — - < e r „ = 

fy 
IRjlt T[R t vT+I4" 

(9.3) 

whe re 

X1 
fy b_ 

Eb J 

(9.4) 

fffi,=(l.5-50/?)Ca 

n2E 

v4y 
(9.5) 

7t2E 

v4y 
(9.6) 

c,=Vi + (M)2 

(9.7) 

(9.8) 

A, =0.5, 1 + 
R 

150/ 

- 0 . 5 

(9.9) 

0.5 1 + 
R 

- 0 . 5 

300/ 

£ = 0.702Z,Z = -^Vl -v 2 

Rt 

(9.10) 

(9.11) 

and L = 
L 

n + \ 
(9.12) 

The factor of (1.5-50 ft ) in Eqs (9.5,9.6) expresses the effect of initial radial shell 
deformat ion caused by the shr inkage of circumferential we lds (Farkas 2002) . For 
the detailed calculat ion see Eqs (8 .50-8.58) . 

Fur the rmore 

< r a = ( 1 . 5 - 5 0 ^ 

Pb 
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L 2 

Z = 0 . 9 5 3 9 - ^ - , £ = 0.702Z, (9.13) 
Rt 

F r o m Eq (9.5) it can be deduced that <JE does not depend on Lr, s ince L2 is in the 
denomina to r and from (Eq 9.7), C has L2 in the numerator . The fact that the 
buckl ing strength does not depend on the shell length, w a s first der ived by 

T imoshenko & Gere (1961) . No te that this dependence of OE on Lr is very small 

accord ing to the A P I design rules (2000) . It has , however , been de te rmined that in 
the case of external pressure , the dis tance be tween ring-stiffeners does p lay an 
impor tant role (Farkas et al. 2002 , Farkas and Jarmai 2003) . 

Constraint on panel ring buckling 

Requi rements for a ring stiffener are as fol lows ( D N V 1995): 

A„ = hjr>\ - ^ + 0.06 
Z2

 J 

U (9 .14) 

j = KK I + ̂ ^maX ( 9 1 5 ) 

r 12 ' \ + a 500ELr 

*o = R - Y O Y A = ^ R - , • ( 9 - 1 6 ) 

2(1 + a>) 

0 ) = -^- (9-17) 

and L e = m i n ( 4 , 4 0 = 1.5>/^7). ( 9 ] 8 ) 

9.1.2.2 Cost function 

A possible manufac tur ing sequence is as fol lows: 

(1) Manufac ture five shell e lements wi th a length of 3 m wi thout r ings. T w o axial 
but t we lds ( G M A W - C ) are needed for every shell e lement . The cost to form a shell 
e lement into a slightly conical , near cyl indrical shape, is included in the factor KF0 

descr ibed be low. F r o m data obta ined from the Hungar i an product ion c o m p a n y 
Jaszberenyi Apr i togepgyar , Crush ing Mach ine Factory , Jaszbereny , the t ime T for 
bending a plate e lement of 3 m width can be approximated by the fol lowing function: 

l n J = 6 . 8 5 8 2 5 - 4 . 5 2 7 2 / " ° 5 + 0 . 0 0 9 5 4 1 9 D 0 5 . (9 .19) 

(4 m m < r < 4 0 m m and 1750 m m < D < 3500 m m ) . In this equat ion, wh ich also 
includes the t ime to form the pla te and reduce the initial imperfect ions due to 
forming, / is the plate th ickness and D is the diameter . The cost for shell formation is 
thus given by 
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V2 = 5Vt + 2 f R - ^ - WhXn (9.25) 
2 

The total mater ial cost for a shell par t 

Ku=kuPV2 (9.26) 

The cost of paint ing 

KF0= kF0FT (9.20) 

whe re 0 F = 3 is the difficulty factor indicat ive o f the complexi ty of fabrication and 
kF is the specific manufactur ing cost per uni t t ime. 

The weld ing cost of a shell e lement is (Farkas and Jarmai 2003) 

KFl = A:F(®^7^) + ̂ [1-3x0-224xl0"3?2(2x3000)]' (9-21) 
where QW is a difficulty factor express ing the complex i ty o f the assembly and K is 

the n u m b e r of e lements to b e assembled . For the e lements of radius R and densi ty p 
to be we lded 
K = 2,VI = 2Rnt x 3000 and & w =2, where V\ is the vo lume of an e lement . 

(2) W e l d a comple te unstiffened shell part , combin ing the five e lements by us ing 
four circumferential butt we lds . This implies weld ing costs of 

KF2=kF(@wJ'5x5pVl + 1 . 3 x 0 . 2 2 4 5 x 1 0 ^ f x A x l R n ) (9.22) 

for a shell part . 

(3) Cut n flat plate r ings us ing acetylene gas . The cutt ing cost amounts to 

KF2=kF@cCctr

025Lc, (9.23) 

where 0 c , Cc and Lc are respect ively the difficulty factor for cutt ing, the cutt ing 

parameter and the cut t ing length wi th values © = 3 , Cc= 1 .1388xl0" 3 and 

Lc*2R7tn + 2(R-hr)mi 

for a ring radius R and r ing height hr. 

(4) W e l d n r ings into the shell segment wi th double-s ided G M A W - C fillet welds . 
(2n fillet w e l d s ) : 

KF4 =kF(ewJJ(n + l)pV2 + 1 . 3 x 0 . 3 3 9 4 x 1 0 " 3 a2

w 4Rm) (9.24) 

The size o f the we ld for a r ing o f th ickness tr is aw = 0.5tr, but aWm 

The vo lume of a shell par t V2 is g iven by 
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K 4RTT\500 +5x2x2 R — R - (9.27) 

The total cost for a shell part thus is 

K = KM + 5(KF0 + KFl) + KF2 + KF3 + KF4 +KP. (9.28) 

The material cost factor is kM= 1 $/kg and the labour cost factor is kF = 1 $/min. 

9.1.2.3 Optimization and results 

The opt imizat ion can be carr ied out us ing any appropr ia te constra ined opt imizat ion 
algori thm. Here it w a s per formed us ing R o s e n b r o c k ' s search a lgor i thm (Farkas and 
Jarmai 1997). The opt imal va lues o f the shell th ickness (r) for n = 5, wh ich comply 
wi th the des ign constraints and min imize the cost function, are given in F igure 9 . 1 . 
The min imal masses and costs are summar ized in Table 9 . 1 . 

Table 9 .1 . S u m m a r y of masses and costs 

Shell part mass [kg] Cost without Kp [$] K„[%] Total [$] 
top 5398 12096 6440 18536 

middle 9472 19772 7603 27373 
bottom 15648 30941 8778 39719 

total 30518 62809 22821 85628 

9.1.2.4 Check for eigenfrequency 

For the approximate calculat ion o f e igenfrequency a s imple mode l is used: a b e a m 
of length L built in at end a free at other to wh ich a concent ra ted mass m; is 
connected. The circular e igenfrequency for a b e a m wi thout any concent ra ted mass at 
the end can be calculated as 

For the average shell radius of R = 1350 m m , th ickness t = 9 m m , cross-sect ional 
area A = 2Rnt = 7 .634x l0" 4 m m 2 , m o m e n t of inertia Ix = nF?t = 6 . 9 5 6 x l 0 1 0 m m 4 , 
specific mass m0 = pA/g , g = 9 . 8 1 x l 0 3 m m / s 2 one obtains a = 8.45/s or 1.34 Hz. 
This va lue should be modif ied consider ing the a t tached mass according to the va lue 
of mj/imoL) = 950/305 = 3.1 us ing the d iagram in P rochnos t ' (1968) mul t ip ly ing b y 
(1 .2 /1 .87) 2 = 0 . 4 1 , i.e. a = 055 Hz , wh ich is larger than the rotor f requency 0.37 Hz , 
thus the tower satisfies the e igenfrequency requi rement . 

9.1.2.5 Check for fatigue 

Accord ing to Eurocode 3 Part 1-9 (2002) the fatigue stress range for toe failure for 
2 x l 0 6 cycles in the case of T-joints is 63-71 M P a depend ing on the d iaphragm 
thickness . Div id ing b y a safety factor of 1.35 one obtains 47 M P a . Lavassas et al. 

(9.29) 
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have given a load spectrum, which gives the rel iable w ind load for some number s of 
cycles . E.g. for an average n u m b e r of cycles N= 10 5 for a w ind speed of 14 m/s Mw 

= 1280 k N m and Fw = 80 kN. For the given number of cycles the stress range is 
171 M P a , the bend ing m o m e n t is 1280 + 4 5 x 8 0 = 4 8 8 0 k N m and the stress 
4880x1 (fl(nR2t) = 38 M P a < 171 M P a , the fatigue constraint is fulfilled. 

9.1.3 Tubu lar truss s tructure 

In the present s tudy a 45 m h igh welded steel tubular truss tower is des igned for a 1 
M W turbine. The truss is statically determinate . The dis tance be tween parallel 
chords in the upper part of the tower is l imited because of the rotat ing blades . In the 
lower part the chord dis tance can be l inearly var ied and the inclination angle can be 
opt imized or a larger constant chord dis tance can be used (Fig.9.2) . 

Thus , in the opt imizat ion procedure the incl inat ion angle or the larger constant chord 
dis tance and the m e m b e r d imens ions of the lower tower par t are sought , which 
min imize the structural vo lume and fulfil the des ign constraints . 

The constraints relate to the buckl ing strength of circular hol low sect ion (CHS) 
member s and to the local s trength of we lded tubular jo in ts . Seismic behaviour is not 
treated. In the numer ica l p rob lem the loads from wind act ing on the turbine and 
from the nacel le mass are selected from the literature. K n o w i n g the m e m b e r forces 
an i terative subopt imizat ion me thod is used for the calculat ion of compress ion 
m e m b e r d imens ions . 

The cross-sect ion of the truss can be quadrat ic or tr iangular. In the case of a 
t r iangular cross-sect ion the whole hor izonta l load should be carried by a truss p lane , 
since the horizontal load direct ion is var iable . Therefore the quadrat ic cross-sect ion 
is used. In this case only the hal f va lue of the hor izonta l load is act ing on a truss 
plane. 

9.1.3.1 Suboptimization problem for the buckling design of a CHS compressed strut 

The overal l buckl ing constraint for a strut of length L and loaded by a compress ive 
force 5 according to Eurocode 3 is defined by 

S < Xfy 

A yx 

= 1.1 (9.30) 

where A = nDt = nD118,5 = Dlt, (9.31) 

fy = 355 M P a is the yield stress, D is the m e a n diameter , 

x = ===,</> = 0.5[\ + a(A-0.2)+X2\ 

4 + 4<fr ~* 
X =XIXE,A = KXIr,r = JlTA = Dl4i, 

(9.32) 

(9.33) 
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G 

a e 

Figure 9.2 Truss structure of the tower with diaphragms 

XE = JIJ'EI fy,a = 0 . 3 4 for cold formed C H S , 

K is the end restraint factor, for chords K = 0.9, for braces K = 0.75 (Rondal et al. 
1992), E = 2 . 1 x l 0 5 M P a is the elastic modu lus . 

For given N, L,fy, E and K the u n k n o w n s D and t should be determined, wh ich fulfil 
the buckl ing constraint . In t roducing symbols of 

c 0 = \00K/AE,x = l04N/L2,y = \04A/L2, (9.34) 

Eq . (30) can be wri t ten as 
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<p = 0.5 \ + a 
C 0 •0.2 + 

a2y 

(9.35) 

(9.36) 

Unfor tunately , it is imposs ib le to solve Eq (9.35) for y in closed form. Therefore a 
compute r M a t h C a d a lgor i thm is used to calculate y for a given x, then 

100 V n S 
(9.37) 

In the design w e should use the m a x i m u m value of 8, but it is l imited to 50 
(Wardenier et al. 1991). In the case of available C H S profiles according to p r E N 
10210-2 (1996) 8 is var ied be tween 10-50. To obtain a realistic avai lable profile, an 
iteration process should be used: 8 is varied unti l D and t are in accordance of the 
avai lable section. 

In the case of very long struts wi th small compress ive force, the l imitation o f the 
strut s lenderness can be governing. F r o m the l imitat ion of 

X = KLIr<Amax, 

the required radius of gyrat ion is 

r>KLIl. 

(9.38) 

(9.39) 

Accord ing to B S 5400 (1982) X = 180 . 

9.1.3.2 Design of the upper and middle tower part 

The factored loads act ing on the tower top according to Lavassas et al. (2003) are as 
follows: horizontal w ind force Fw0 = 282 kN, bending m o m e n t M = 997 k N m , the 
nacel le mass according to Spera (1995) G = 950 kN. It is sufficient to des ign one 
truss p lan only, thus , the loads can be halved for it, F0 = Fw(J2 = 1 4 1 kN, Mil = 
498.5 k N m and the two forces act ing on each chord G/4 = 237.5 kN. 

Wind forces act ing on the middle of the tower parts (Figs 9 .5 , 9.6, 9.7): Fwl — 13.9, 
FW2 = 23 .9 and FWi = 19.25 kN. 

9.1.3.3 Optimum angle of the lower part 

The fol lowing analysis can help to unders tand the exis tence of an opt imal angle in 
the case of such a combined loading. Three types of loads are act ing on the tower as 
fol lows: horizontal force and bending m o m e n t from wind as wel l as vertical force 
from the nacelle mass . The effect of these loads should be analyzed separately. 

Co 2 , 1 
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In the structural vo lume the mos t significant par t p lay the chords des igned against 
buckl ing. Thei r d imens ions are de te rmined b y the compress ion force and the rod 
length. It is sufficient to analyze the changing of the vo lume of chords in the 
function of the inclination angle. It has been s h o w n that , in the case of a t russ wi th 
parallel chords , an o p t i m u m height (dis tance be tween the chords) exists , wh ich gives 
the m i n i m u m truss mass (Farkas and Jarmai 1997). 

Neg lec t ing the branch, a s imple numer ica l example shows that this s ta tement is 
val id a lso for a cant i lever t russ wi th l inearly var ied height , loaded b y a t ransverse 
force act ing at the truss end. The case o f a two-bar t russ loaded by a hor izonta l force 
is shown in Fig. 9 .3 . The m e m b e r force and length is 

S = —^—,L = -^— (9.40) 
2 s i n a c o s a 

W h e n a increases , the m e m b e r force S decreases and its length L increases , thus , an 
o p t i m u m inclination angle exists for the m i n i m u m structural vo lume . 

Figure 9.3 The member force and the bar length when the inclination angle changes in the case of a 
horizontal force 

This fact can be verified by a numer ica l example for a truss wi th t w o bars of circular 
ho l low sect ion (CHS) . Da ta are F = 2 x l 0 6 [N] , H = 5 m. The results of the 
calculat ion are g iven in Table 9.2. 

Table 9.2. T h e v o l u m e of the truss s h o w n in Fig. 9.3 as a function of the 
incl inat ion angle 

a L [mm] SxlO3 [N] D [mm] t [mm] A [mm 2] V=ALxl0J' [mm3] 
10 5077 5759 475.3 11.7 17050 8.66 
20 5320 2924 333.0 9.4 9513 5.06 
30 5773 2000 303.1 7.6 7034 4.06 
40 6527 1556 283.9 7.1 6172 4.03 
45 7071 1414 281.2 7.0 6055 4.28 
50 7779 1305 282.8 7.1 6125 4.76 
60 10000 1155 300.0 7.5 6893 6.89 

It can be seen that the o p t i m u m angle is 40°. 
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Figure 9.4. The member force and the bar length when the inclination angle changes in the case of a pair 
of vertical forces 

F r o m the above men t ioned facts it can be concluded that, in the case of horizontal 
and vertical loads an opt imal angle exists and it depends on the ratio of the 
magni tudes of the two load types . In the case of a h igh tower wi th a horizontal force 
on the top the bending m o m e n t is so large that the o p t i m u m inclination angle 
converges to zero . Deta i led calculat ions show that this op t imum angle is about 3°, 
thus , it is more convenient for fabrication to use parallel chords . W e use a bo t tom 
part with parallel chords wi th a dis tance of 2.9 m (Fig. 9.7). 

9.1.3.4 Design of circular hollow sections (CHS) for the three tower parts 

T h e suitable sect ions are obta ined us ing the above descr ibed iterative method . The 
check of the sections is summar ized in the fol lowing tables . 

Table 9.3. C h e c k of sect ions for the upper tower part (stresses in M P a ) 

Member CHS A [mm 2] 5 [kN] K L [mm] r [mm] yfAA a=S/A 
chords 244.5x8 5940 1320 0.9 3000 83.7 296 222 
braces 114.3x5 1720 315 0.75 3662 38.7 207 180 

columns 76.1x4 906 181 0.75 2100 25.5 232 200 

Table 9.4. C h e c k of sect ions for the middle tower part 

Member CHS A [mm 2] 5 [kN] K L [mm] r [mm] If A A o=S/A 
chords 323.9x10 9860 2348 0.9 3000 111 309 238 
braces 114.3x5 1720 279 0.75 3905 38.7 191 162 

columns 88.9x3.2 862 179 0.75 2500 30.3 232 207 

Anothe r case is a s imple 3-bar t russ loaded by a pai r of vert ical forces (Fig.9.4) . In 
this case 

S = - £ - , L = - 2 - (9 .41) 
c o s a c o s a 

W h e n the angle increases, bo th the m e m b e r force S and the length L increases. Thus , 
the o p t i m u m angle for the m i n i m u m structural vo lume is 0°. 
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Table 9.5. C h e c k of sect ions for the b o t t o m tower part 

Member CHS A [mm 2] S[kN] K L [mm] r [mm] tfv/l.l a=S/A 
chords 355.6x10 10900 3052 0.9 3000 122 312 280 
braces 114.3x5 1720 285 0.75 4170 38.7 181 166 

columns 88.9x4 1070 198 0.75 2900 30.0 203 185 

2100 

048.3x3.2 

Figure 9.5. Truss of the top tower part 

The struts o f horizontal d i aphragms are selected on the basis of the prescr ipt ion of 
m i n i m u m rod s lenderness 

. KL ^ KL 

r / U 
(9.42) 

Accord ing to B S 5 4 0 0 = 180. The selected C H S are s h o w n in Table 9.6. 
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0323.9x10 

/ ^— 

/ Of 14.3x5 

/ 088.9x3.2 

/ o o 

to 

/ 
/ 

2500 

048.3x3.2 

Figure 9.6. Truss of the middle tower part 

Table 9.6. C H S for d i a p h r a g m s 

Part L [mm] rmin [mm] CHS r [mm] 
Top 2970 12.4 48.3x3.2 16.0 

Middle 3540 14.8 48.3x3.2 16.0 
Bottom 4101 17.1 60.3x3.2 20.2 

9.1.3.5 Check of chord plastification in tubular joints 

Accord ing to Warden ie r et a l . (1991) the cri terion for chord plastification is 

S<N = 
2 r 

s i n # 
x 

where wi th a> = a, 13000 

1.8 + 1 0 . 2 ^ f(r,g'W)> (9.43) 

i J 
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Figure 9.7. Truss of the bottom tower part 

sinO = - CO 

Ar.g')=r° 1+ 
0.02V 2 ,1, 4 . 

e a p ( 0 . 5 g ' - 1 . 3 3 ) + l l j 2tx 

(9.44) 

/ ( « ' ) = 1 + 0.3m'(1-w'); « ' = — — , (minus s ign m e a n s compress ion) ; 
J y 

a = S/A. 

For mul t ip lanar structures N* should be mul t ip l ied b y 0.9. 

The calcula t ions are summar ized in Tables 9.7, 9.8, 9.9. 

Table 9.7 C h e c k o f chord plastif ication in top t o w e r par t 

Member force S 
[kN] 

CHS A 
[mm 2] 

a 
[MPa] 

f(«') %,£') 0.97V 
[kN] 

chord 1320 244.5x8 5940 222 0.6947 2.4528 
brace 315 114.3x5 399 

column 181 76.4x4 229 
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Member force S CHS A a f(«') %,£') 0.9JV 
[kN] [mm 2] [MPa] [kN] 

Chord 2348 323.9x10 9860 238 0.6638 2.57 
brace 315 114.3x5 460 

column 179 88.9x3.2 294 

Table 9.9 C h e c k of chord plastif ication in b o t t o m tower part 

Member force S CHS A a fi>') 0.9JV 
[kN] [mm 2] [MPa] [kN] 

chord 3052 355.6x10 10900 280 0.5768 2.7175 
brace 285 114.3x5 365 

column 198 88.9x4 254 

9.1.3.6 Check ofjoint eccentricity 

The eccentrici ty is defined by 

e = 
d, ) . d2 d. 
— +g tan9 + 1 -
2 J 2cos0 2 

where g = t\ is the gap and the requi rement is 

- 0 . 5 5 d , < e < 0.25d, • 

The checks are shown in Table 9.10. 

Table 9.10. C h e c k of jo int eccentricity , sizes in m m 

(9.45) 

(9.46) 

Part d, d2 
d3 g tan# cosf? e 

Top 244.5 114.3 76.1 8 0.700 0.819 -20 134 
Middle 323.9 114.3 88.9 10 0.768 0.768 -42 178 
Bottom 355.6 114.3 88.9 10 0.967 0.719 -46 195 

It can be seen that the requi rement is in all cases fulfilled. 

9.1.3.7 Check of eigenfrequency 

The tower is calculated as a bent b e a m with a constant average m o m e n t of inertia of 
the middle part 

Ix = 4 ( 9 9 1 0 x l 0 4 + 9 8 6 0 x l 2 5 0 2 ) = 6 . 2 0 x l 0 1 0 m m 4 . 

The e igenfrequency calculated with Eq (9.38) is 

a . = l -87 2 (K= H . 2 (1.78 Hz) . 
L2 ' 

Table 9.8 C h e c k of chord plastif ication in middle tower part 
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This va lue should be modif ied cons ider ing the mass at the b e a m end ni\ = 950 kN. 
The tower mass is m^L = 175 kN, thus the modifying coefficient for mil(moL) = 5.4 
is (0 .9 /1 .87) 2 = 0 .23 , i.e. a = 0.41 Hz , wh ich is larger than the rotor f requency 0.37 
Hz , the tower fulfils the e igenfrequency requi rement . 

9.1.3.8 Check of fatigue 

The chord m e m b e r s are connec ted to the base plate by fillet we lds and these 
connec t ions are reinforced by longi tudinal a t tachments for the end of wh ich the 
fatigue stress range according to Eurocode 3 Part 1-9 (2002) is for 2 x l 0 6 cycles 71 
M P a . U s i n g the w ind load spec t rum given b y Lavassas et al. (2003) for an average 
n u m b e r o f cycles 10 6 the loads are Fw = 65 k N and Mw= 960 k N m , i.e. the bending 
m o m e n t 4 5 x 6 5 + 960 = 3885 k N m . 

Compress ion force in a chord S = 3885/ (2x2.9) = 670 k N and the stress 
670x103 /10 .900 = 61 M P a . Fat igue stress range for 1 0 6 cycles is 89 M P a , the 
a l lowable stress range wi th a safety factor o f 1.35 is 89/1.35 = 66 M P a , this is larger 
than 61 M P a , thus , the tubular tower is safe against fatigue. N o t e , that the hot spot 
stress me thod cannot be used according to Zhao et al. (2001) , s ince the N - t y p e C H S 
truss is not t reated in it. For this jo in t also the stress range of 71 M P a is given. 

9.1.3.9 Cost calculation 

Accord ing to Price List (1995) the fol lowing profile pr ices are considered: 

The structural mass is 

G = py£tA,L,. (9-47) 

Table 9 .11 . Mater ia l cost factors for avai lable C H S d iameters 

d [mm] ku [$/kg] 
48.3, 60.3, 76.4 1.0059 

88.9, 101.6, 114.3 1.0553 
139.7, 168.3, 177.8, 193.7 1.1294 
219.1,244.5,273.0, 323.9 1.2922 

355.6, 406.4 1.3642 

and the mater ial cost is calculated as 

K*=P%*»4Lf (9-48) 

Cost of cut t ing and gr inding of the tubular m e m b e r ends can be obta ined b y 

KCG = M ^ £ ^ - ( 4 . 5 4 + 0.4229>, 2 ) , (9 .49) 
i sin 8 

the difficulty (complexi ty) factor is 0DC = 3; dt in m , r, in m m . 

Cost of assembly 
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KA=kF0M{KpV)n; 0dA=3, (9.50) 

Cos t of weld ing 

Kw=\MF0dwYJCman

mLm; 0dW=3.5, (9.51) 
i" 

for shielded meta l arc we ld ing ( S M A W ) Cw = 0 . 7 8 8 9 x 1 0 3 ; aWi = U ( m m ) is the 

we ld size, w=2; i . = L is the weld length in m m . 
sinf?, 

Cos t of pa in t ing 

KP=kp®pAP,®P = 2, (9 .52) 

kP= 1 4 . 4 x l 0 " 6 $ / m m 2 . 

the surface to be pain ted is 

Ap=Xd^L. (9.53) 

The details of the cost calculat ion are summar ized in Table 9.12. 

9.1.4 Conc lus ions 

T w o structural vers ions of a 45 m h igh 1 M W wind turbine tower are des igned and 
compared to each other regarding the mass and cost. The stiffened shell s tructure 
should be des igned with constraints on shell and stiffener buckl ing, e igenfrequency 
and fatigue. T h e shell consists of three sl ightly conical par ts wi th var iable d iameters 
and thicknesses . The three parts are connec ted wi th bol ted jo in ts the cost of which is 
neglected. The cost is calculated according to the fabrication sequence , including the 
mater ia l , cutt ing of flat stiffeners from plates , assembly , we ld ing and pain t ing costs . 
The tubular truss structure consists also from three parts wi th different but constant 
width . The four truss p lanes are stiffened b y hor izonta l d iaphragms const ructed from 
t w o struts. A suitable subopt imizat ion me thod is used for the economic design of 
compressed C H S struts. 

Table 9.12 Costs in $ of the tubular tower , the surface .4/-to be painted in m m 2 

Part G [kg] Km Kcg KA 
K W APxWb KP K 

top 3437 4139 1936 1180 2514 72.46 2087 11856 
middle 7395 9096 2867 1965 3108 130.11 3747 20783 
bottom 6701 8643 2551 1629 2353 116.17 3346 18522 

total 17533 21878 7354 4774 7975 318.74 9180 51161 

It is shown that, in the case of large bend ing m o m e n t from wind loads , the op t imum 
inclination angle o f the bo t tom truss part converges to zero. Therefore , the bot tom 
par t is also const ructed wi th parallel chords . The tubular jo in ts are checked for chord 
plastification and eccentrici ty. The truss is checked for e igenfrequency and fatigue. 
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T h e fol lowing costs are calculated: mater ia l , cut t ing and gr inding o f strut ends , 
assembly , we ld ing and paint ing. 

The compar i son of the two structural vers ions shows that the tubular t russ has 
smal ler mass (17533 compared to 30518 kg) , smal ler surface to be pa in ted and is 
m u c h cheaper than the shell structure (51161 compared to 85628 $). 

9.2 M I N I M U M C O S T D E S I G N O F A C O L U M N - S U P P O R T E D O I L 
P I P E L I N E S T R E N G T H E N E D B Y A T U B U L A R T R U S S 

9.2.1 Introduct ion 

In the case, w h e r e the dis tance o f suppor t ing c o l u m n s is in a special p lace larger 
than the other d is tances , is necessary to s t rengthen the p ipe . This s t rengthening can 
be real ized b y pres t ressed cables or b y an upper or lower t russ we lded to the main 
t ranspor t ing p ipe . It should be no ted that it is a s sumed that the larger dis tance is no t 
too large and a special suppor t ing br idge is not needed . 

T h e a im of our s tudy is to des ign a lower s t rengthened tubular t russ (Fig.9.8) . This 
s imple t russ consis ts of t w o d iagonals and a vert ical co lumn. The diagonals are 
loaded by tension and have the same cross-sect ional area. The vert ical co lumn is 
loaded by compress ion and bending and is des igned against overal l buckl ing . 

This complex structural sys tem is statically indeterminate and the u n k n o w n force in 
the co lumn is calculated by force me thod us ing a deflect ion equat ion. The 
symmet r ic truss geomet ry has an u n k n o w n , the height H. Th is u n k n o w n , as wel l as 
t he d imens ions of t russ m e m b e r s , are calculated from the condi t ion that the mater ia l 
and fabrication costs of the s t rengthening tubular t russ should be m i n i m u m . 

Const ra in t on local buckl ing of circular ho l low sect ion truss m e m b e r s , as wel l as the 
constraint on strength and geomet ry of the node , are also considered. The advanced 
cost function, used in our prev ious s tudy (Farkas & Jarmai 2 0 0 1 , 2003) , includes the 
mater ia l and fabrication costs. The fabrication costs relate to the cut t ing o f strut 
ends , assembly , weld ing and paint ing. For the cons t ra ined function minimiza t ion the 
efficient mathemat ica l compute r me thod is used based on the R o s e n b r o c k ' s 
Hi l lc l imb a lgor i thm complemen ted by a discret izat ion procedure to obta in avai lable 
c i rcular ho l low sect ions. It can b e ment ioned , that the m i n i m u m v o l u m e des ign of 
p ipel ine br idges is t reated by Orban (1997) . 

9.2.2 Der ivat ion of the c o l u m n force 

The structure o f the s t rengthened p ipe is statically indetermined. The u n k n o w n 
c o l u m n force X1 can be der ived from a deflection equat ion. The deflection at 
midspan of s imply suppor ted pipe wi thout s t rengthening from the distr ibuted load p 
is (Fig.9.8) 

5pU 

3 8 4 £ 7 
w = — ^ , (9.54) 
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where L is the larger support dis tance, E is the elastic modu lus , Ix is the m o m e n t o f 
inertia of the original p ipe . The deflection o f the p ipe wi thout s t rengthening at the 
midspan from the co lumn force Xt is 

Xfi 
48EL 

T h e deflection caused by the axial deformat ion of the tubular t russ is 

S,s,L 

EA, 

(9.55) 

(9.56) 

whe re 5, is the normal force in the i-th strut caused b y Xh st is the normal force due 
to Xi = 1, Li is the strut length and At is the cross-sect ional area of the strut. 

I m 

Figure 9.8. The simply supported pipe strengthened by a tubular truss. The deflections wp, w, and w2 are 
used to derive the unknown internal force Xj. 

In t roducing the length of d iagonals as 

4h 
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— + H 2 , (9.57) 
4 

the normal force in the d iagonals is 

= (9.58) 

and 

2H 

XXH Xxq3 

w2 = _ . + (9-59) 
EA\ 2EA2HZ 

F r o m the deflection equat ion of 

wp - wj = w2, (9.60) 

one obtains 

5PL* (9 .61) 
X\ = 

3 8 4 / ^ 

q = JL + H + -JL^. (9 .62) 
4 8 / , A\ 2A2H2 

9.2.3 Des ign of the original p ipe 

Take the original p ipe span length as L0 = 12 m. Cons ider a s imply suppor ted pipe. 
Loads : self mass , oil in the p ipe and internal pressure . W e select for the original p ipe 
according to D I N 2458 (1981) a p rofde of 219 .1x6 .3 , self mass 33 .06 kg /m. T h e 

cross-sect ional area for the oil fdl ing is AF = ^ 2 0 6 . 5 2 1A = 33491 m m 2 . Oi l densi ty 
is 0 .8x l0" 6 k g / m m 3 . Accord ing to the s tandard E N 1594 (2001) the partial safety 
factor for self mass is 1.5, for oil 1.39 and the yield strength should b e mult ipl ied by 
0.72. The intensity o f the factored uniformly distr ibuted normal load is p = 
1.5x33.06 + 1.39x0.8x33.491 = 86.83 kg /m = 0.8683 N / m m . 

The m a x i m u m bend ing m o m e n t is: 

M m a x = pL\lc\ = 1 5 . 6 3 x 1 0 6 N m m . 

The section modu lus is 

Wx = 7 z - 2 1 2 . 8 2 x 6 . 3 / 4 = 2 2 4 0 6 5 m m 3 . 

and the m a x i m u m normal stress due to bend ing is 

° ^ = M m m I W x = 69.c\ M P a . 

Stress due to an internal pressure of 64 bar = 6.4 M P a is 

? = \, 
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u P = PpD/(2t) = 6 . 4 x 2 1 2 . 8 / ( 2 x 6 . 3 ) = = 108.1 M P a , 

the factored stress is 1.39x108.1 = 150.2 M P a , the reduced stress is 

°red = 4*1*+°P = V69.8 2 + 1 5 0 . 2 2 = = 165.6 < 0 .72x235 = 169.2 M P a , O K . 

Take the larger span length of L = 17 m. For this span length a larger p ipe is needed , 
w e select the profile o f 355 .6x12 .5 wi th a self mass of 106 kg/m. The section 
modu lus is Wx = 1 . 1 1 7 x l 0 6 m m 3 .The cross-sect ional area for oil filling is AF = 
85841 m m 2 . The load intensi ty is p = 1.5x106 + 1.39x0.8x85.841 = 2 .5445 N / m m . 
T h e bending m o m e n t is M = 9 1 . 9 2 x l 0 6 N m m . The bend ing stress is ab = 8 2 . 2 9 

M P a . The factored stress from internal pressure is 1.39er = 1 2 2 . 1 M P a and the 

reduced stress is 147.2 < 169.2 M P a , OK. For the sake of compar i son , w e calculate 
the cost of this larger p ipe according to Table 9 .13: 1 .3642x106x17 = 2458 $. 

The cost o f the original p ipe for a larger span length is (Table 9.13) K0 = 
1.2922x17x33.06 = 726 $. 

N o w w e calculate a s t rengthening for the original p ipe in the case of span length L = 
17 m. In the design o f the s t rengthening w e per form a m i n i m u m cost design 
procedure to achieve a m a x i m u m cost savings against the larger p ipe wi thout 
s t rengthening. 

The u n k n o w n variables are as fol lows: outer d iameters dj, d2, th icknesses //, t2, 
geometr ic d imens ion / / ( F i g . 9 . 8 ) . 

9.2.4 Opt imizat ion of the s trengthening tubular truss 

9.2 A A Design constraints 

Stress constraint for the original pipe 

pL1 ^ XXL 

8 4 + 1 5 0 . 2 2 < 169.2 M P a ; (9.63) 

J 

^ = 2 . 2 4 0 6 x l 0 5 m m 3 ; 
8 

= 31 .37x10 ' i
6 N m m 

Size limitation for tension members for fabrication reasons 

d2 >1.08rf , . (9.64) 

Stress constraint for tension member 

Wx 
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X x q l H < 2 1 3 M P a ; A2 = 7t(d2 - t2)t2; (9 .65) 
A2 

Stress constraint for the column subject to compression and bending (cross section 
of class 3 according to EC3) 

In order to avoid the co lumn buckl ing in lateral direct ion, a lateral force Fu act ing on 
the t russ node should be considered. This force can be calculated us ing the formulae 
of the B S 5400 Part 3 : 1982: for des ign of U-frames of br idges wi th unbraced 
compress ion chords . 

P I 
F = 1 2 (9.66) 

" PE~PC 6 6 7 S ' 

- * , P E = ^ ; (9.67) 

x(d2-tjt2 p-x.q/H; (9 .68) 
.v2 g 

lE = 2.5(EIx2SL/2)°25. (9 .69) 

This force causes bend ing of the co lumn, thus it should be checked for compress ion 
and bend ing according to Eurocode 3 (2002) . 

X i - + k F » H < 1 ; (9.70) 

XAfy'Ym W.xfylYMX 

4 - / , ) * , ; ^ = ^ i - 0 2 ^ • (9 .71) 

X 

n{dx -txftx ^ (9.72) 
8 

_ • (9-73) 

<j> = 0.5[l + 0.34(1 - 0 . 2 ) + 1 2 J (9.74) 

I = — ; rx = [Sl; (9 .75) 
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X, 

k = -
AX fy I 7 Ml 

1 — 
X, 

Constraint on local buckling of tubular members 

dt -1, 
•< 50;/ = 1,2. 

Constraint on chord plastification at the joint (Fig.9.9) 

Accord ing to Warden ie r et al. (1991) 

yl2 

sin#, 

L 

f j \ 2.8 + 14.2 4 f\V,/ V 
yd2 j K2t2 j 

> X R 

s in 9, = 
2q 

Geometric constraint (range of validity) (Fig.9.8) 

Accord ing to Warden ie r et al. (1991) 

(p > 3 0 ° i.e. H > 4900 m m 

Figure 9.9. Details of the truss node A in Figure 

(9.76) 

(9.77) 

(9.78) 

(9.79) 

(9.80) 

A =nl— = 93.91; 
If/, 

0 . 7 9 - 0 . 1 1 5 
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9.2.4.2 The cost function 

Mater ia l cost is calculated as 

KM = kMlPAH + 2kM2AlP<l> 

p = 7850 k g / m 3 

(9.81) 

The mater ial cost factors are g iven in Table 9.13 in function o f the outer d iameter 
accord ing to the Pr ice list o f the Brit ish Steel (1995) . 

The cost of cut t ing and gr inding o f strut ends (Jarmai & Farkas 1999, Farkas & 
Jarmai 2003) (Fig.9.9) 

Kc = kF%cK 

+kF&c7t 

dx + -

cos cp J 
|4.54 + 0.4229?!2)j + 

( 2d, 
- + -

2d, 

smtp costp 
(4.54+0.4229?2)| 1 

J 

H L 
s m ^ = —;cos#> = — -

q 2q 

fabrication cost factor kF = 0.667 $/min, @ c = 3 . 

Cos t of assembly o f the original p ipe wi th the s t rengthening: 

Table 9 .13 . Mater ia l cost factors for c ircular hol low sect ions ( C H S ) 

d[mm] ku r$/kgi 
88.9, 101.6, 114.3 1.0553 

139.7, 168.3, 177.8, 193.7 1.1294 
219.1,244.5, 273.0, 323.9 1.2922 

355.6, 406.4 1.3642 
457.0, 508.0 1.4081 

KA=kF®Ayfip~V;K = 4;@A=3, 

V = nDtL + Hn:{dx-tx)tx + 

+2qn{yd1 ~t2)t2, 

7tDtL = 6 0 . 6 7 6 7 x 1 0 6 m m 3 

Cos t of weld ing and addit ional works : S M A W butt and fillet we lds 

Kw=\3kF 3.13x10 , - 3 , x{d2-t2)l | 

cos 9 J 

(9.82) 

(9.83) 

(9.84) 
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[_ smtp J 

+ l.3kp[4x0.18&9xlO-3t?K(dl-tl)]. 

+l.3kF 2x0 .7889x10 ' 3 /^^ 2 ^ + 

(9.85) 

The cost o f pa in t ing is g iven by 

Kp = kp[Hndx + 2qnd2] . 

kP= 1 4 . 4 x l 0 - 6 $ / m m 2 . 

(9 .86) 

The object ive function to be min imized is 

K - K U + K C + KA+KW+KP. (9.87) 

9.2.4.3 The optimization procedure and results 

In the opt imizat ion procedure the op t imum values of H, dj, tj, d2 and t2 are sought , 
which fulfil the des ign constraints (Eqs 9.72, 9 .73, 9.74, 9.79, 9.87 and 9.89) and 
min imize the cost function (Eq.9.96) . For this purpose the Rosenbrock hi l lc l imb 
a lgor i thm is used. This is a direct search me thod (Farkas & Jarmai 1997) which does 
not use derivat ives and results in cont inuous op t imum values . It is complemen ted by 
a discretization process to find the corresponding avai lable C H S profiles. 

The available C H S d imens ions in m m according to D I N 2458 (1981) are as follows: 
d: 88 .9 ; 101.6; 114.3; 139.7; 168.3; 177.8; 193,7 (outer d iameter) 

/; 1.8; 2.0; 2 .3 ; 2 .6; 2 .9; 3.2; 3.6; 4 .0; 4 .5 ; 5.0; 5.6; 6.3 ( thickness) . 

The results are given in Table 9.14. 

Table 9.14. Discret ized opt imizat ion results for different va lues o f / / 

It can be seen that the va lue of H = 4900 m m gives the m i n i m u m cost, thus the 
op t imum solution is de te rmined by the geometr ic constraint prescr ibing the 
m i n i m u m inclination angle of diagonals (Eq. 9.89). 

Compar ing the m i n i m u m cost of the original p ipe and the s t rengthening tubular truss 
Kmin = 726 + 458 = 1184 $ wi th the cost of the larger p ipe K = 2458 $, it can be 
concluded that the s t rengthened p ipe is m u c h cheaper than the larger one . 

/ / [ m m ] dh t, [mm] d2, t2 [mm] K [$] 
4900 
5000 
5500 
6000 

101.6x3.2 114.3x2.0 458 
108.0x2.0 127.0x2.6 505 
108.0x2.0 127.0x2.6 517 
114.3x2.6 127.0x2.6 542 
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9.2.5 Conc lus ions 

T h e op t imum dimens ions o f a we lded tubular t russ are de termined, wh ich strengthen 
a co lumn-suppor ted oi l ' p ipel ine for a larger (17 m ) span length. T h e p ipe is 
des igned for an original span length (12 m) . The truss co lumn is des igned for 
compress ion and bending . Bend ing is caused by a t ransverse force cons idered to 
avoid the lateral buckl ing . Since the s t rengthened structure is statically 
indetermined, the u n k n o w n force in the truss co lumn is calculated from a deflection 
equat ion. 

Des ign constraints relate to the m e m b e r stresses as wel l as to s trength and geomet ry 
of truss nodes . The cost function includes the costs of mater ia l , cut t ing and gr inding 
o f strut ends , assembly, weld ing and paint ing. 
In the opt imizat ion process the u n k n o w n s are the truss height H and the d iameter 
and th ickness of t russ m e m b e r s . The opt imizat ion shows that the opt imal H is 
de te rmined by the geometr ic constraint prescr ibing the m i n i m u m inclination angle 
o f d iagonals . 

T h e cost compar i son shows that the cost of the s t rengthened p ipe is m u c h lower than 
that of the larger p ipe wi thout s t rengthening. 
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10 
Square Box Column Composed from 
Welded Cellular Plates 

10.1 I N T R O D U C T I O N 

Box b e a m s and co lumns o f large load-carrying capaci ty are wide ly appl ied in 
br idges , bui ld ings , h i g h w a y piers , p i lons etc. Since the th ickness required for an 
unstiffened box co lumn can be too large, stiffened plate e lements or cellular plates 
should be used. 

Steinhardt (1975) has p roposed a design me thod for box b e a m s wi th stiffened flange 
pla tes us ing formulae for effective plate width . Naka i et al. (1985) have worked out 
empir ical formulae for stiffened box s tub-columns subject to combined act ions of 
compress ion and bending . 

G e et al. (2000) and U s a m i et al. (2000) have studied the cycl ic behav iour and 
ductil i ty of stiffened steel box co lumns used as br idge piers . Longi tudina l flat p la te 
stiffeners and d iaphragms as wel l as constant compress ive axial force and cycl ic 
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f 1 s 

Figure 10.1. A cantilever stub-column of square box section with cellular side plates and the welded 
corner 

lateral loading have been considered. Empir ica l formulae have been p roposed for 
ul t imate strength and ductili ty capaci ty. 

Another papers about br idge piers can be found in conference proceedings as 
fol lows: Y a m a o , T . et al. (2004) , O h g a , M . et a l . (2004) and Hirota ,T. et al. (2004) . 

�� �� �� �� �� ��



Square box column 255 

In our prev ious s tudies it has been shown that, in the case o f uniaxial compress ion , 
cellular plates is more economic than a longi tudinal ly stiffened one (Farkas & 
Jarmai 2006a) . In a s tudy w e have e laborated a m i n i m u m cost des ign of a cellular 
p la te subject to uniaxial compress ion (Farkas & Jarmai 2006b) .Th is me thod is used 
in present paper for a square box co lumn constructed from four equal cellular plates . 

A canti lever co lumn is loaded by a compress ion force and a horizontal load, thus , it 
is subject to compress ion and bending . F r o m this loading a compress ion force is 
calculated for t w o opposi te plate e lements , whi le the remain ing pla te e lements are 
subject to compress ion and bending. Since this loading is not as dangerous for the 
buckl ing of the remain ing side plate e lements , it is sufficient to des ign on ly the two 
main plate e lements . Ha lved rol led I-section stiffeners are used. 

T o show the necess i ty of stiffening, let us des ign an unstiffened square box co lumn 
us ing the fol lowing data (Fig. 10.1): L = a0 = 15 m, NF = 34000 k N , HF = O.IA^, the 
l imit of the horizontal d i sp lacement on the co lumn top w0 = Z-/1000 = 15 m m , the 
steel yield stress fy = 355 M P a , elastic modu lus E = 2 . l x l O 5 M P a . 

The limiting plate s lenderness is expressed according to Eurocode 3 (2002) 

bit <\I5 = 42e,s = p3S/fy,l/S = 34 , / > 5b . (10.1) 

Tak ing the last inequal i ty as equali ty, the cross section area, m o m e n t o f inertia and 
sect ion m o d u l u s are defined as 

A = 4bt = 4Sb2,Ix = 25b4/3,Wx = 45b313. (10.2) 

The stress and d isp lacement constraints are wri t ten as 

NF HFL fy HFL3 

Wr 1.1 3EI 
<w0. (10.3) 

Since the d isp lacement constraint is govern ing , the required box sect ion width can 
be calculated as 

I H L3 

b>J—£— = 2 8 0 5 , / = 2 8 0 5 / 3 4 = 82.5 m m . (10.4) 
y 25Ewg 

This th ickness is unreal is t ical ly large, thus , stiffening is needed . 

In the op t imum design the fol lowing variables should be opt imized: the co lumn 
width bo, the outer and inner pla te th ickness /, d imens ions and n u m b e r of stiffeners 
h, n. It is sufficient to de te rmine the height h, s ince the other profile d imens ions (b, 
tw and tj) can be calculated us ing approximate functions de te rmined for a selected 
series o f U B sect ions according to the Arce lor ca ta logue (Profil Arbed 2001) . 

T h e buckl ing constraints are formulated according to the De t Nor ske Ver i tas rules 
(1995) . 
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10.2 C O N S T R A I N T S 

10.2.1 Constra int on overal l buckl ing of a cel lular plate (Fig. 10.2) 

a = T fH < 0 \ 
fv\ 

4Ae{n - l ) Wf 

Effective cross-sect ional area 

2 

(10.5) 

(10.6) 

Effective plate wid th 

s » = s > c > 

C = 
1.8 0.8 

(10.7) 

(10.8) 

Figure 10.2. Cellular plate with longitudinal stiffeners 
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B = 1 if B < 1 . 

The dis tance o f the gravi ty centre G 
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2 1 4 2 
+ 6 t 

h +t-tf ^ 
+ V | 2 + t (10.10) 

The m o m e n t of inertia 

, (h Y hh h.t 
I y = s e y t z l + s e y t \ - + t - z a \ + ~ + ^ 

— + z r +b tf 

4 2 G ) \ 

+ t - t 4 

— zr. 

(10.11) 

The classic buckl ing force is der ived from the H u b e r ' s differential equat ion for 
or thotropic plates 

. 2 \ 

B. -Ar + 2H + B.. Y U 2 
(10.12) 

The bend ing and tors ional stiffnesses 

V , . „ _ V , _Elt{h + 2tf 
5 , 

' 1 - v 2 

*' ' " s, ' 2(1 + v ) ' 

Us ing Eqs (10.15) , Eq (10.14) can be wri t ten in the form 

5 +B 
H = — 

1/7 

(10.13) 

(10.14) 

(10.15) 

(10.16) 

(10.17) 

(10.18) 

ZR = -

E 

° E 

X = 

(10.9) 
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W^—*—, (10.19) 

— - * c 2 

/ , = 2 | / , + ^ - z 0 Jjj(» - l ) + / , + f + f ^, (10.20) 

If n is even 

^ = ^ ( » - l ) + 2 ^ r / + ^ j X ( ^ / 2 ) , (10.21a) 

if n is odd 

( ht v>_217Y "i 
/ « s = — f ( « - l ) + 2 6 / / + - ^ £ - f i 2 . (10.21b) 

1 Z v 2 y / = i , 3 , 5 ^ 2 J J 

10.2.2 Constra int on horizontal d i sp lacement of the co lumn top 

= — - ^ T ^ Y M = 1 - M = 3 0 0 - 1 0 0 0 . (10.22) 

10.2.3 Constraint on local buckl ing of face plates connect ing the transverse 
stiffeners 

4lh [235" 

10.3 N U M E R I C A L D A T A (Fig. 1) 

a 0 = 15000, Nx = 3 x l 0 7 [N] , steel yield stress fy = 355 MPa , elastic modu lus E = 
2 . 1 x l 0 5 MPa , shear modulus G = 0 . 8 1 x l 0 5 , densi ty p = 7 .85x l0" 6 k g / m m 3 , Poisson 
ratio v = 0 .3 , selected rolled I-sections U B profiles. 
Ranges of u n k n o w n s : 4 < t < 20 m m , 152 < h < 1016 m m , 4<n<nmax, nmax are 
determined by the fol lowing fabrication constraints: 

K 
— - 6 v > 3 0 0 m m . (10.24) 
n 

The other d imens ions o f a halved rol led I-section are given by approximate 
functions of h in Appendix . 
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h{=h~2tf. (10.25) 

T h e discrete values of h are as fol lows: 152.4, 177.8, 203 .2 , 257 .2 , 308 .7 , 353 .4 , 
4 0 3 . 2 , 4 5 4 . 6 , 5 3 3 . 1 , 607 .6 , 683 .5 , 762 .2 , 840.7 , 910.4 , 1016 m m . 

10.4 C O S T F U N C T I O N 

The cost function includes the cost of mater ia l , assembly , we ld ing as wel l as 
pa in t ing and is formulated according to the fabrication sequence . 

The cost of mater ial 

KM =kMpV6;ku =1.0 $/kg. (10.26) 

We ld ing of the base pla te wi th but t we lds ( S A W - submerged arc weld ing) (Farkas 
& Jarmai 2003) . A fabricated pla te e lement has sizes o f 6000x1500 m m or less. 

T h e fabrication cost factor is taken as kF = 1.0 $/min, the factor of complex i ty of the 
assembly ®w = 2: 

KF0 =k\®w 3npV0 + l.3Cwt"'Lm\, (10.27) 

Vo = a0b0t, Lm=2bd+a0(n-l), (10.28) 

f o r ? < l l Cw = 0 .1346x10 3 ; n , = 2 , (10 .29a) 

for / > 1 1 Cw = 0 . 1 0 3 3 x l 0 " 3 ; r c , = 1 . 9 0 4 . (10.29b) 

We ld ing ( « - l ) stiffener webs to the base pla te wi th double fillet we lds ( G M A W - C -
gas meta l arc we ld ing wi th C 0 2 ) : 

KFl = kF[@ J'n pVx + 1 . 3 x 0 . 3 3 9 4 x 1 0 " 3 a 2

M 2 a 0 ( n - l ) ] , (10 .30) 

aWx = 0.4 twx but awxmi„ = 3 m m , 

Vx =a0b0t + 
2 +btfyX» (10.31) 

Weld ing of n-2 inner pla te strips from 3 parts wi th butt welds 

KF1 =kF[®Jr3pV2~+\.3Cwt"'x2s\n-2), (10.32) 

V2 = a0syt 

Weld ing o f inner pla te strips to the stiffener flanges with 2 fillet we lds (excluding 2 
side strips) 

KF3=kF[@ V(«-l)pV2 +1.3x0.3394x10"3a2

w22a0[n -2% (10.33) 

�� �� �� �� �� ��



260 Design and optimization of steel structures 

a W 2 = 0.7 t but aW2.min= 3 m m , 

V3=Vl+V2(n-2). 

Weld ing of 4 outer plates of cellular plates to the corner plates wi th 4 fdlet we lds 

KF4=kF[®^SpV4 + 1 . 3 x 0 . 3 3 9 4 x l 0 " 3 4 2 1 6 < 3 0 ] , (10.34) 

V4=V3+4tca0 

h4l 
+ 3tr 

Weld ing of 8 inner side plate strips wi th 3 but t we lds 

^F5 ~ kp ®J3p~V~i+\3CwtM2\ s , - - j * 8 . 
h)~\ 

(10.35) 

We ld ing of 8 inner s ide pla te strips to the corner pla tes and side stiffener flanges 
wi th fillet we lds 

KFb = kF [®^J9pV6 +1.3x0.3394xl0"3 a2

wl\6aa J, 

V6=V4+SV5. 

(10.36) 

Paint ing cost is calculated as 

Kp=kpQpSP, (10.37) 

kP = 14 .4xl0" 6 $ / m m 2 , ®P = 2. 

Surface to be painted 

Sp=4a0(b0+bl). (10.38) 

The total cost 

K = KM+ 4{KF0 + KFI + KF2 + KF3 +KF4)+ KF5 + KF6 + KP . (10.39) 

10.5 O P T I M I Z A T I O N A N D R E S U L T S 

Table 10.1 shows opt imal solut ions for different h-values obtained by a systematic 
search us ing a Ma thcad calculat ion. 

2 

�� �� �� �� �� ��



Square box column 261 

Table 10.1 O p t i m a l solut ions for different h-values . The result is m a r k e d by 
bo ld letters. The a l lowable d i sp lacement is 15 m m 

h [mm] / [mm] n b„ [mm] a < acr [MPa] w [mm] K[$] 

152.4 6 13 5060 303<318 12.3 71060 
257.2 5 13 5230 296<321 11.0 64130 
353.4 5 10 5520 32K32 2 12.0 62610 
454.6 5 8 5350 322<323 13.0 61400 
533.1 5 7 4700 294<323 15.0 60430 
607.6 5 7 4480 2 6 K 3 2 2 14.9 62730 

It can be seen that the solution of h = 533.1 m m gives the m i n i m u m cost. For 
smal ler h-s the stress constraint , for larger h-s the d isp lacement constraint is act ive. 

10.6 C O N C L U S I O N S 

A canti lever stub co lumn of a square box sect ion is opt imized. The co lumn is 
subject to compress ion and bending and is const ructed from four equal cellular side 
pla tes . T h e th ickness and width of side plates as wel l as the d imens ions and number s 
of longi tudinal stiffeners are calculated to fulfil the constraints and min imize the 
cost function. 

T h e constraints on overal l buckl ing are formulated according to the De t Nor ske 
Veri tas des ign rules . The horizontal d isp lacement of the co lumn top is l imited. The 
m i n i m u m dis tance be tween stiffeners is prescr ibed to ease the we ld ing of stiffeners 
to the base plates . 

Ha lved rol led I-profde stiffeners are used. The i r height character izes the who le 
p rofde , since the other d imens ions can be expressed by height us ing approximate 
functions der ived from the data of a profile series selected from avai lable sect ions. 

The cost function is formulated according to the fabrication sequence . 

It is poss ible to compare the costs o f three structural vers ions of the co lumn with the 
same height , loads and constraints on stress and d isp lacement as fol lows. 

(1) The stringer-stiffened circular shell wi th an opt imized radius of 2700 m m (see 
Chapte r 8.6) has the m i n i m u m cost of K= 83309 (uns t i f fenedK = 82177 $) , 

(2) the square box structure composed from or thogonal ly stiffened pla tes wi th an 
opt imized width o f b0 = 4500 m m has the m i n i m u m cost of K = 76990 $ (see 
Farkas & Jarmai 2008) , 

(3) the present cellular box structure wi th an opt imized width of b0 = 4 7 0 0 m m has 
the m i n i m u m cost ofK= 60430 $. 

It can be concluded that the cellular box co lumn is the mos t economic structural 
version. 
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Appendixes 

A p p e n d i x A 

Approx ima t ion of s tresses in cover plate and stiffeners according to Schade (1941) . 
T h e T a b l e C u r v e 2 D (2003) is used finding the bes t curve-fit t ing function. (Sec.7.4) 

Stress in the stiffener in x direct ion 

X X X X X X 

a = 0 .4664267441239763 
b = - 4 .624587383840012 
c = 24 .24565720683284 
d= - 63 .81680636506682 
e = 93 .39987358860954 
/ = -76 .71346352316542 
g = 32 .32002703712877 
h = - 5 .198127750547869 

Stress in the cover plate in x direct ion 

( A l ) 

cr, =a + (A2) 

b c d e f e h 
_l_ _L _!_ _1 I I 

(A3) 

a= 0 .1955984693130098 
b= - 0 .2897463241178856 
c= - 2 .591464219165066 
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d = 22 .85411176451855 
e = - 6 4 . 6 4 1 0 1 6 4 9 6 1 6 3 7 3 

f= 87 .66635206424669 
g= -58 .68763133158539 
h= 15 .60579575441681 

Stress in the stiffener in v direct ion 

_ a + cx + ex2 + gx3 + ix4 + kx5 

1 + bx + dx + fx +hx + jx 

a= 0 .09335739292748108 
b= - 2 .075188395008322 
c = - 0 . 1 8 9 3 1 1 1 5 2 0 9 9 1 6 5 9 
d= 1 .793376862990908 
e = 0 . 1 4 6 3 4 7 6 3 2 6 9 6 6 3 6 8 
f= - 0 .8378526877119945 
g = -0 .05338805456508658 
h= 0 .212909213858211 
i= 0 .009176903345325986 

j= -0 .02162297129304045 
k= - 0 .0005962182063725342 

Stress in the cover plate in y direct ion 

_ a + cx + ex2 + gx3 + ix4 

C y ~ 1 7 1 2 z-3 , 4 - 5 ' ( A J ) 

l + bx + dx +fx +hx +jx 
a= 0 . 03003781819502921D0 
b= - 2 .042265097925914D0 
c = - 0 . 0 1 0 9 7 9 5 8 9 9 1 7 3 8 3 1 8 D 0 
d= 1 .884628053759462D0 
e= - 0 .001819275850703149D0 
f= - 0 .8418981200681422D0 
g= 0 .0002355918865462362D0 
h= 0 .1725049205573912D0 
/= 0 .0001767942314140527D0 
j= - 0 .01252238187246605D0 

Deflect ion of the plate in the middle 

cw = a + bx+ ° + dx2 + 6

2 + fx3 + ^ + hx4 + \ + jx5 + ^ 5 , (A6) 
JC X X X X 

0 = 19 .3849502389358D0 
b= - 8 .592520424643785D0 
c = - 2 8 . 0 3 0 1 4 2 1 0 1 9 4 3 2 5 D 0 
d= 2 . 4 5 5 0 8 8 3 5 3 7 3 8 0 0 2 D 0 
e = 2 5 . 0 2 8 1 6 5 2 6 6 9 8 0 2 5 D 0 
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f= - 0 . 4 3 7 3 2 2 9 8 2 0 1 6 8 7 3 6 D 0 
g = - 1 2 . 4 1 7 0 6 9 8 8 3 2 0 8 3 5 D 0 
h= 0 . 0 4 4 1 9 7 3 7 7 6 0 6 8 7 7 1 4 D 0 
/= 2 . 4 8 2 1 4 7 5 4 6 6 1 7 2 0 2 D 0 

j= - 0 . 00193499443839704D0 
* = 0 . 0 9 2 7 4 1 6 0 3 3 9 9 0 0 5 D 0 

A p p e n d i x B 

Approx imate formulae for c# and Cjy for the local bending stresses of the base plate 
according to (Table Curve 2003) (Sec.7.4) . 

cfi = a + bx + cx2 + dx3 + ex4 + fx5 , ( B l ) 

x= S m a x , (see Eqs . 7 .149, 7.150) (B2) 

a= -0 .01714825171119342 
b= - 0 .04225084511898836 
c= 0 .2808835957524557 
d= - 0 .2454326924316682 
e= 0 .0864656177573734 
f= - 0 .01121794872349564 

x = — , (B3) 

b c d e f 
cJy=a + - + — + — + -7 + 2T . (B4) 

JC JC yc JC JC 

0 = 0 . 0 6 9 8 4 3 6 5 5 4 1 7 2 3 1 4 7 
b= - 0 .05101531212632416 
c= 0 .007438395232983666 

0 .2053042707173005 
e= - 0 .291931992763519 
7 ^ 0 . 1 1 1 6 6 0 9 2 7 4 9 1 0 1 7 3 
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Table C I . Character is t ics of the selected rolled U B profiles (Sales p r o g r a m 
2007 C o m m e r c i a l sect ions) 

UB Profile h 
[mm] 

b 
[Mm] 

tw 

[mm] [mm] 
As 

[mm 2] [mm 4] 
152x89x16 152.4 88.7 4.5 7.7 2032 834 

178x102x19 177.8 101.2 4.8 7.9 2426 1356 
203x133x25 203.2 133.2 5.7 7.8 3187 2340 
254x102x25 257.2 101.9 6.0 8.4 3204 3415 
305x102x28 308.7 101.8 6.0 8.8 3588 5366 
356x127x39 353.4 126.0 6.6 10.7 4977 10172 
406x140x46 403.2 142.2 6.8 11.2 5864 15685 
457x152x60 454.6 152.9 8.1 13.3 7623 25500 
533x210x92 533.1 209.3 10.1 15.6 11740 55230 

610x229x113 607.6 228.2 11.1 17.3 14390 87320 
686x254x140 683.5 253.7 12.4 19.0 17840 136300 
762x267x173 762.2 266.7 14.3 21.6 22040 205300 
838x292x194 840.7 292.4 14.7 21.7 24680 279200 
914x305x224 910.4 304.1 15.9 23.9 28560 376400 
1016x305x349 1008.1 302 21.1 40.0 44420 722300 
1016x305x393 1016.0 303 24.4 43.9 50020 807700 

Approx ima te formulae for the sizes o f the universal b e a m U B according to the 
Arce lor ca ta logue (Sales program 2 0 0 7 Commercial sections). 

The other d imens ions of a ha lved rolled I-section are expressed by the main height h 
accord ing (Sales program 2007 Commercial sections) us ing curve-fit t ing 
calculat ions (Table Curve 2003) are as fol lows: 

As = 1093.243940 + 0 .033683995 h2 ( C I ) 

/ / = /34 .5525658 + 0 . 0 0 0 6 5 1 8 7 5 7 9 A, 2 (C2) 

r,.™.,™ 156.52880258,1 . 
/ = exp 4 5 . 0 0 6 1 7 8 - x l O 4 (C3) 

L ln(hs) J 

b= /4676 .099669 + 0 . 0 1 1 1 5 9 2 7 / ; / (C4) 

t v = ; i 6 .154183 + 4 . 2 2 8 4 1 9 x l 0 ~ 5 / z J

2 l n ( / ! J ) (C5) 

h,=hs-2tf (C6) 

Approx ima te formulae for U B profile d imens ions 

Calcu la t ion o f b (y = b; x = h) 

y = a+b\m+cl\x\x+d(lnx)2+el(\rvc)2+f(^ (CI) 

A p p e n d i x C 

Character is t ics of rol led U B profiles 
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a = 4071797665 .515043 
b = - 377581103 .813262 
c = - 2 5 3 5 1 5 1 1 1 5 2 . 9 4 6 3 
d= 17442666 .41988002 
e = 92925416774 .55347 
/ = - 1 5 5 4 4 9 . 0 5 3 9 3 1 4 8 0 9 
g = - 187087676930 .7058 
h = - 10894 .44641480538 
/ = 160167765716 .8299 

Calcula t ion of tf(y = t/;x = h) 

y = a+bx+cx2+dx3+ex4+fx5+gx6+hx1+ixi (C8) 

a = -26 .93815960004096 
6 = 0 .7030053163805572 
c = -0 .00569333794408951 
d= 2 .383106250400329x10" 0 5 

e = - 5 . 6 0 5 5 1 1 5 8 8 0 9 0 9 3 3 x l 0 " 0 8 

/ = 7 .662794270183799x10"" 
g = - 5 . 9 0 2 4 0 9 0 5 7 6 0 6 2 8 5 x l 0 " 1 4 

h = 2 . 2 6 7 4 1 7 8 9 0 0 5 8 8 0 6 x l 0 " 1 7 

i = -2 .99937127358141 l x l O " 2 1 

Calculat ion of tw (y = tw ; x = h) 

y= a+ bx+ cx2+ dx3+ ex4+fx5+gx6+ hx7+ ixs (C9) 

a = 4 .598131596507252 
b = -0 .1667245080692302 
c = 0 .002662252638593643 
d= - 1 . 6 6 2 9 1 9 4 2 3 7 6 8 2 7 3 x l 0 " 0 5 

e = 5.42570607199179xl0"08 

/ = - 1 . 0 0 3 5 6 2 9 3 0 7 2 3 9 4 4 x l 0 1 0 

g= 1 .063362616433473x l0" 1 3 

h = - 6 . 0 2 8 5 1 6 5 5 9 7 4 2 1 3 8 x l 0 " 1 7 

i = 1 .419727612597333x l0" 2 0 

Anothe r calculat ion of b 

y= a+ bx+ c/x+ dx2+ e/x2+fx3+g/x3+ hx4+ i/x4+jx5+ k/xs (C10) 

a = -1108926 .658794802 
b = 2054 .96457373585 
c = 394347552 .4221416 
d= - 2 .475920494568994 
e = - 91315532919 .66857 

/ = 0 .001858445891156483 
g= 13189053888762 .85 
h = - 7 . 8 5 6 9 7 7 7 9 0 4 4 2 6 1 8 x l 0 0 7 

i= - 1073670362507492 
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j= 1 .422535840934241x10" '° 
£ = 3 . 7 4 4 3 8 4 1 5 0 5 1 8 8 0 3 x l 0 1 6 
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SMAW Shielded Metal Arc Welding 
SMAW HR Shielded Metal Arc Welding High Recovery 
GMAW-C Gas Metal Arc Welding with C 0 2 

GMAW-M Gas Metal Arc Welding with Mixed Gas 
FCAW Flux Cored Arc Welding 

FCAW-MC Metal Cored Arc Welding 
SSFCAW (ISW) Self Shielded Flux Cored Arc Welding 

SAW Submerged Arc Welding 
GTAW Gas Tungsten Arc Welding 

Table D 2 W e l d i n g t imes T ( m i n / m m ) in the function of we ld size aw ( m m ) for 

longitudinal fillet we lds , d o w n h a n d posit ion 

Welding technology aw [mm] io 3 7; 2 = i o 3 c x 
SMAW 0-15 0.7889a;; 

SMAW HR 0-15 0 . 5 3 9 0 < 

GMAW-C 0-15 0.3394a;; 

GMAW-M 0-15 0.3258a;; 

FCAW 0-15 0.2302a* 

FCAW-MC 0-15 0.4520a;; 

SSFCAW ( I S W ) 0-15 0.2090a;; 

S A W 0-15 0.2349a* 

Table D 3 W e l d i n g t imes T„2 ( m i n / m m ) in the function of we ld size aw ( m m ) for 
longitudinal 1/2 V and V butt we lds d o w n h a n d posit ion 

1/2 V butt welds V butt welds 
Welding 

technology 
a „ [mm] i o 3 r 2 = 1 0 3 C X WTwl=WC2al 

SMAW 4-6 6-15 3.13a. 0 .5214^ 2.7a„ 0.45a;; 

SMAW HR 4-6 6-15 2.14a w 0.3567a;; 1.8462a, 0.3077a' 

GMAW-C 4-15 0.2245a;; 0.1939a* 

GMAW-M 4-15 0.2157a;; 0.1861a* 

FCAW 4-15 0.1520a; 2, 0.1311a;; 

FCAW-MC 4-15 0.2993a;; 0 .2582a* 

SSFCAW ( I S W ) 4-15 0.1384a; 2, 0 .1194a* 

SAW 4-15 0.1559a* 0.1346a* 

A p p e n d i x D 

Table D l Appl i ed we ld ing technologies 
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Table D 4 W e l d i n g t imes Tw2 ( m i n / m m ) in the function of w e l d size aw ( m m ) for 
longitudinal K and X butt we lds d o w n h a n d posi t ion in the form 

K butt welds X butt welds 
Welding 

technology 
a„ [mm] W3Tw2 = 1 0 3 C > •; i o 3 7 ; 2 = i o 3 c x 

SMAW 10-40 0 .3539< / 9 3 0.345 la^ 9 

SMAW HR 10-40 0 . 2 4 1 9 a 1 9 3 

w 
0.2363a^ 9 

GMAW-C 10-40 0 . 1 5 2 0 ^ 9 4 0.1496a^ 9 

GMAW-M 10-40 0 .1462a^ 9 4 0.1433a^ 9 

FCAW 10-40 0 .1032a ! , 9 4 O.lOBaJf 

FCAW-MC 10-40 0 .2030a^ 9 4 0 . 1 9 8 7 ^ ' 
SSFCAW 

( I S W ) 
10-40 0.0937a; , 9 4 0.0924a^ 9 

SAW 10-40 0 .1053a^ 9 4 0.1033a^ 9 

Table D 5 W e l d i n g t imes Tw2 ( m i n / m m ) in the function of we ld size aw ( m m ) for 

longitudinal T butt we lds d o w n h a n d posit ion in the form Tw2 = ^ C2ja\Lwi 

Welding technology aw [mm] 1 0 3 7 ; 2 = 10 3 C2an

n 

SMAW 2-8 ( 0 . 1 2 1 1 - 0 . 0 0 4 7 3 a ^ 6 ) - 1 

SMAW HR 2-8 0 .2155a; ;+ 2 .1485 
GMAW-C 2-8 0 .2189a^ 8 4 

GMAW-M 2-8 0.2221a^ 8 2 

FCAW 2-8 0 . 1 0 0 6 a 2 + 0 . 4 2 4 7 
FCAW-MC 2-8 0 . 2 0 6 5 a 2 + 0 . 4 4 0 5 

SSFCAW ( I S W ) 2-8 0 . 0 9 1 8 a 2 + 0 . 3 7 9 1 
SAW 2-8 0 . 0 1 0 6 6 a 3 + 1 . 6 9 8 
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U butt welds double U butt welds 
Welding technology a w [mm] i oX 2 = i o 3 c x io 3 7; 2 = i o 3 c x 

SMAW 20-40 2 .2326a^ 4 6 1.8195a^ 3 7 

SMAW HR 20-40 1 .528 (V 4 6 1 . 2 4 6 1 ^ 3 7 

GMAW-C 20-40 0 . 9 6 4 2 ^ 4 6 0.7865a^ 3 7 

GMAW-M 20-40 1 . 6 4 8 9 ^ 4 6 0.7526a^ 3 7 

FCAW 20-40 0 . 6 5 1 4 ^ 4 6 0.5334a^ 3 7 

FCAW-MC 20-40 1.2833a^ 4 6 1.0462a;, 3 7 

SSFCAW ( I S W ) 20-40 0 .5962a^ 4 6 0.4824a; , 3 7 

SAW 20-40 0 . 6 7 0 2 < 4 6 0.5461a^ 3 7 

Table D 7 W e l d i n g t imes T w 2 ( m i n / m m ) in the function of w e l d size aw ( m m ) for 
longitudinal fillet we lds in posit ional we ld ing 

Welding technology aw [mm] I O 3 T ; 2 = 10 3 C 2 a* 
SMAW 0-15 1.6670a* 

GMAW-C 0-15 0 4 9 3 0 a 2 

Table D 8 W e l d i n g t imes TwZ ( m i n / m m ) in the function of w e l d size aK ( m m ) for 
longitudinal V butt we lds in posit ional we ld ing 

Welding technology a„ [mm] i o 3 r 2 = io 3 c 2 a : 
SMAW 4-15 0.9518a* 

GMAW-C 4-15 0.2814a* 

Table D 9 T i m e needed for different PWT t echniques 

Method T0 (min/m) 
Grinding 60 

TIG dressing 18 
Hammer peening 4 

UIT 15 

Table D 6 W e l d i n g t imes T w 2 ( m i n / m m ) in the function of we ld size aw ( m m ) for 
longitudinal U and double U butt we lds d o w n h a n d posi t ion in the form 

T=Ya.a"L . 
w2 / ' 2i m wi 
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Table D 1 0 Cut t ing t ime o f plates , TCp ( m i n / m m ) in the function of we ld size a, 
( m m ) for fillet for longitudinal fillet we lds and T-, V- , 1/2 V butt we lds 

Cutting technology Thickness 
/ [mm] 

io 3 r c / J = i o 3 c C P r 

Acetylene ( normal speed) 2-15 1.1388/0 2 5 

Acetylene ( high speed ) 2-15 0.9561/ 0 2 5 

Stabilized gasmix ( normal speed ) 2-15 1.1906/°25 

Stabilized gasmix (high speed) 2-15 1.0858/ 0 2 3 

Propane (normal speed) 2-15 1.294 b - 0 - 2 4 

Propane (high speed) 2-15 1 105 lr° 2 5 

Table D l l Cutt ing t ime of plates for 1 m m length, TCf ( m i n / m m ) in the 
function of we ld size aw ( m m ) for fillet for longitudinal X - and K butt we lds 

Cutting technology Thickness 
t [mm] 

i o 3 r C P = i o 3 c C P / " 

Acetylene (normal speed) 10-40 0.8529/ 0 3 6 

Acetylene ( high speed ) 10-40 0.6911?°38 

Stabilized gasmix ( normal speed ) 10-40 0.8991/°3 6 

Stabilized gasmix ( high speed ) 10-40 0.6415/ a 4 4 

Propane ( normal speed ) 10-40 0.9565/ 0 3 6 

Propane ( high speed ) 10-40 0.7870/ 0 3 8 
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