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that the algorithm converges to the ‘‘optimum’’ cross-sections in a
relatively low number of generations, around 70 generations.

Fig. 14 shows the evolution of the fittest cross-section for
the 1500 mm column shown in Fig. 10(a). The algorithm tends
to smooth and close the profile through the optimisation
process.

Table 3 gives the main properties of the fittest cross-sections
shown Fig. 9(a), Fig. 10(a), Fig. 11(a) and Fig. 12(a) for the 1000,
1500, 2000 and 2500 mm long columns, respectively.

6. Discussion

6.1. General

The cross-sections mainly converge to three different shape
types, namely a ‘‘bean’’ shape (as in Fig. 9(a) through Fig. 9(c), or
Fig. 10(c)), an ‘‘oval’’ shape (as in Fig. 10(a) and Fig. 10(b),

Fig. 11(a) through Fig. 11(c), or Fig. 12(a)), and a rounded ‘‘S’’
shape (as in Fig. 9(d), Fig. 10(d), or Fig. 12). The overall depth of
the cross-sections is about 80, 95, 110 and 120 mm for the 1000,
1500, 2000 and 2500 mm long columns, respectively.

Typically, the ‘‘oval’’ and ‘‘bean’’ cross-sections are like closed
profiles, whereas as the ‘‘S’’ cross-sections tend to be open.
Moreover, the ‘‘oval’’ and ‘‘bean’’ cross-sections usually behave

Fig. 9. ‘‘Optimum’’ cross-sections for a column length of 1000 mm in increasing fitness order from (a) fittest cross-section (A¼240.5 mm2, Nc¼74.8 kN), (b) second fittest

cross-section (A¼241.2 mm2, Nc¼74.9 kN), (c) third fittest cross-section (A¼241.5 mm2, Nc¼74.8 kN) and (d) tenth fittest cross-section (A¼243.8 mm2, Nc¼74.9 kN).

Table 2
Average cross-sectional area and axial capacity at the 80th generation.

Column length (mm) Cross-section area Average axial capacity

Average (Aoptimum) (mm2) CoV Average (kN) CoV Error (%)

1000 242.1 0.0042 74.84 0.0023 0.21

1500 288.7 0.0043 74.91 0.0015 0.12

2000 337.8 0.0037 74.92 0.0013 0.11

2500 388.4 0.0078 74.98 0.0008 0.05

Fig. 10. ‘‘Optimum’’ cross-sections for a column length of 1500 mm in increasing fitness order from (a) fittest cross-section (A¼287.2 mm2, Nc¼74.7 kN), (b) second fittest

cross-section (A¼287.8 mm2, Nc¼75.0 kN), (c) third fittest cross-section (A¼287.6 mm2, Nc¼74.8 kN) and (d) tenth fittest cross-section (A¼291.4 mm2, Nc¼74.8 kN).

Table 3
Main properties of the optimum cross-sections.

Column length

(mm)

A

(mm2)

Ix

(mm4)

Iy

(mm4)

Cw (mm6) J

(mm4)

xos

(mm)

1000 240.5 173,055 62,273 2.511�108 115 44.8

1500 287.2 286,004 112,652 6.744�108 138 53.5

2000 336.8 444,174 183,051 1.460�109 162 60.8

2500 385.8 705,426 277,973 2.655�109 185 66.9
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Fig. 11. ‘‘Optimum’’ cross-sections for a column length of 2000 mm in increasing fitness order from (a) fittest cross-section (A¼336.8 mm2, Nc¼75.0 kN), (b) second fittest

cross-section (A¼336.8 mm2, Nc¼75.0 kN), (c) third fittest cross-section (A¼336.9 mm2, Nc¼75.0 kN) and (d) tenth fittest cross-section (A¼340.5 mm2, Nc¼74.8 kN).

Fig. 12. ‘‘Optimum’’ cross-sections for a column length of 2500 mm in increasing fitness order from (a) fittest cross-section (A¼385.8 mm2, Nc¼74.9 kN), (b) second fittest

cross-section (A¼386.3 mm2, Nc¼75.0 kN), (c) third fittest cross-section (A¼386.8 mm2, Nc¼75.0 kN) and (d) tenth fittest cross-section (A¼396.4 mm2, Nc¼75.0 kN).

Fig. 13. Evolution of the average fitness for 10 runs for each column length.
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better than the ‘‘S’’ shape type cross-sections, with smaller cross-
sectional areas.

On the other hand, the algorithm typically produces rounded
cross-sectional shapes which have the advantages of (i) yielding
high elastic local buckling stresses and (ii) maximising the
second moments of area while minimising the cross-sectional
area, as seen from the companion paper [1]. Therefore, local
buckling is never the dominant failure mode and the local
member capacity Ncl is always equal to the global member
capacity Nce in Eq. (9).

Global buckling is typically the critical buckling mode for all
‘‘optimum’’ cross-sections with Nc¼Nce for 38 runs out of the total
40 runs. However, the algorithm optimises for both distortional
and global buckling modes and the distortional nominal capacity
Ncd is on average equal to 76.05 kN for the 40 runs, with a

coefficient of variation of 0.025, i.e. 1.4% higher than the targeted
capacity of 75 kN. Table 4 gives the average distortional nominal
capacities Ncd and elastic buckling loads Nod of the ‘‘optimum’’
columns for 10 runs. The close values between distortional and

Fig. 14. Evolution of the optimum cross-section in Fig. 10(a) from (a) 1st generation (initial population), (b) 5th generation, (c) 10th generation, (d) 15th generation,

(e) 20th generation, (f) 25th generation, (g) 40th generation, (h) 60th generation and (i) 80th generation (last generation).

Table 4
Average distortional nominal capacities Ncd and elastic buckling loads Nod.

Column length (mm) Ncd (kN) Ncd CoV Nod (kN)

1000 75.12 0.008 89.0

1500 75.08 0.003 71.8

2000 75.53 0.006 61.6

2500 78.49 0.032 58.2
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global buckling capacities are likely to generate buckling interac-
tion between these two modes and therefore decrease the
capacity Nc of the cross-sections [23]. The distortional/global
buckling interaction could be considered in the DSM by replacing
Ny by Nce when calculating the non-dimensional slenderness ratio
ld and in Eqs. (12) and (13), see Refs. [15,17,21].

Using the values of the elastic distortional buckling loads Nod in
Table 4 and a value of Nce¼75 kN in the modified DSM equations for
distortional/global interaction proposed in [15,17,21] would result
in an average capacity Nc of the optimum cross-sections equal to
60.1, 55.3, 51.8 and 50.6 kN for the 1000, 1500, 2000 and 2500 mm
long columns, respectively. This would correspond to a reduction in
the axial capacity of 19.9%, 26.3%, 30.9% and 32.5% when compared
to the targeted capacity of 75 kN for the 1000, 1500, 2000 and
2500 mm long columns, respectively. The distortional/global buck-
ling interaction is therefore likely to considerably reduce the axial
capacity of the cross-sections, and it is important to consider this
effect (outside the scope of this paper) by (i) forcing the algorithm to
avoid buckling mode interactions, (ii) considering this interaction in
the DSM equations or (iii) using other method to determine the
capacity of the cross-sections, such as advanced finite element
analysis. The latter may be currently too computationally intensive.

6.2. Manufacturing processes

Current cold-forming processes, such as roll-forming and
brake-pressing, have limited ability to form continuously curved
surfaces without discrete bends. Therefore, the ‘‘optimum’’ cross-
sections found in this paper cannot currently be manufactured as
they are. In a first attempt to consider the manufacturing
constraints in the optimisation process, the ‘‘optimum’’ cross-
sections are manually redrawn using straight lines and a limited
number of bends. Stiffeners used to avoid local instabilities are
considered in redrawing the cross-sections. The cross-sections
presented in Fig. 9(c), Fig. 10(a), Fig. 11(b) and Fig. 12(b) for

column lengths of 1000, 1500, 2000 and 2500 mm, respectively,
are selected for redrawing. The redrawn cross-sections are shown
in Fig. 15.

Table 5 gives the cross-sectional areas and axial capacities Nc,
calculated using the rules given in Section 3, of the ‘‘redrawn’’
cross-sections. The difference in cross-sectional area and axial
capacity when compared to the ‘‘optimum’’ cross-sections are
also given in Table 5.

Table 5 shows that the first attempt to manually redraw the
optimum cross-sections to allow roll-forming and brake-pressing
processes, gives reasonable results. When compared to the raw
‘‘optimum’’ cross-sections, the cross-sectional areas increase by
less than 2% while the axial capacities only decrease by 1% to 2%.

7. Future research

The self-shape optimisation principle will be extended in the
future to incorporate the moment capacity Mc estimated from the
DSM in the fitness function f, in a similar manner to the axial
capacity Nc (see Section 2).

The final aim of this study is to optimise cross-sections for
practical industrial uses, and the limitations of cold-forming
processes will be added to the algorithm. In addition to the
manufacturing constraints, construction constraints specific to
various types of cold-formed steel applications, such as purlins or
girts, will be also added to the algorithm.

As discussed in Section 6.1, the algorithm optimises for
distortional and global buckling, and the buckling mode interac-
tion will need to be taken into account in the optimisation
process.

8. Conclusions

The extension of the self-shape optimisation method intro-
duced in the companion paper to strength optimisation of singly-
symmetric open cold-formed steel columns has been presented.
The Direct Strength Method (DSM) as specified in AS/NZS 4600
Cold-formed Steel Structures was used to determine the axial
member capacity Nc of the columns. Rules to automatically select
the elastic local and distortional buckling stresses from the Finite
Strip and constrained Finite Strip analyses have been discussed
and validated against 48 conventional and 12 ‘‘optimum’’ cold-
formed steel sections yielded in the present work.

Fig. 15. ‘‘Optimum’’ cross-sections redrawn with straight lines for column lengths of (a) 1000 mm, (b) 1500 mm, (c) 2000 mm and (d) 2500 mm.

Table 5
Cross-sectional areas and axial nominal capacities Nc of the ‘‘optimum’’ cross-

sections redrawn with straight lines.

Column length

(mm)

Area

(mm2)

Diff. with optimum

(%)

Nc

(kN)

Diff. with

optimum (%)

1000 244.7 1.32 74.2 0.80

1500 289.7 0.87 73.8 1.20

2000 340.3 1.01 74.4 0.80

2500 392.6 1.63 73.4 2.13
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Columns with a wall thickness of 1.2 mm, lengths varying
from 1000 to 2500 mm and subjected to an axial compressive
load of 75 kN were optimised. The cross-sections converged to
‘‘bean’’, ‘‘oval’’ or rounded ‘‘S’’ shape types, in a relatively low
number of generations, around 70 generations. The rounded
shapes have the advantages of increasing the local buckling
strength while maximising the global buckling strength. The
algorithm mainly optimises the cross-sections for distortional
and global buckling, which may lead to distortional/global buck-
ling interaction, currently not considered in the DSM.

A manual attempt to redraw the raw ‘‘optimum’’ cross-
sections with straight lines in order to include the current
limitations of cold-forming processes was made. The performance
of the redrawn cross-sections was found to be close to the raw
‘‘optimum’’ cross-sections.
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