PROCEEDINGS OF THE INTERNATIONAL CONFERENCE ON METAL STRUCTURES — ICMS-03
MISKOLC, HUNGARY, APRIL 3-5, 2003

ETAL STRUCTURES

Design, Fabrication, Economy

Edited by

Kaéroly Jarmai
University of Miskolc, Hungary

J6zsef Farkas
University of Miskolc, Hungary

Milp ress

MILLPRESS ROTTERDAM NETHERLANDS 2003




Cover design: Millpress

All rights reserved.

This publication may not be reproduced in whole or in part, stored in a retrieval system or transmitted in any
form or by any means without permission from the publisher, Millpress Science Publishers.
info@millpress.com

Published and distributed by Millpress Science Publishers, P.O. Box 84118, 3009 CC Rotterdam, Netherlands
Tel.: +31 (0) 10 421 26 97; Fax: +31 (0) 10 209 45 27; www.millpress.com

ISBN 90 77017755
© 2003 Millpress Rotterdam
Printed in the Netherlands




Metal Structures — Design, Fabrication, Economy, Jarmai & Farkas (eds)

© 2003 Millpress, Rotterdam, ISBN 90-77017-75-5

Optimum fatigue design of a uniplanar CHS truss
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ABSTRACT: The new IIW fatigue design recommendations are used for the determination of the optimum
strut dimensions and truss height minimizing the structural mass or cost. In an illustrative numerical example
a simply supported uniplanar CHS truss with parallel chords is designed, which is loaded by a pulsating force.
An advanced cost function is minimized which contains the costs of material, cutting and grinding of strut
ends, assembly, welding and painting. Fatigue design constraints are formulated for governing X- and K-gap
joints. 6 strut dimensions are optimized for a series of discrete truss height ratios and the optimum height ratio

is selected considering the minimum cost.

| INTRODUCTION

Tubular trusses are in many cases subject to fluc-
tuating loads, e.g. cranes, vehicles, bridges, offshore
structures, bodies of agricultural machines, etc.
Since high stress concentrations arise in their welded
joints, it is important to have a reliable fatigue
design method. The IIW Subcommission XV-E for
welded tubular joints has made great efforts to give
designers such methods.

In 1985 design rules have been given for fatigue
design (Recommended 1985), which made it pos-
sible to work out some optimum design applications
in this field (Farkas 1987, 1990). Based on a wide
international experimental work, the subcommission
has developed a modern version of design rules
(Zhao et al. 1998, Recommended 1999). Our aim is
to show how to apply these rules for the optimum
fatigue design of a simply supported uniplanar truss
constructed from circular hollow section (CHS) rods
subject to a fluctuating force (Fig. 1).

For the optimization continuous functions are
necessary, therefore we use approximate polyno-

mials for stress concentration factors instead of

diagrams given in Recommended (1999). For cor-
rection factors we use the formulae given by Zhao et
al, (1998) instead of diagrams.

The optimum height (distance between the pa-
rallel chords) is determined, which minimizes the
mass or cost of the structure. From the point of view

of economy it is important to formulate a realistic
cost function. For welded plated structures we have
developed and applied a relatively simple cost
function containing material and welding costs,
based on welding times given by the Netherlands
Welding Institute (COSTCOMP 1990. Bodt 1990,
Farkas & Jarmai 1997, Jarmai & Farkas 1999). On
the basis of cost data given by Tizani et al (1996),
we have developed a modified cost function, which
considers the specialties of tubular trusses.

2 PROBLEM FORMULATION

A simply supported uniplanar truss with parallel
chords is designed (Fig. 1). The truss is welded from
CHS rods with K-type gap joints and loaded by a
pulsating force at midspan.

Data: a = 2 m, L = 12x2 = 24 m, the range of the
pulsating force is AF =160 kN, the number of
cycles is Ny = 10°. Three groups of rods are con-
sidered having the same cross-sectional area, one for
lower chords (d, fy), one for upper chords (ca, 12)
and one for braces (ch, f3). Thus, the number of
unknown strut dimensions is 6. The truss height ratio
of w=h/a is discretely varied with steps of 0.1.

The truss mass as well as cost is minimized for
each h/a ratio to obtain the optimum //a ratio.
Design constraints relate to the fatigue strength of
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governing joints E, F and A. Ranges of validity
defined by Recommended (1999) are related to zero
Joint eccentricity and limit the main ratios of strut
dimensions.

3 DESIGN CONSTRAINTS
The fatigue strength constraints have the following

form

LSCF,(B,0)CF(y,7) s§—L 4y

i M

(MF)

AF,
A

logsS,,, = 31(124476 —logN, )+

16
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Yay =125 is the fatigue safety factor. It should be
mentioned that, for K-gap joints, in the case of axial
balanced brace, the values of SCF, are given in
diagrams. Since for the optimization continuous
functions are needed, we have replaced these dia-
grams by approximate second order polynomials.
For CF we have used the formulac given in Zhao et
al (1998) instead of diagrams of Recommended
(1999).

i

—
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Figure L. Simply supported uniplanar CHS truss with parallel chords subject to a fluctuating force

where (MF) is the magnification factor expressing
the effect of additional bending moments. Note that
another bending effects are not considered, since a
geometrical constraint on zero eccentricity is taken
into account. SCFy is the stress concentration factor
depending on f=d,,./d,,, and on @ = arctan w;
CF is the correction factor depending on y=d, /21,
andon z=v,, . /1, . A = 7(d, —1,)t, is the cross-
sectional area of rods. Note that, in some cases,
instead of SCFyxCF other formulae are used. Sy 1S
the hot spot stress range depending on the number of
cycles and the member thickness. For Ny = 10°
Equation 2 is used:

100

3.1 Fatigue strength of the chord of joint E

The joint E is selected instead of G, since in the
chord wall at joint E stress concentration arises also
from the balanced axial loading.

N,

l.SiSCFC”‘C” +
Ay
N, S\
+1.3 f“ SCF, e1,4x CFey gy <=2, 3
Ay M

The axial member forces are as follows:

2AF AF(1+ @)%
Ny =220y, AL+ 0)
0] @
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In the calculation of SCF for chord loading the
formula given by Zhao et al. (1998) in Table D.3 is
used instead of Figure D.8 of Recommended (1999):

0.3
! 0.9
SCFryy ey = 1.2(i] (sing)™. Q)

f()

In the calculation of SCFy for balanced axial loading
in the two braces the following approximate contin-
wous formula is used instead of the diagram of
Figure D.6 given by Recommended (1999)
SCF, ¢y ¢ =0217+0.11710 -

~0.000931167 +(2.99-0.1730 +

+0.001711192)(;—3. (5)

o
In the calculation of CF for balanced axial loading
the formula given by Zhao et al. (1998) in Table D.3

is used instead of the diagram in Figure D.6 of
Recommended (1999)

] 04 [ It

a

CF.,, .= 8 3 . 6
cH A [24/0} [0.5/0] ©)

In Spps (EC] 2) 1=ty

3.2 Fatigue strength of the brace of joint E
NE3 Sr/u‘

1.3 yi SCFop,xCFar <755 (N
where

SCFyp 45 =249-0.0780 +

+0.0016646% —(3.6—0.1866 +

+ 0.002933392)(/—’, )

dy

0.5 0.5
d t
CF, .. = 0 —2 | . 9
BAX [24r0J (O.Sruj ©)

In Sas (Eq. 2) =1t

3.3 Fatigue strength of the chord of joint F

Niy
1.5—L28CF gy o +
4
N s S"’.\'
+1.3 AI: SCFyen ax CFanaxy = 1—?1—5“ (10)
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where

3AF
Npy = © Ny = Ny

For SCFcucn Equation 4 is used, but with 7, instead
of #y.

For SCFycnax Equation 5 is used, but with b
instead of d.

For CFeuax Equation 6 is used, but with ¢» and
instead of dp and 4.

In Sins (EC[ 2) = 1.

3.4 Fatigue strength of the brace of joint F'

N : SI' i85
1.37[33*SCF“V11,AX CFyx < l—i)/g .

(10
For SCFyp ax Equation 8 is used, but with ¢h instead
of ([u.

For CFpax Equation 9 is used, but with ¢; and 7,
instead of dp and #o.

In Sis (Eq. 2) ti =13

3.5 Fatigue strength of the chord of joint 4

Joint A is calculated as X-joint.

0 5 dy
=— T= __, — e s
4 2t, t, p d,
N
1580 < D (12)

Aﬂ L2max — 1.25 *

X, =3.87y(l.1- ' )sin' 6,
X, = 1"27]2.65+5(8-0.65)* |-3¢Bsin6.

Note that the approximate value of ¢ is calculated
as

2L 2x4000

=80>12,
d, 400

thus, Fo= 1.
In Sips (Eq. 2) t; = to.

3.6 Fatigue sirength of the brace of joint A
NA3 S

X < rhs

13 o S
A3 3.4 ma 1.25

(13)
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where Nay = Ngs;
Xy =1+1.9p" o (1.09—IB"7 )Sinz‘s 0.
X, =3+ p"7[0.12exp(-48) +
+0.0114% —0.045].

In Sus (Bq. 2) ti = 3., 7, [} are defined in Section
3.5

3.7 Size constraints

The ranges of validity are as follows:

03< f{i,i/l <0.6
dy d,

24S£{ﬁ,ilg—s60

0 ,2

025< hcyg

’() fZ
30° <6 <60
4<1,,, <50 mm.

3.8 Constraint on zero joint eccentricity

From the limitation for the gap g that

_ dy, d,

>0,
tan@ sind

one obtains

dyy 2 26,0+d,(1+ @ )

4 THE COST FUNCTION

The cost function contains the costs of material,
cutting and grinding of strut ends, assembly, welding
and painting

K= KM + [(C + 1<A + [(\\/ + 1(}) . (14)

In the material cost of

Ky = /JZ kye AL, (15)
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the material cost factors of Price List (1995) are used
as given in Table [. The material density is
P =17.85x10"kg/mm®. The hot formed CHS pro-
files are selected according to prEN 10210-2 (1996).
The strut lengths are as follows:

Lo = 24000, L, = 20000,
L, =24000(1+ )" mm.

For the calculation of cutting and grinding times of
strut ends an empirical formula is developed on the
basis of measurements in a Hungarian steel con-
struction factory as follows:

T, =3.0442x1.007" (min), d in mm.
This formula is valid for diagonals. In our example

K. =k;0.x3.0442(2x1.007 +

+2x1.007% +24x1.007%), (16)

where the difficulty factor is taken as ©. =2 and
the fabrication cost factor is selected using the data
of Tizani et al (1996) as kr = 0.6667$/min. Note that
the cutting time data of Tizani et al. (1996) cannot
be used here, since they are related to too small
diameter of 60 mm. It should be noted that in our
other paper (Farkas & Jarmai 2000) another formula
is used which contains also the effect of strut thick-
ness.

K, =Ck.0, (Kp V)O'S > (17
where

Ca = 1.Omin/kg"?; ©,=3.5; the number of struc-
tural elements to be assembled is & = 14.

Table 1. Material cost factors for available hot formed CHS
profiles

d (mm) o ($/kg)
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

The cost calculation of welding is based on welding
times developed from the COSTCOMP software for
different welding technologies and weld types.

Ky =k 0, Z Corttig Ly » (18)
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where the difficulty factor is taken as ©,, =2. The
fillet weld size is aw = £3. For fillet welds performed
by SMAW (shielded metal arc welding)

Cypal =0.7889x107 a;, .
The weld length in our example is
L, =mdy(1+0*)" .

The painting cost is calculated as
Kp = 1([)8[1 5 (19)

where, according to Tjizani et al. (1996) the cost
factor is kp = 14.4 $/m’. The painted surface in our
example is

S, =107 7(24.000d,, +20.000d, +
+24.000d,(1+@* )" .

5 MATHEMATICAL OPTIMIZATION AND
RESULTS

The constrained function minimization is performed
using the Rosenbrock’s hillclimb method with an
additional discretization to find the corresponding
available cross-sectional dimensions (Farkas &
Jarmai 1997). The results are summarized in Tables
2, 3 and Figure 3.

The optimum solution of //a = 1.5 is marked by
bolt letters.

The optimum strut dimensions in the case of hla
= 1.3 are given in Table 3.

Table 2. The cost of continuous (nondiscrete) solutions against
the truss height ratio iva

w=hla K($)
1.0 27599.3
1.1 27344.5
1.2 27061.8
13 26592.2
14 26001.3
1.5 25942.8
1.6 26491.1
1.7 26912.8
1.8 27112.5

Table 3. Optimum strut dimensions in mm in case of hla=1.5

dy, Iy 323.9x12.5
ch 1y 323.9x12.5
ity 168.3x5
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Figure 2. Cost against /i/a ratio

6 CONCLUSIONS

In the welded joints of tubular trusses high stress
concentrations occur. The new [IW fatigue design
rules enable designers to calculate the stress con-
centration factors more precisely than previously.
This calculation method is used for the optimum
design of a uniplanar CHS truss subject to a fluc-
tuating force.

In the optimization process the cross-sectional
dimensions and the distance between the paraliel
chords (truss height) are optimized, which minimize
the structural cost. The height is discretely varied.
Three rod groups are defined having the same cross-
sectional area, thus six unknown variables are opti-
mized for each truss height ratio.

The existence of an optimum height can be ex-
plained by the fact that, increasing the height, the
chord forces decrease, but the branch length in-
creases and this tendency turns back when the height
decreases.

The difference between the cost corresponding to
the best and worst solution, indicated in Table 2 is
6.4%.

The advanced cost function, which contains the
costs of material, cutting and grinding of strut ends,
assembly, welding and painting, enables designers to
calculate the costs more realistically than previously.
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