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Optimum cost design of welded box beams with longitudinal stiffeners using

advanced backtrack method
K Jirmai and J. Farkas
University of Miskolc, Hungary

1. Abstract

The use of longitudinal stiffeners in box girders loaded in bending results in savings in weight and cost. To study these
savings the optimized box beams without and with stiffeners are compared to each other. A cost function is defined
containing material and fabrication (welding) costs. This function is nonlinear in the structural dimensions to be
optimized, therefore an advanced backtrack method is worked out and applied. An illustrative numerical example shows
the savings.
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3. Introduction

Box beams are widely used in load-carrying structures because of their large bending and torsional stiffness. The
minimum cross-sectional-area design of a simple welded box beam [1] shows that, to decrease this area, the web plate
slenderness should be increased. This can be achieved using longitudinal stiffeners placed in 1/5 distance of web height.
We have developed a cost function for welded structures using the COSTCOMP database [2,3]. This cost function
contains nonlinear expressions for unknowns. The cross-sectional area minimization can be solved analytically, but, for
the minimum cost design, a computerized mathematical constr ined function minimization method should be used, since
the cost function is nonlinear. :

The backtrack discrete programming method is suitable for problems with few unknowns, but, till now, we have used it

only for linear objective functions. For nonlinear objective functions we trave-worked-out a-new-advenced-version
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Figure 1. Stiffened box beam and the detail of a stiffener

4. Minimum cost design of longitudinally stiffened box beams
4.1 The cost function
In the cost function the material and fabrication costs are included
K=K,+Kf= mpV+kuT,- ey
where P is the material density, ¥ is the volume of structure, k,, and kyare the material and fabrication cost factors;
respectively, 7; are the production times. Equation (1) can be written in the form of

K vl oty 2
=P +7c—(1+ 2+13) @
m m
Time for preparation, assembly and tacking can be expressed as
T,=C0, (xp? )2 : ®
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where C; = 1 min/kg®’ , ©, is a difficulty factor expressing the complexity of the structure (planar or spatial,
constructed from simple plate elements or profiles), ¥ is number of structural elements to be assembled.
Welding time is

T =2 Cpity;Ly;i @)
where ap is the weld size, Ly is the weld length. Formulae for C,ay are developed using the COSTCOMP database for

different welding technologies and weld types [4]. :
The additional time for electrode changing, deslagging and chipping can be calculated as

T3 = 03T2 (5)
The final form of the cost function is

SR W )

k—--pV+k— iKY +13(T1, +T, +T3) 6)

It can be seen that this function contains nonlinear members of the unknown structural dimensions, therefore an
advanced backtrack method should be used for the minimization.

The following data of cost factors are used: &, = 0.5-1.2 $/kg, k= 0-60 $/manhour = 0-1 $/min. To give internationally
usable results, values of k/k,, = 0, 1 and 2 are considered, the value of 0 means minimum weight design.

The cost function of a longitudinally stiffened box beam (Fig.1) can be formulated as follows.

A simply supported beam of span length L = 20 m is subjected to uniformly distributed factored normal load of intensity
p = 73.5 N/mm. It is assumed that the beam is constructed with 11 transverse diaphragms of uniform distance a =2 m to
stabilize the stiffeners against flexural buckling and to avoid distortions of the rectangular box shape. The longitudinal
stiffeners are interrupted and welded to diaphragms.

The volume of the structure is V= AL+ 11bhtp/4 + 24sL Q)
where A =2hty + 2bty @
The thickness of diaphragms is # = 0.7#, but rounded to 4, 5, 6.

The cross-sectional area of a stiffener 1s As = (6; + bo)fs )

b; and b, can be calculated according to equation (16).
The number of structural elements to be assembled is ¥ = 4+11+20=35. The difficulty factor is takenas ©, =3.

4.2 Design constraints
Stress constraint due to bending MW, =pl? I8W,)< f, (10)
where the static moment and the moment of inertiaare W, =21 fh+t,), 1. = Rty 16+ bt (h+t, ¥ /2(1)

Note that the moment of inertia of stiffeners is neglected.
The local buckling constraint for the compression flange according to Eurocode 3 [5] can be expressed as

blt, <1/6 =42 £=‘1235/fy (12)
The local buckling constraint for the upper part of websis 0.2h/t, <42¢/(0.67+0.33y) (13)
hit,<242e=1/8 (14)

For the lower part of webs it is ¥ =—5/3=-1.667 and 0.8k/¢, <62¢(1 -V)‘/—V or hlt, <267¢ (15)

thus, the limiting slenderness defined by (14) is governing. .
The local buckling constraints for the cold-formed stiffeners according to DASt Richtlinie 016 {6]

b/t,<133JE/ £, and b, /1, <043(E /S,

orin another form b, /¢, <30e =0, and b,/t, £12.5¢ =46, (16)
The overall buckling constraint for compressed stiffeners according to API design rules [7]

I > 4at}, an
where a is the distance of diaphragms. The location of the center of gravity for a stiffener (Fig.1), calculating with

1,57
=58 =88, i =t lo 18
by=6t, and b,=08,t, is s 3%, %5, (18)
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and the moment of inertiais givenby ¢ =C,f1: Cs= %(613 +-61—1§2-} 19

The unknowns in the optimization are as follows: 4, b, tw, t; 5.

4.3 The advanced backtrack method

Backtrack method is a combinatorial programming technique, solves nonlinear constrained function minimization
problems by a systematic search procedure. The general description of backtrack can be found in the works of Walker
[8] and Golomb & Baumert [9].An efficient and suitable built in search method is the interval halving procedure. We




assume that the objective function is monotonously decreasing, if the variables are decreasing. All variables are
calculated by the halving procedure, except the last variable, which is calculated from the objective function. The
original version of backtrack was modified by rebuilding the algorithm so, that it is independent from the number of
variables. Another development is, that the Van Wijngaarden-Dekker-Brent method [10] was built into the algorithm to
calculate the last variable value from the cost function. In case of mass minimization this calculation is relatively easy,
but introducing a nonlinear cost function the analytical solution is in most cases impossible. This method combines root
bracketing, bisection and inverse quadratic interpolation to converge from the neighbourhood of a zero crossing. While
the false position and secant methods assume approximately linear behaviour between two prior root estimates, inverse
quadratic interpolation uses three prior points to fit an inverse quadratic function. This method combines the sureness of
bisection with the speed of a high-order method when appropriate.

5. Optimization and results
The optimization of the box beam is performed by Hillclimb and backtrack methods. In the case of longitudinally
stiffened box beam the cost function (6) should be minimized considering the constraints (14,16,18,21). In the case of

box beams without stiffeners the following modifications should be used: 5 = 0 and T3 = T2, = 0. The results are given
in Tables 1 and 2. '

71 h by b t Kk (kg)
0 1100 9 540 20 6580
1 - 900 8 740 20 9249
2 910 8 730 20 11474
Table 1. Optimum dimensions in mm of the box beam without longitudinal stiffeners obtained by Hillclimb method
method kik,, h ty b 1ty Is - Kik,, (kg)
0 1450 6 440 18 5 5610
Hillellimb 1 1450 3 490 16 5 7588
2 1440 6 500 16 5 9619
0 1450 6 490 16 5 5591
Backtrack 1 1440 6 470 17 5 7608
2 1440 6 490 16 5 9585

Table 2. Optimum dimensions in mm of the box beam with longitudinal stiffeners obtained by Hillclimb and backtrack
method

It can be seen that the results obtained by Hillclimb and backtrack methods are near the same, so the new version of
backtrack is suitable for nonlinear objective functions. The comparison of results obtained for unstiffened and stiffened
box beams shows cost savings of 18-21%, so the application of longitudinal stiffeners is economic.

6. Conclusions

Comparisons of the optimized cross-sectional costs of box beams without and with longitudinal stiffeners placed in a
distance of 1/5 web height show that the use of stiffeners results in considerable savings. The cost function contains
material and welding costs, considering also the welds necessary for transverse diaphragms. Since this cost function is
nonlinear, a new version of the backtrack discrete programming method is developed and used. This version contains a
subroutine for the computation of the roots of a nonlinear function with one variable.
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