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Abstract

The optimum design of welded structures is treated in the case when, in addition to permancnt loads,
fluctuating forces also act. Constraints on fatiguc as well as on overall and local buckling are
simultancously considered. When the fatigue constraint is active, the design stress can be smaller
than the yield stress, thus, the limiting plate slendernesses for local buckling may be calculated on
the basis of static design stress. In the first cxamplc a welded I-scction cantilever, in the sccond onc a
compressed tubular strut is optimized taking into account the fatiguc constraint for connecting fillct
welds. The required weld sizes arc also calculated according to new [IW rccommendations.

1. INTRODUCTION

In the case when fluctuating forces act in addition to permanent static load on thin-walled
structures containing welds, the fatigue and buckling constraints should be simultaneously
considered. The effect of instabilities on low-cycle fatigue is well investigated since it is
important for the design of seismic resistant structures (see e.g. [1]). The breathing of thin
plate elements due to fluctuating loads is also studied (e.g. [2]), but it is concentrated only to
thin webs. There are no design rules for cases when permanent and high-cycle fluctuating loads
can cause instability in structures containing welded joints in which fatigue cracks can occur.

In the optimum design fatigue and buckling constraints can simultaneously defined and
fulfilled. Note that the first author has treated the optimum design of welded tubular trusses
with buckling and fatigue constraints [3], but the buckling and fatigue constraints have been
separately considered. The simultaneous consideration of buckling and fatigue constraints
means that in the local buckling formulae the maximal static stress can be used instead of the
yield stress. When the fatigue constraint is active this maximal stress can be much lower than
the yield stress which results in different optimal solutions than those obtained by static design.

In order to illustrate this special optimization procedure two numerical examples are
worked out. The fatigue constraint is defined using the fatigue stress range concept according
to the IIW Recommendations [4]. The Eurocode 3 (EC3)(1992) is also used for static design
rules, for safety factors and for the interaction fatigue formula when normal and shear stress
components occur in a weld.
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2. ILLUSTRATIVE EXAMPLES

2.1. Example: optimum design of a welded I-section cantilever connected to a column by
fillet welds (Fig.1)

For the calculation of the optimal dimensions of the welded I-section cantilever the constraint
on fatigue is used. The objective function is the cross-sectional area

A=ht, + 2bt, ¢))
The fatigue constraint for the parent material at the toes of fillet welds connecting the flanges,
in the case of a force F fluctuating between +F and -F, is defined by

Ao =2FLIW, <Ac,!ly,, 2
The moment of inertia is expressed by

I, =k, 112+2bt,(h/2)

Eq.(2) can be written in the form [5]

szlx/(h/z):hztw/6+bt,h2W0=2FL/(AaN/ny) 3)
where Ao, is the fatigue stress range, ¥ smr = 125 1s the safety factor, W, is the
required section modulus. From Eq.(1) one obtains

bty =A12 - ht,J2 “
Substituting Eq.(4) into (3) we get

A22W,/h+2ht /3 5)
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Fig.1. Welded I-section cantilever and the stress components in the connecting fillet welds
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The local buckling constraint can be expressed by means of the limiting plate
slenderness which can be derived from the basic formula for the critical local plate buckling
stress. This stress should be larger than the o, static design stress

kn*E (tjz
O, =—F——|~| 20.. 6
12(1—v2) b ©

where & is the plate buckling factor, v is the Poisson's ratio, » and ¢ are the width and
thickness of the plate, respectively. The limiting plate slenderness is

G)L B V 12(1 fji;};am @

For a bent web plate of an I-beam the theoretically calculated value of k = 23.9, with the
elastic modulus of E=2.1*10° MPa, v=03,0,, = f, =235 MPa one obtains

hit, <1389 (8)
This value should be decreased according to EC3 to 124 considering the effect of initial

imperfections and residual welding stresses. For another Jy values and different design stresses
Eq.(8) can be generalized as

h < 1_ 124 235 _LY__ 9)
tw IB fy Gmnx

or using the notation of EC3
/B =124¢,6 = J235/5 ' (10)

EC3 gives a smaller value for the case when the designer wants to neglect the shear buckling
check of the web

1/ =69 (1
Since in the present example the maximal compressive stress is caused by -/, so
O o = By /(27 ) (12)
and the local buckling constraint for the web can be written as
1,2 phl/ B=69¢€= 23 (13)
Aoy 12y M)

The calculations show that this constraint is always active thus it can be treated as equality.
Then the objective function (5) is

A=2W,/h+2pK _ (14)
and the condition d4/dh=0 gives the optimal web height

by =331,/ (2) (15)

The local buckling constraint for the compression flange is given by

1, > (16)
where, with the theoretical buckling factor of & =0.4
lo/(21,)], =18¢ 17)

EC3 takes into account the above mentioned effects and gives the value of 14 instead of 18,
thus

1/6 =28¢ (18)
and from Eq.(4) one obtains
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bop( = opl\/-zza (19)

Finally, using Eq.(14) we get

A =180 (20
which shows that the cross-sectional area (weight) can be decreased using higher values of
1/8.

Numerical data: F = 150 kN fluctuating between +F and -F, L =2m, the number
of cycles N=3*10°. The fatigue detail category for toe crackingis Ao, =71 MPa, for the

given number of cycles, using the interpolation formula as follows
* 6

logAo, =§llog2 +logAo, 2n

we get Ao, =1336 MPa, thus, with Eq.(3) Wy =561*10° mm® . Using Eq.(13) one
obtains 1/ =1447 and Eq.(15) gives how = 1068 rounded 1070 mm. Furthermore 1,
=8mm, 1/6=28¢=587,b,, =485, =9 mm,

The stress range in the upper flange is (with S =28/1070)
M, 300*2*10°
W,  2pn/3

X

Ao = =983 MPa.

To calculate the required fillet weld throat size ar we reduce the normal stress in parent metal
into the fillet weld based on the following equality (see Fig.1)
dot, =2p a .

from which  p, = Aot, /(Zaf)

and the two stress components are Ao, = A1 ===

| 2 a
For root cracking of partial penetration Sillet welds and for N =3*10° cycles we use
4oy =526 and Ary =1169 MPa, According to the EC3, the fillet weld should be

checked using the following interaction formula

3 5
Vales Vats
(.l_’l__) +[_L] <1 (22)
Aoy 1y vr Aty 1y vy
With Ao, =471 = 3128/a;, yp =10 and ¥ my =125 one obtains

411/a; +418/a; <1

from which a,= 8 mm (rounded value).
In the fillet welds connecting the web plate, in addition to the perpendicular stress
components
dot, 278

o, =71, = —%
+ + 2s,/—2_a a,

a parallel stress component should be calculated as well
2F 1402

Ty =

2a.h a,
In this case we use, according to the EC3, the following stress components in the interaction
formula
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4o =\Jol +7% = p, =20, =393/a,

and At =1, =1402/a,

393 Y 1402 Y
From + <1
s26a,/125)  \1169a,/125

we obtain a, =9.3, rounded 10 mm.

2.2 Example: compressed strut of circular hollow section (CHS) with a welded splice

(Fig.2)

A CHS strut is concentrically compressed by a permanent force -Fg (minus denotes
compression) and a variable load Fy, pulsating between +Fp and -Fp. Fyp contains also a
dynamic factor. The strut is constructed with a splice fillet welded end-to-end with an
intermediate transverse plate. In the optimization of the strut section the unknown dimensions
D and 1 are sought to minimize the strut cross-sectional area.

In the case of two unknowns the grapho-analytical optimization method can be
advantageously applied. It is based on the theorem that, in the coordinate-system of the two
unknowns, one of contours of the objective function touches the feasible region in the
optimum point (Fig.3). This theorem can be derived by means of the method of Lagrange-
multipliers [6].
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Fig.2. CHS compressed strut with a welded splice

In the optimum design of a compressed strut we use the unknowns & = 100D/ and
6. =D/t instead of D and 7 since the objective function can be expressed by

2 2qg2
A=aDr="D A9 (23)
6. 10%6,
and the contours of the objective function are defined by
5. = const * §* (24)
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which are straight lines in the coordinate-system & c—9%, soit is easy to find the touching
point.
The fatigue constraint is expressed by
L'rAc,
2F,10%,,
According to the Recommendations [4] the fatigue stress range at N = 2*10° is Ao, =50

MPa for splice of CHS with intermediate plate, toe crack, wall thickness smaller than 8 mm.
The local buckling constraint is defined by using the limiting local slenderness
(according to EC3 for section class 1)

Oc 80 =50%235/ 1,3 f,0 = £, /¥ ssi¥ aar = 11 (26)
The static overall buckling constraint is given by
(7(;F(; +}’QFQ)/A Sﬂyl

ZFQ/ASAJN/}'W or

(25)

c

(27
where y..¥ o are the safety factors for permanent and variable load, respectively.
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Fig.3. Grapho-analytical optimization method

7= ——l—___;¢: 0_5{1+o.34(1-o.2)+12];2= KLV = IOOK‘@;AE . /—E— (28)
g+yp' - A DA A8 e

K=1 for pinned ends [7]. Thus, Eq.(27) can be written as

S < Ay 9?
104y o Fg +7 oF, )2
In a numerical example the given data are as follows. Fg =300 kN, 2F, =145 kN,

Ao. =50 MPa, with Eq.(21) Aoy =437 MPa, L = 5 m, 5y = 235 MPa,

Y =1Ly, =125y, =135y ,=150. N=3*10°.

The fatigue constraint Eq.(25) is
J. <189589* (30)

According to EC3
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The local buckling constraint Eq.(26) is

5. <55 (1)
In the overall buckling constraint the buckling factor can be calculated with simpler formulae
of the Japanese Road Association which give values near to the EC3 column curve "b" [8].

y=1 for 0<A<02 (32a)
¥ =1109-05454 for 02<ac<l (32b)
2=1/(0773+ IZ) for Ax1 (32¢)
In our example from Eq.(29) we get
8. <3265497(1109 - 15649/ 9) for 9* > 82447 (33)
8. <3265497 /(0‘773 + 8.2447/32) for 9% <82447 (34)
100
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Fig.4. Graphoanalytical optimization of the strut shown in Fig.2.

Fig.4 shows the limiting lines of constraints in the coordinate-system of the two
unknowns. These lines define the feasible region and the optimum point at the intersection of
the constraint on fatigue and local buckling (point A), since the contour touches the feasible
region in this point. This means that the overall buckling constraint is in this case passtve.
The result 1s

9., =2901,9,, =53862,D,, =2693,t=D/55=49 mm,

we use the available section 273*5 mm.

The point B gives optimum when the fatigue constraint is not considered. The solution of
Eq.(33) with 8. =55 is 9 =46660,9° =2177,D=2333,1=424 mm,

If the value of Fp is kept constant, it is easy to find Fg corresponding to point A, this means,
when all three constraints are active (3 = 53862). From Eq.(33) Fg =455.9 kN.




56 J. Farkas and K. Jarmai

Finally, the required fillet weld size can be calculated from the fatigue constraint for
root cracking. The pulsating load causes a stress range in the section
Ao =2F,/ A=145000/4210= 344 MPa

and stress components in the fillet weld (Fig.2)

Ap, =Act/a,=1722/a,;Ac, =At, = Ap, /N2 =1218/a,
According to the Recommendations [4] Ao = 40,A7. =80 MPa. For the given number of
cycles N = 3*10° one obtains Ao\ =349,A7, =738 MPa. Using the interaction formula
Eq.(22) we get

8302/al +3737/a’ <1

from which a, =5 mm.
Note that the static stress constraint for fillet welds is in this case also passive.

3. CONCLUSIONS

Two numerical examples illustrate the optimum design procedure when the fatigue and
buckling constraints should be treated simultaneously for welded structures. In the case of a
welded I-section cantilever the local buckling constraints are calculated with the actual
maximal static stress instead of yield stress. The optimal beam dimensions can be calculated on
the basis of the fatigue stress range for toe cracking of the connecting welds, while the required
weld sizes are determined from the fatigue stress range for root cracking. In the case of a
compressed CHS strut the grapho-analytical optimization method is advantageous, since it
clearly shows the active and passive constraints. The fatigue or the overall buckling constraint
may be active depending on the ratio of permanent and variable load.
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