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1. INTRODUCTION

Welded stiffened plates are widely used in various load-
carrying structures, e.g. ships, bridges, bunkers, tank roofs,
offshore structures, vehicles, etc. They are subject to
various loadings, e.g. compression, bending, shear or com-
bined load. The shape of plates can be square rectangu-
lar, circular, trapezoidal, etc. They can be stiffened in one
or two directions with stiffeners of flat, L, trapezoidal or
other shape.

From these structural versions we select here rectangular
plates uniaxially compressed and stiffened in the direction
of the compressive load. It should be mentioned that we
have worked out minimum cost design procedure of square
and rectangular orthogonally stiffened and cellular plates
loaded in bending [1], uniaxially compressed rectangular
plates with flat and L-stiffeners [2], welded bridge decks
with open - and closed-section stiffeners [3, 4].

It is well known that the instability phenomena are signi-
ficantly affected by initial imperfections and residual wel-
ding stresses. For instance, it has been shown that a com-
pression strut designed using the classical Euler method
can be 30% unsafe [1]. Thus, these effects should be consi-
dered in all stability calculations.

In [2] we have used the design rules of API [5]. Mikami
and Niwa [6,7] have recently developed a calculation
method for orthogonally stiffened uniaxially compressed
rectangular plates taking into account the initial imper-
fections and residual welding stresses. Their formulae are
based on experimental results.

The aim of the present study is to apply the Mikami-Niwa
method for the optimum design and comparison of
uniaxially compressed plates stiffened with ribs of various
shapes (Fig. 1). In the minimum cost design the characte-
ristics of the optimal structural version are sought which
minimize the cost function and fulfil the design
constraints. In recent years we have developed a cost func-
tion containing the material and fabrication costs [1,8]

Fig. 1. A uhiaxially compressed longitudinally
stiffened plate.
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and we have included in the design constraints also the
quality requirement, which prescribes the allowable defor-
mation caused by residual welding distortions [9, 10].

These two important aspects in the design of welded struc-

tures are included in the present study as well, to have a
realistic basis for comparison. First the general formulae
for the cost function and design constraints are treated,
then the special calculation of flat, L - and trapezoidal
stiffeners is described. A numerical example illustrates the
differences among the structural versions.

2. COST FUNCTION

The objective function to be minimized is defined as the
sum of material and fabrication costs

K=K, +K=kpV+KZXT, ¢))
or in another form

. ,f pV+——(T +T,+T) @

where p is the material density, V is the volume of the
" structure, K, and K; as well as k,, and k; are the material

and fabrication costs as well as cost factors, respectively,
* T, are the fabrication times as follows: :

time for preparation, tacking and assembly
T,= @depV ' 3)
where 0, is a difficulty factor expressing the complexrcy of

the welded structure, x is the number of structural parts
to be assembled;

T, is time of welding, and T, is time of additional works
such as changing of electrode, deslagging and chipping.
=~ 0.3T,, thus,

T+T3_132Ca L ' @
where L, is the Iength of welds, the values of C,;a,, can
be obtained from formulae or diagrams constructed using
the COSTCOMP software [11,12], a,, is the weld dimen-
sion.

3. DESIGN CONSTRAINTS

_3.1. Global buckling of the stiffened plate

According to Mikami and Niwa the effect of initial imper-
fections and residual welding stresses is considered by
defining buckling curves for a reduced slenderness

A=(flo,)"” - 5)°

where g, is the classical crltlcal buckling stress, which does
not contam the above mentioned effects, f, is the yield
stress.

The classical critical buckhng stress for a umaxnally com-
pressed longitudinally stiffened plate (Fig. 1) is

O = th(ﬂ +2 + o) for o = L/B.{ o= +7)" (6) |
(’c} [1 +(1+7%) ]for O > Oy - |
where, with v=0.3 N

__Et; _Et; - R

12(1-v3) 1092
+ As.,' b= E o | o

t, @

A is the cross-sectional area of a stiffener, ¢ - 1 is the

number of stiffeners,

- El
75__._1

bD (10

"Isis the moment of inertia of a stiffener about the & axis

(Flg 4).. ‘
Knowing the reduced slenderness (Eq. 5) the actual global

. buckling stress can be calculated as follows:

culf},=1 for 1<0.3 (11a)
O'U/fy= 1-0.63(1-0.3) for0.3<A<1 (11b)
oy/ f,=1/(0.8 + 2 for A>0.3 (11¢)

This-buckling curve is shown in Fig. 2. It can be seen that
the used buckling curve contains the effect of initial imper-
fections (a, # 0) and residual welding stresses (o # 0), the-
refore it gives much lower values that the classical critical
buckling curve, which neglects these effects.

The global buckling constraint is defined by

Neot=g, Pt (12)
A Y1+ 85

where

A=Bt.+(p-1)A, (13)
and 5,-—— (14)

bt,
p, can be determined considering the single panel buck-
ling of the base plate parts between the stiffeners. The fac-
tor (p, + &) / (1 + &) expresses the effect of the effective
width of the base plate parts.

3.2. Single panel buckling

This constraint eliminates the local buckling of the base
plate parts between the stiffeners. From the classical buck-
ling formula for a simply supported uniformly compressed
in one direction

An’E t,,)
o, 15
“*~10.92\b (15)
the reduced slenderness is
2, "
= ( 4n2E b _bit, - - (g:_i§) (16)
10.92f,/ t, 56.8¢

and the actual local buckling stress considering the initial
imperfections and residual welding stresses is

owl/f,=1 for,<0.526
O _ (0.526)°‘7

(17a)

for A, > 0.526 (17b)
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FlgA 2. Global buckling curve considering the effect
of |mt|al imperfections (a, # 0) and residual welding
stresses (o, # 0). .
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Fig. 3. Limiting curves for local plate buckling (x;)
and torsional buckling of open section ribs (x;)

Tgis buckling curve is shown in Fig. 3.
Then the factor p, is as follows:

pp=1
pe=0ypl f;

(18a)
(18b)

if oy> 0y
if oyp<oy

3.3. Local and torsional buckling of stiffeners

These instability phenomena depend on the shape of stif-
feners and will be treated separately for flat, L — and tra-
pezoidal stiffeners.

The torsional buckling constraint for open section stiffe-
ners is

NI/A< o, (19)

The classical torsional buckling stress is [1]

O, r= Gly G, , H, (20)
L L,

where G = E/2.6 is the shear modulus, /; is the torsional
moment of inertia, /, is the polar moment of inertia and
1, is the warping constant. The actual torsional buckling
stress can be calculated in the function of the reduced
slenderness

Ar=(F, 1 o))" (P3)]
Oy /1, =1 for A,<0.45 (22a)
Our = 1-0.53(,-045 for 0.3<A<1.41 (22b)
P .
3 .
Sur_ 1 for 4> 1.41 (220)
£, A3 -

This buckling curve is shown in Fig. 3.
It should be noted that the interaction of above treated

instability phenomena (coupled instability) is not consi-.
dered here, since it has been shown [1] that this interac- -

tion can be neglected when the effect of initial imperfec-
tions-and residual welding stresses is taken into account
for individual buckling modes.

3.4. Distortion constraint

In order to assure the quality of this type of welded struc-

tures large deflections due to weld shrinkage should be

avoided. It has been shown that the curvature of a beam-

like structure due to shrinkage of longitudinal welds can

be calculated by relatively simple formulae [9]. The

allowable residual deformations f, are prescribed by

design rules. Foricompression struts Eurocode 3 (EC3) [13]
prescribes f, = L/1000, thus the dlstortlon constraint is defi-
ned as

L2/83f0=L/1000

fmax =

(23).

where the curvature is for steels

C=0.844x102 Q; y, /I, (24)
Q; is the heat input, y; is the weld eccentricity
Yr=Ye— /2 (25)

I, is the moment of inertia of the cross-section containing
a stiffener and the base plate strip of width b. The related
formulae are given separately for each type of stiffeners.

4. FORMULAE FOR DIFFERENT STIFFENER
SHAPES

4.1. Flat stiffeners (Fig.4)

h,+t. &

As=ht,; I,=hit/3; y.= 2 T+s, (26)
s
I, =%l + hyt, (h .Vo:;)2 + %"’ th.VG @7)

For GMAW-M (Gas Metal Arc Welding with mixed gas)
welded fillet welds

C,a), =0.3258x102 a>, (L in mm)
ay=04t, buta,,, =4 mm.
When the doubie fillet welds are welded in such a man-
ner that the second weld is performed after the cooling of
the first one

Q; = 1.3x59.5a, (29)
It should be noted that, in the case of simultaneous wel-
ding of the two welds, Q; = 2.5x59.5af”, since in this case
the plastic zone is much larger than in the previous case.
The local buckling constraint according to EC3 is
h,/t,<14¢ (30)
In the torsional buckling constraint the following formu-
lae are valid:
I,=h,t/3;

(28)

L=k; 1,=0 (31)

4.2, L-stiffeners (Fig. 5)

We calculate with cold-formed thin-walled L-section stif-
feners of thickness t, neglecting the the effect of the roun-
ding of the corner.

As=(b,+b,)t,; I.=bt/3+bbpt,
b,t,(b, + t)2 + b,t,(b, + t./2)
bt + A

(32)

(33)

Y=

I.tr
I

J__+_L

Fig. 4. Dimensions of a flat stiffener
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Fig. 5. Dimensions of a L-stiffener
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' a,, = 0.5t,, but a,,,;, =4 mm.

Local buckling constraints according to [14] are
b,/t,<30g b,/ t,<12.5¢

These constraints can be treated as active.
Furthermore

L=, +b)t13; l=l+bit,/3;

I, = t“ +bt,ys o by tz +b tz(b yG) +b,t(b,—~y;)* (34)

(35)

I,=bibst, /3" (36)
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I, -95'+bt,y6+at(h + —yG)

+ 1azt35in2a + Za-zts( st yG) (40)
6 . 2

ay = 0.5t;, but a,;, =4 mm.

Local buckling of a trapezoidal stiffener is defined as

a,/t,<38¢ (41)

This constraint is treated as active.

The single panel buckling constraint is given by Egs 15-

17, but, in the case of trapezoidal stiffeners, instead of b

the larger value of a; = 300 and b, = b - 300 should be

«considered.

Furthermore, the heat input for a stiffener is

Q, = 2x59.52’, ‘ c

5. NUMERICAL EXAMPLE

Given data: B=6000 mm, L = 3000 mm, N = 1.974x107 [N],
f, = 235 MPa, £ = 2.1x10° MPa, G = E/2.6, p =
7.85x10-5 kg/mm3, ©, = 3.

The variables are as follows: ¢, t.as well as t,, t, and t, for
flat, L - and trapezoidal stiffeners, respectively. The optima
are computed using the Rosenbrock’s Hillclimb mathe-
matical programming method complemented by the final
search for discrete rounded values [1]. The results are sum-
marized in Tables 1, 2, and 3 as well as in Fig. 7. The mini-
mum costs for k,/k,,, = 2 are denoted by bold numbers.

Table 1. Optimum dimensions in mm of compressed
"~ plates with flat stiffeners.

4.3 Trapezoidal stiffeners (Fig. 6)

0 18 12 11 2374
1 1" 15 12 3687
5 22 14 4783
6 20 13 4610
2 7 18 13 4554
8 17 13 4651
9 16 13 4742

Table 2. Optimum dimensions in mm of compressed
plates with L-stiffeners

A;=(a, +2a)t;; L= a,h:t3 +§a32tgsin2a (37)
According to [15] a, = 90, a, = 300 mm, thus
2

hy=(ai—1089";  sinta=1- (1—95 (38)

_arts(hs + 4:12) + 2a,ty(h; + tF) 2 (39)

bt + A
I b }
¥

0 10 22 10 4009
1 4 27 10 4691
2 39 10 6373
3 28 10 5081
2 4 27 10 5266
5 26 10 5439
6 25 10 5601

Table 3. Optimum dimensions in mm of compressed
plates with trapezoidal stiffeners

Fig. 6. Dimensions of a"trapezoidal stiffener

0 19

6
1 15 .9 7 3042
9 15 8 4206
10 13 8 4077
2 1 11 8 3940
12 10 8 3968
13 10 8 4168
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Fig. 7. Cost curves in the region of the optimum
number of ribs flat, L - and trapezoidal stiffeners.

It can be seen that, for this numerical example, the most
~ efficient version is the plate with trapezoidal stiffeners.
Comparison shows that the flat and L-stiffeners give costs
for k;/ k,, = 2 kg/min (4554-3940)/3940x100 = 16% and
29% larger, respectively.

Fig. 7 shows the curves of cost function for k./k, =
2 kg/min for different shapes of ribs. It can be seen that,
in the regions illustrated in Fig. 7 the cost differences bet-
ween the best and worst versions are as follows: for flat
stiffeners (4783-4554)/4554x100 = 5%, for L-stiffeners 25%
and for trapezoidal stiffeners 7%, so it is necessary to opti-
mize the number of stiffeners.

The main advantage of trapezoidal stiffeners is the large
torsional stiffness. The material cost for the optimum ver-
sion with trapezoidal stiffeners is 2869 kg, thus, the fabri-
cation cost is (3940-2869)/3940x100 = 27% of the total
cost, this amount affects the optimum number of stiffe-
ners for various fabrication cost factors.

CONCLUSIONS

Cost comparisons of structural versions obtained for a
given numerical example by minimum ‘cost design show
the following: _ _

(a) Trapezoidal stiffeners give the cheapest version, the
cost of plates with L- and flat ribs is 29% and 16% larger.

(b) The cost difference between the best and worst solu-

tions in the investigated region of stiffeners’ number is .

significant, which emphasizes the necessity of optimiza-
tion.

{(c) The active-constraints are as follows: the global buck--

ling of stiffened plate, the torsional buckling of open-sec-
tion ribs. The distortion constraint in this case is passive. If

the number of stiffeners would be greater, the distortion
constraint could be active.
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