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ARTICLE INFO ABSTRACT

Keywords: Aluminium is lightweight and corrosion-resistant; however, its low Young’s Modulus predisposes the need for
Structural topology optimisation better material distribution across its section to increase stiffness. This paper studies a holistic design optimi-
Heuristic optimisation sation approach with the power of structural topology optimisation aiming to develop novel structural alumi-

SIMP technique

Extrusion

Aluminium profiles
Cross-section classification
Eurocode 9

nium beam and column profiles. The optimisation methodology includes forty standard loading combinations
while the optimisation results were combined through an X-ray overlay technique. This design optimisation
approach is referred here to as the Sectional Optimisation Method (SOM). SOM is supported by engineering
intuition as well as the collaboration of 2D and 3D approaches with a focus on post-processing and manu-
facturability through a morphogenesis process. Ten optimised cross-sectional profiles for beams and columns are
presented. The shape of one of the best performing optimised sections was simplified by providing cross-section
elements with a uniform thickness and using curved elements of constant radius. A second level heuristic shape
optimisation was done by creating new section shapes based on the original optimised design. The paper also
carries out stub column tests using finite element analysis (FEA) to determine the loacl buckling behaviour of the
above-optimised aluminium profiles under compression and to investigate the effectiveness of using the existing
classification methods according to codified provisions of Eurocode 9. The herein presented work aims to in-
tegrate topology optimisation aspects in cross-sectional design of aluminium alloy element building applications,
providing thus a new concept in design procedures of lightweight aluminium structures.

1. Background Structural optimisation problems are generally expressed by the
following mathematical form [10]:

1.1. Structural topology optimisation L
Structural Optimisation

Structural optimisation is a mathematical approach towards redu- minimises/maximises f (x, y) with respect to x and y
cing the number of materials and hence cost while sustaining the ap- behavioural constraints on y
plied loads. The application of structural optimisation has been effec- subject to design constraints on x
tively used in the fields of automotive and aerospace engineering to equilibrium constraints.
attain lightweight mechanical products [43]. Later, it was attempted in
civil/structural engineering applications with the realisation that the where:
materials are limited, thus it is necessary to save materials for a sus-
tainable approach [2]. Structural topology optimisation gives the ben- f(x, y) — Objective function is a function used to classify design. For
efits of removing the material without compromising the performance a design problem, one aims to either minimise or maximise the
of the member. value and it usually measures weight, displacement or stress.
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x — Design variable is a function or a vector that describes geometric
or material properties of the design. The design variable can be
changed during the optimisation process.

y — State variable is a function or a vector that describes the response
of the structure, for a value of x.

It is an expression of an optimisation model, where a minimum or
maximum value of an objective function (e.g., a performance measure
of a structure) is being pursued/estimated while subjected to specific
constraints and a design variable. The objective functions have many
solutions due to their non-linearity. Therefore, they have multiple local
minima, but only one global minimum, which is the main aim of design
optimisation [3].

Structural optimisation can be separated into three main categories:
size, shape, and topology optimisation [5]. Some overlaps between the
three categories exist. For instance, shape optimisation could be con-
sidered a subclass of topology optimisation, but they are based on dif-
ferent techniques in terms of practical implementations. However, to-
pology optimisation is the most popular and has proven to be the most
effective as the number of openings (material free) do not need to be
specified prior to the procedure and the structural forms are simply
carved from a block of material.

There are numerous topology optimisation techniques available in
the literature. The potential for the use of the Solid Isotropic Material
with Penalisation (SIMP) interpolation scheme and the Variable Density
Method (VDM) algorithms for non-linear optimisation is discussed
herein.

SIMP is a micro approach based on varying the density of the ma-
terial within a domain in finite element (FE) parts, as it is the most
efficient and popular method for topology optimisation of linear elastic
structures [34]. The procedure is based on performing FE analyses on
the shape and then optimising the density of each element. The domain,
loads, and constraints of the structure are specified and analysis is
performed. Depending on the intensity of the stresses, the material
within the specified domain is separated into low, intermediate, or high
density finite elements [1]. The process is iterative, therefore, the
structure with altered densities is analysed until convergence is reached
and the result that is expected to be achieved is to have a clear se-
paration of high and zero densities (voids). VDM is a discrete method
that does not allow for intermediate densities, unlike SIMP which is
continuous and thus includes intermediate density values
[11,20,32,34,43,44]. VDM is identified as a cost-efficient approach. The
VDM method and the SIMP interpolation scheme, are perhaps the most
widely used and accepted approaches to topology optimisation of linear
elastic and isotropic problems. Many adaptations and variations of the
SIMP interpolation scheme have been used for a wide variety of ap-
plications outside of the linear elastic and/or isotropic remits of the
original formulation [11]. Optistruct from the commercial software
package HyperWorks [3] is a linear static solver using VDM and SIMP
while the model has been set up using static loading only.

1.2. Topologies

Topologies often resemble complex natural forms; it is therefore
often up to the designer to interpret them. Interpretation is a crucial
part of the overall optimisation process and needs to be performed
carefully with consideration of manufacturing and practicality factors.
This has been majorly unaddressed in existing literature. 2D ap-
proaches, such as that taken by Anand and Misra [4], have proven to be
effective for identifying a range of potential cross-sectional shapes with
a wide variety of load and support conditions. The study was conducted
using the FE software ANSYS and presented stress-plots with optimal
topologies for column and beam cross-sections. Bochenek and Tajs-
Zielifiska [6] used a minimal compliance objective approach to opti-
mise extruded columns with different support constraints (pinned and
fixed) and subjected to a transverse distributed load representing
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buckling in one or two planes. Optimal topologies and their corre-
sponding critical buckling loads were then obtained. Through the 3D
approach, the study has also demonstrated variations in bending and
shear along the length of a column result in a non-uniform cross-sec-
tion. Zuberi et al. [45] attempted to overcome the variation issue
through the use of an extrusion constraint in topology optimisation of
beams, as explained later in this paper. However, it is evident that the
resulting cross-sections are limited to overly simplistic shapes, which
are likely susceptible to local buckling phenomena due to the slender
thin webs. Tsavdaridis et al. [43] applied topology optimisation tech-
nique in the design of perforated I-section beams. The study im-
plemented a minimal compliance approach in order to create a unique
optimal web configuration. Thereafter, nonlinear FE buckling analyses
were performed on short sections of the optimised and cellular beams
for comparison. The optimised section was found to have a higher
buckling stiffness, therefore validating the effectiveness of the appli-
cation of design optimisation on structures.

1.3. Aluminium

In the field of civil engineering, aluminium, and its alloys have
found increased structural applications as a result of their architectural
appeal and special physical characteristics along with intensive relative
scientific research and the development of codified provisions. Among
others, materials’ low density, allowing reduced loads on foundations
and easier construction processes along with its excellent corrosion
resistance leading to limited maintenance requirements as well as the
extrusion feature which is facilitating the production of customised
cross-sections that provide significant advantages in construction [28].
In particular, although available for some other non-ferrous metals,
such as brass and bronze, it is with aluminium that the extrusion pro-
cess has become a major manufacturing method [31].

The extrusion process allows aluminium sections to be formed in an
almost unlimited range of cross-sectional shapes, resulting thus to more
options for tailored solutions to structural problems, while a significant
advantage is the ability to produce sections that are very thin relative to
their overall size [13]. During this process, the hot metal is forced
through a die with a specific cross-sectional shape profile as shown in
Fig. 1. More recently, a new manufacturing process to create metallic
sections using the modern technique of additive manufacturing has
been introduced by engineers. As Tsavdaridis et al. [42] mentioned,
when compared with 3D printing, extrusion can produce longer span
members, at a faster rate with fewer imperfections. However, 3D
printing creates a greater variety of cross-section shapes as it does not
require the pre-production of a die. Additionally, extrusion is only able
to create members with a constant cross-section shape along the
member length whilst 3D printing can vary the cross-section shape
along the length of the member. 3D printing is currently costlier than
the extrusion process which also have a slight advantage due to its
current widespread use. However, the costs associated with 3D printing
are likely to reduce due to the reduction in the cost of components and
raw material — fostering ultra-lightweight. With the adjacent reduction
in cost and material usage, thus the impact on carbon footprint, the use
of 3D printing is about to become more widespread. A drawback to 3D
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Fig. 1. Schematic of die extrusion process [33].
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printed members to date is their unknown behaviour. Extensive tests to
analyse the behaviour of extruded sections for 3D printed sections are
yet to be conducted.

On the other hand, aluminium’s applications are limited within the
construction industry comparing with steel projects, due to its relatively
low elastic modulus (70 GPa); around 3 times smaller than the 200 GPa
elastic modulus of steel [15]. It is a critical flaw when considering
structural design since it determines bending deformation of beams and
is linearly related to flexural and local buckling of columns. In order to
compensate for the low elastic modulus and achieve higher stiffness (EI)
of cross-sections, the moment of inertia has to be increased. Thus, any
aluminium elements must have a cross-sectional shape with the mo-
ment of inertia increased by a factor of 3 to be competitive with steel.
To achieve this dramatic increase of the moment of inertia, it is im-
practical to increase all cross-section dimensions by a factor of 3, as this
triples the weight of the aluminium section, thus negating the weight
savings gained by using aluminium instead of steel.

Gitter [15] noted that increasing the section depth by a factor of 1.4
whilst keeping the width constant results in a moment of inertia
roughly three times larger whilst keeping a 50% weight reduction.
However, increasing depth by a factor of 1.4 does not significantly in-
crease the width-to-thickness ratio (or slenderness ratio) of the member
which is a dominant factor when buckling is concerned. Consequently,
buckling will be most likely unaffected by this design approach. In
addition, the method increases the cross-sectional area, thus, again does
not fully maximise the weight savings to be gained by using aluminium.
A method which uses the same cross-sectional area whilst increasing
the moment of inertia by a factor of 3 will fully maximise the weight
savings. Sections obtained through topology optimisation can achieve a
high I-value with an optimal amount of material and material dis-
tribution, hence the need for such studies.

When compared to standardised steel I- and H-profiles (Fig. 2a),
through appropriate design and extrusion exploitation, structurally
equivalent aluminium sections can be produced, which are deeper and
lighter (Fig. 2b), have increased torsional stiffness (Fig. 2c), and ready
to accommodate integrated functions (Fig. 2d). They are often asym-
metric, more complex, contain thin walls and are reinforced with ribs,
bulbs, and lips. Local instability is, therefore, the governing factor when
designing such sections. Moreover, local and global buckling are more
severe as a result of using aluminium, due to its low Young’s modulus
and thin walls to achieve weight savings.

Within this framework, the aim of the herein presented work is to
investigate topology optimisation techniques’ implementation in alu-
minium alloy structures, towards the design of novel profiles for beams
and columns. Structural topology optimisation is considered appro-
priate to achieve efficient structural forms based on the principle of
material distribution within a design space, in order to satisfy the ap-
plied loading and support constraints. It is intended to obtain improved
geometrical properties of cross-sections and structurally efficient shapes
in terms of strength and resistance to buckling. The target is to achieve
minimum compliance, while potential weight savings can render sig-
nificant reductions in mass production and construction costs.
Consequently, this paper compares the proposed novel aluminium

o
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profiles with standard ones possessing similar mass aiming to assess the
feasibility and applicability of the sections obtained through topology
optimisation.

2. Design optimisation of aluminium profiles
2.1. Methodology

Previous attempts have been made to optimise structural members
along with their length or their cross-section, yet both approaches have
never been conducted together and compared. 2D modelling ap-
proaches, such as that taken by Anand and Misra [4], are effective for
identifying a wide variety of potential cross-sectional profiles. Such
models identify the stress-paths taken within the structure with low
computational cost, allowing a wide variety of loading and support
conditions to be examined. A limitation was that these models ne-
glected the effects of variation in bending and shear along the length of
the member, and are therefore of limited value. By comparison, 3D
approaches are able to capture the complete behaviour of the member.
The effect is that 3D models produce topologies with constantly varying
cross-sections, and are thus impossible to manufacture using extrusion
and other conventional processes. The added computational cost and
complexity of these models then limits the detail of the models.

Thus, the design methodology for this study has been to perform
and compare both approaches, as an attempt to compromise between
the limitations. 2D models are formed from scratch and are then com-
pared to cross-sectional slices taken from the 3D models at key points
along their length. In this way, each of the relevant degrees of freedom
identified in Fig. 3 has been considered and the study has been able to
examine and validate a much wider range of cross-sectional profiles.
This proposed optimisation including the post-processing method is
referred here as the Sectional Optimisation Method (SOM) and it in-
volves the understanding of the potential loading scenarios on the
cross-section, effective material distribution, multiple overlaid results,
and engineering intuition through the morphogenesis process (i.e.,
creating the final architecture of the cross-section). The process is
summarised by the flowchart presented in Fig. 4.

Buckling constraints could have also been implemented in the same
study during the structural topology optimisation phase so that the
requirement on the structural stability tends to distribute the available
material over a larger area. In contrast, the maximisation of structural
stiffness caused the material to distribute along the load transfer path.
The latter approach was adopted here while local buckling was checked
in the post-processing step during the finite element analysis (FEA)
stage.

2.2. Analysis parameters

As it was aforementioned, the topology optimisation study has been
performed using Optistruct which has facilitated each step of the op-
timisation process from creating and meshing the FE model, through to
exporting the final results to a preferred CAD package. All models have
been analysed through a single linear static load-step.

Fig. 2. I-section: Steel (a) and Aluminium varying forms (b-d).
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Fig. 3. Axes of translation and rotation.
2.2.2. Objective function
2.2.1. Design variable The objective of the optimisation problem was to minimise the
As Optistruct uses a built-in SIMP technique to solve topology op- compliance of the structure, as it has been previously used in the lit-
timisation problems, the design variable of the models has been the erature [4,16,23,42,43,46]. The compliance is used to provide a mea-
density of material contained within the finite elements. This density is ~ sure of the strain energy within the structure, and may, therefore, be
able to take any value between 0 and 1, as demonstrated in the “key” considered a reciprocal function for stiffness. Thus, minimising the
shown in Fig. 5. compliance has the effect of maximising the stiffness, while less work is
done by the load.
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Fig. 4. Methodology flowchart.
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Fig. 6. Application of design constraints.

2.2.3. Design constraints

The primary design constraint on each of the models has been a
limit on the fraction of the final volume in the structure to the volume
of the starting design space. A range of values was experimented with,
from 0.35 (35% of the initial volume) as in Fig. 6(a), and down to 0.25
as in Fig. 6(c). Following this, it was perceived that the value of 0.275
as shown in Fig. 6(d) provides the highest clarity of the result with an
acceptable proportion of intermediate density elements.

2.2.4. Manufacturing constraints

Additional constraints have then been applied to the models to
improve their clarity and ensure that the resulted configuration may be
easily manufactured. These have been developed in a trial-and-error
process as shown in Fig. 6, as this enabled the effects of each constraint
value to be thoroughly explored. Fig. 6(a) first demonstrated the ne-
cessity for a single vertical plane of symmetry, to intensely improve the
result to Fig. 6(b). A final constraint on the minimum member size was
then added, to prevent the formation of the checker-board pattern of
alternating 0 and 1 density elements seen in Fig. 6(b). A value of 7 mm
was found to be the most suitable one and has been used throughout the
remainder of the study. A methodology to the one described herein has
been validated against previous optimisation studies for both the 2D
and 3D cases [6,18].

2.3. Modelling parameters

2.3.1. Material properties
The optimisation has been performed on aluminium alloy 6063-T6,
using elastic material properties as specified in Eurocode 9 [9]:

e Modulus of elasticity, E = 70,000 N/mm?>
o Shear modulus, G = 27,000 N/mm?

® Poisson’s ratio, v = 0.3

e Density, p = 2700 kg/m>

It is important to note that the specific material properties do not
affect the optimisation results, as is demonstrated by a direct compar-
ison between the aluminium properties listed and those for S355 grade
steel as provided in Eurocode 3 [8]. Fig. 7 depicts the results achieved
while subject to an identical analysis, in which it is apparent that the
results are the same and independent of the material at this stage.
Specific alloy properties are, therefore, not listed until they take effect
during the subsequent FE analysis stage when the performance of the
members is tested (stress analysis).

Fig. 7. Material Comparison: (a) Aluminium alloy 6063 and (b) S355 steel.

2.3.2. Geometry and mesh

As the scope of the study has been to optimise cross-sectional shapes
for both beams and columns, the initial design space has been kept
regular in order to provide maximum flexibility when processing and
refining the results. Therefore, the majority of 2D and all 3D optimi-
sation studies have been performed using a square design domain of
100 mm X 100 mm. However, additional aspect ratios of 2:1 and 1:2
have also been analysed for further understanding of the outcomes'
applicability. As it is demonstrated in Fig. 8, these alternate aspect
ratios achieve similar topology results. Hence, it has been concluded
that the use of a square design domain is satisfactory, as any created
cross-sections may be adapted into similar rectangular forms as re-
quired.

Shell elements with a nominal size of 1 mm have been used for
meshing 2D models, enabling an efficient mesh to be achieved within
the regular design space. These elements have a unit thickness to in-
dicate the simple 2D form and include the six degrees of freedom pre-
viously identified in Fig. 3.

The 3D models for both beams and columns feature the same square
cross-section with a member length of 2m. As a consequence of the
increased computational cost of the 3D models, it has been concluded to
model these using 5mm cubic solid elements following a mesh con-
vergence study. As the cross-sections developed from the 3D cases are
not used for detailed post-processing of the sections, the coarser mesh
has been considered acceptable for the purpose of creating indicative
slices along the length of the members.

2.3.3. Loading and support conditions

Forty different combinations of loading conditions, support condi-
tions, and aspect ratios have been analysed, designed to produce
members that are resistant to typical failure modes experienced in
aluminium beams and columns such as buckling, local instabilities, and
yielding under axial compression. Each of the load cases is shown in
pair with the relevant contour plot of element densities and includes a
depiction of the final cross-section for clear visualisation of the stress-
path connecting the forces to the supports. It is important to note that as
the optimisation uses a unit-less system, the specific magnitude of the
load applied to the models is not of importance, but the geometry and
relative distribution of the load affects the stress-paths within the cross-
section. The selection of load distributions used for analysis has been
chosen with reference to the guidance on cross-section classification
according to Eurocode 9 [9].

2.4. Optimisation results

2.4.1. 2D results

The individual results presented in this section have been grouped
into categories based on their loading and support conditions, so as to
develop a narrative of how subtle changes to the input alter the beha-
viour of the stress-paths within the cross-section. The first set of results
shown in Fig. 7 demonstrates a simple case of a cross-section subjected
to a uniform load to the top flange and two pinned supports to the two
bottom outer nodes. The three models are: (a), (b) and (c) - each has
different aspect ratios in order to establish that the square cross-sections
developed may be adapted into a similar rectangular form.
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Fig. 8. Uniform compression with simple supports and varying aspect ratios.

The following sets of results show a variety of load cases including
variations of shear, bending, torsion, and compression. Such stresses
may be found in different locations (cross-sections) along the length of
the structural beams and columns. In each group, either the load or
support conditions remain constant in order to provide a direct com-
parison between the variable parameter.

The effect of the uniform load on a variety of support conditions is
explored (Fig. 9), and it was observed that the topology remains iden-
tical when the bottom flange is either fully fixed or fixed only with two
pinned supports as in Fig. 8. Thus, it has not been considered necessary
to analyse load cases with a fully fixed flange, and pinned supports are
used throughout Fig. 10, in which the distribution of the applied shear
load is varied.

The effects of bending induced through applied tensile and com-
pressive forces are also explored (Figs. 11 and 12), and a direct dis-
tinction between the results of identical load cases with both varying
aspect ratios and varying support conditions was obtained.

The effect of additional horizontal loads intended to introduce re-
sistance to overturning and torsion into the cross-sections was further

XERRRRRY XERRRRRY

investigated and shown in Figs. 13 and 14.

2.4.2. 3D results

Through the 3D optimisation approach, the optimal cross-section
which varies along the length of the member was explored and was
used to provide a series of slices through the beam-column element
with which to compare and validate the sections generated through the
2D analysis.

2.4.2.1. Structural beams. The 3D design space has been modelled as a
uniform homogenous solid, causing the lines of principal stresses to
match those in a concrete beam. As the topology optimisation software
uses stress-paths to determine the optimal layout of material within the
structure, distinct regions of low stress may be observed at each quarter
of the span. It is observed that these regions correspond with the
overlapping of the lines of principal tensile and compressive stress, and
therefore, serve to cancel each other. Whilst the use of web openings
and perforations at mid-span has become common practice in thin-
webbed metal beams [37-41], these observations suggest that further

RXRRRRRRRR XERRRRRY

Fig. 9. Uniform compression with varying support conditions.

377



K.D. Tsavdaridis, et al.

lllllilll

lllllllll

b)

A A |

Thin-Walled Structures 139 (2019) 372-388

b

|
|
|
|
|

AN JAN

| 1A

Q) d)

Fig. 10. Varying compressive and torsional loads to the top flange.

material savings could be made through the reduction of the section at
additional points along the beam’s length — thus could be used for
sustainable design of lightweight beams made of other materials too.

A total of six different loading and support combinations have been
analysed for the 3D models of beams to obtain an indicative overview of
the optimum material distribution. Fig. 15 shows the effects of a uni-
form pressure to the top flange, whilst Fig. 16 demonstrates how the
cross-sections vary when bending is applied through perpendicular
forces to the top and bottom flange in order to produce a doubly-
symmetric member.

2.4.2.2. Structural columns. 3D optimisation was performed on an
extruded 100 mm X 100 mm square column of 2m height with fixed-
pinned supports as shown in Fig. 17(a). The box shape of the cross-
section could be attributed to the fully symmetric profiles obtained
through 2D optimisation. An axial compressive load was applied at the
top and loads triggering buckling in two planes - in the middle of the
member. Symmetry manufacturing constraint was applied to the model
about y-y and z-z axes. When subjected to two-plane buckling the
column developed concentrations of material at the four corners

bl FERARNEY

(Fig. 17(b)), resembling a box section at multiple locations along the
length of the member. Formation of a web connecting the flanges is also
observed in the middle of the member at the location of the lateral load.

2.5. Comparison of results from 2D and 3D models

As it was aforementioned, the 3D optimisation method reflects more
accurately the behaviour of structural members but comes at an in-
creased computational cost and post-processing operations. This is
clearly demonstrated in the larger element size of the 3D mesh shown in
Fig. 18(a and b), in comparison to the 2D meshes showing much greater
clarity throughout Figs. 6-14. The increase in clarity strongly benefits
the post-processing process of SOM discussed in the following section.

However, the cross-sectional slices produced by the 3D method play
a significant role in validating the results of the cross-sections achieved
from the 2D method such as that discussed within this paper, and nu-
merical methods such as that adopted by Kim and Kim [22]. The si-
milarity observed between the cross-sections shown in Fig. 18(a and c)
and (b and d) demonstrates the rationale of using the smoother 2D
results during the post-processing of the results.

IXARRRNAR! RRRRRRARY

Fig. 11. Varying compressive and tensile loads with two supports.
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Fig. 13. Torsional loads through varying vertical and horizontal forces
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Fig. 14. Torsinal loads with varying aspect ratios
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Fig. 15. Fixed beam with pressure to the top flange: (a) input and (b) results
with cross-sectional slices.

Fig. 16. Symmetric fixed beam: (a) input and (b) results with cross-sectional
slices.

2.6. Post-processing

Following the topology optimisation results, careful interpretation is
carried out for the development of realistic structural configurations for
cross-sections while considering today’s design practices' and manu-
facturing limitations. The results are sensitive to the geometry and so a
method of post-processing multiple results to allow for these sensitiv-
ities is proposed in this paper. The 2D contour plot results shown pre-
viously have been smoothed with a default density threshold of 0.3
using Altair Engineering’s OSSmooth (built in HyperMesh post-proces-
sing tool). The density threshold is related to the density slider in

(@

Fig. 17. (a) 3D optimisation input and (b) resulting topology with cross-sectional slices.

Thin-Walled Structures 139 (2019) 372-388

a) 3D result featuring elliptical
opening

b) 3D result featuring circular
opening

¢) 2D result featuring elliptical
opening

d) 2D result featuring circular
opening, produced by Kim
and Kim (2000)

Fig. 18. Comparison of cross-sections resulting from 2D and 3D optimisation
methods.

HyperView and specifies the mesh to be used for the post-processed
geometry.

In order to produce cross-sections that would achieve the highest
stiffness, a post-processing approach (part of SOM) was developed,
which is completed in four steps:

1) For the sections to be resistant to multiple loading conditions, cer-
tain resulting topologies were overlaid and presented in a form
appearing similar to X-rays (slices).

2) In some cases, the resulting shapes were mirrored about one or two
axes to provide resistance in more than one direction as found in
typical column sections in practice.

3) The most frequently stressed material patterns of the sections were
identified - darker in colour.

4) Employing engineering intuition; the sections were manually pro-
cessed and new shapes were carved based on the interaction of the
overlaid material to allow for the interaction of various load cases to
be considered.

2.6.1. Beams
2D optimisation results provide accurate model of stress-paths
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Fig. 19. Overlaid ‘x-ray’ results and simplification process.

under specific loading conditions, however, it is demonstrated that
these load paths are highly dependent on the applied load.
Consequently, SOM compares and combines a variety of these stress-
paths to identify common parameters. To achieve this, individual
topologies have been made transparent and overlaid, to enable shared
material topology to appear darker, and hence easily identify the most
commonly stressed material within the cross-section. This has been
achieved by importing the 2D topologies produced into AutoCAD to
allow the overlapping.

In order to propose a practical cross-section, the topology results
have been grouped based upon the loading and support conditions. In
this way, cases with the same loads but varying supports, and vice
versa, are overlaid for a fairer comparison. Further combinations have
then been included using engineering judgment to combine bending
and torsion, as the primary loading considerations for a beam, as well as
axial compression and bending for columns. Following this procedure,
the final step was to simplify the final cross-sections by removing the
lighter coloured (thus, rarely stressed) material as demonstrated in
Fig. 19. This practice is employed to provide a final section that is
characterised by its simplicity and the ease of manufacturability. As a
result, the process can be subjective and in some cases, identical sets of
results have been interpreted into different final cross-sections and vice-
versa.

It is apparent that this method of post-processing could yield mul-
tiple cross-sectional profiles, thus certain selection criteria have been
utilised in order to determine which sections to put forward for further
FE analysis. It was deemed suitable that two optimised cross-sections
should be analysed in order to provide an adequate representation of
the suitability of SOM. Therefore, the structural properties of the five
profiles which deemed most practical have been further analysed and
compared. As the manufacturability and aesthetically-based criteria
(such as the variation of plate thicknesses and number of voids) are
difficult to quantify without precise manufacturer specifications, they
have been omitted from the selection process and are only included
within the refining process at a later stage when manually removing the
material that is infrequently stressed.

Cross-sectional area, moment of inertia, and radius of gyration
properties have been determined for each one of the five selected cross-
sections and presented in Table 1 for the beam cross-sections shown in

Table 1

Optimised beam cross-section properties.
Section A B C D E
Area [cm?] 44.39 30.32 39.43 48.84 37.82
Moment of inertia, y [em*] 340.26 337.32 399.50 528.69 436.66
Moment of inertia, z [cm*] 448.14 312.46  423.15 479.10  426.65
Radius of gyration, y [cm] 2.769 3.335 3.183 3.290 3.398
Radius of gyration, z [cm] 3.177 3.210 3.276 3.132 3.359

Fig. 20.

It is well documented in the literature [15,21] that symmetric cross-
sections are preferred for the ease of the extrusion process. The asym-
metric beam cross-sections A and D are limited in their application due
to being optimised for torsion in one direction only and are therefore
eliminated from the selection process while the structural properties
have been used to identify the best two profiles. Table 1 confirms that
the profile C is stiffer about the z-axis and the material is not used
wisely, therefore, less suitable for bending about the major axis as
beams most often experience. Its radius of gyration about the y-axis is
also lower than profiles B and E, thus the latter two profiles have been
selected for comparison through FEA.

For further comparison, an additional optimised cross-section has
been included from the 3D optimisation study. This section (as shown
in Figs. 16 and 18) appeared frequently and is also illustrated in earlier
research by Kim and Kim [22] while performing a 2D optimisation
study. Moreover, due to its symmetrical geometric parameters which
makes it suitable for the traditional extrusion manufacturing process,
this section has also been selected for comparison through FEA.

2.6.2. Columns

Column cross-sections found in practice are most commonly sym-
metric and have high buckling resistance about two or more axes de-
pending on specific applications, hence the logic followed in developing
the final cross-sections is shown in Fig. 21.

Profile A represents an optimised column profile developed by ap-
plying pure compression. The shape clearly resembles a standard
double webbed compound column cross-section, making it a viable
choice.



K.D. Tsavdaridis, et al.

z

Thin-Walled Structures 139 (2019) 372-388

Fig. 20. Final SOM results of beam cross-section profiles.

Development of the other four cross-sectional profiles takes into
account column behaviour under combined compression and bending,
therefore, failure due to buckling. Sections B and C represent profiles of
a column providing high stiffness in the y-axis. The profiles are a
combination of resulting stress plots with loading replicating com-
pression and bending of a member as it buckles. Therefore, they are
applicable in cases where an eccentric axial load or a moment are ap-
plied triggering one plane buckling. Sections D and E are resistant to
compression and buckling about the two axes, and they have equal
stiffness in both axes while appear more resistant to local buckling due
to the larger wall thickness. The section properties are presented in
Table 2.

FFE models were then developed and analysed for the utmost op-
timised sections. The performance of these optimised sections was
compared to standard beams and columns with similar mass.
Performance criteria in terms of buckling load capacity and corre-
sponding deflections were investigated. A comparative study was also
established under the same project to validate the sections’ feasibility
and applicability. Results of this study are presented in Grekavicius
et al. [16] and Tsavdaridis et al. [42] and demonstrated that the newly
optimised sections outperformed some standard profiles.

3. Finite Element Analysis (FEA)

In this section, the scope was to select one of the most optimum
profiles and to fully characterise its properties so as to be readily used in
routine aluminium member design checks by engineers and ultimately
proof the results of the above design optimisation studies. This paper
only focuses on characterising the local buckling due to compression
behaviour of the optimum profile. Making the section more appropriate
for the traditional manufacturing process allows for both its mass
production at low cost and thus the easy assimilation of novel sections.
Consequently, design specifications and guidelines can be developed in
line with other currently used metallic materials.

Commercial FEA software package Abaqus/CAE 2017 was used
herein to assess the performance of the novel optimised cross-sectional
shapes. A geometrical and material non-linear analysis was employed,
which accounts for the plastic behaviour of aluminium performing a
stub column test.

3.1. FEA parameters

3.1.1. Material properties
The same materials as before were chosen to remain consistent with
the optimisation analyses, and so the properties of aluminium alloy
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Table 2

Optimised column cross-section properties.
Section A B C D E
Area [cm?] 35.36 49.95 52.00 59.13 49.10
Moment of inertia, y [em*] 461.63 565.23 582.67 608.38 442.67
Moment of inertia, z [em*] 224.58 449.33 578.80 608.38 442.67
Radius of gyration, y [cm] 3.61 3.36 3.35 3.21 3.00
Radius of gyration, z [cm] 2.52 3.00 3.34 3.21 3.00

6063-T6 were adopted. The Ramberg—-Osgood expression is typically
used to describe the nonlinear stress and strain behaviour of such alloys
[17]. Unlike structural steel, aluminium alloy 6063-T6 does not have a
clearly defined yield point. Instead, the 0.2% proof stress is used to
define an equivalent yield point before significant plastic hardening
takes place [24].

Due to large variations in the types and properties of aluminium
alloys, Eurocode 9 [9] Annex E suggests the best way to calibrate the
properties of any aluminium alloy through a tensile test. This method
was not used in this paper, instead, the nominal values found in
Eurocode 9 [9] were employed. Linear modelling of material plastic
behaviour was adopted. Annex E of Eurocode 9 [9] allows for modelling
of aluminium plastic behaviour using linear models and for a bi-linear
relationship (Fig. 22).

Residual stresses are usually insignificant for extruded sections [27]
and their use in FE modelling has been shown to have little influence
[25], thus residual stresses were not included in this study. Nominal
values for the Yield Stress (f,) and Ultimate Stress (fyqx) of the 6063-T6
aluminium alloy are given in Eurocode 9 [9] and summarised in
Table 3. The corresponding strain values of Plastic Yield Strain (¢,) and
Ultimate Strain (e,,q,) Were calculated.

An eigenvalue buckling analysis was performed while the most
critical failure mode was the first eigenmode as this mode required the
lowest magnitude of force to cause it. This agrees with Tsavdaridis and
D’Mello [38] who stated that the first eigenmode with a specific scale of
imperfection best reflects real-life behaviour. For extruded profiles,
national specifications allow for a thickness deviation of 5% but this
increases to 10% when thicknesses are less than 5mm. This gives
0.5 mm as the worst-case value, therefore, 0.5 mm is the magnitude of
geometrical imperfection used.

3.1.2. Boundary conditions and loading

Stub column tests can either be done with a fixed ended or pin-
ended column (Fig. 23). The fixed ended arrangement is considered
best for investigating cross-sectional instabilities or local buckling.

Fig. 21. Final SOM results of column cross-section profiles.
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Fig. 22. Bi-linear stress-strain behaviour proposed in Eurocode 9 [9].

Table 3
Summary of material properties.
Material property Value
Elastic Modulus 70 GPa
Density 2700 kg/m*
Poisson’s ratio 0.3
Plastic Yield Stress (f,) 160 MPa
Plastic Yield Strain (e,) 0.0043
Ultimate Stress (finax) 195 MPa
Ultimate Strain (emayx) 0.106
\LAxial Load (N)
Q
_ﬁ :
|

IDispIacement

Stub-column
Length

A) B)

i

Fig. 23. Stub-column test setup. A) Pinned-end B) Fixed-end. Modified [29].

Mennink [29] noted that this is because in pin-ended columns, the
centre of gravity of section shifts during the test resulting in an ec-
centricity in the applied load leading to an induction bending moment
within the section.

To mimic a fixed end stub column test, rigid plates were used. These
rigid plates simulated the interaction between the test machine and the
column ends and were used to apply the axial load. One of the rigid
plates is fixed and the other is only free to move axially towards the
column, thus applying the compressive force required (Fig. 24). The
column ends are constrained by the boundary conditions applied to the
Reference Point (RP) at the centroid of the section. To model the fixed
rigid plate, the ‘encastre’ condition was used with all degrees of
freedom constrained. To model the movable rigid plate, all lateral
displacements except the z-axis displacement were constrained.

3.1.3. Mesh convergence study and FE model validation

The irregular shape of this novel cross-sectional profile makes the
use of a regular mapped mesh impractical and erroneous. Instead, a free
mesh using triangular elements was able to achieve accurate results.
The element type used is a 10-node tetrahedral element for the stub
column as it can more accurately mode and capture any complex
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Fig. 24. Stub column test setup in ABAQUS.

interactions within the cross-section of the stuctural member being
tested. The mesh sensitivity analysis and model validation were done
simultaneously by comparing results from FE models with varying mesh
sizes to experimental results from the literature.

The experimental model used for the mesh convergence and vali-
dation studies was the H70 x 55 x 4.2C-R section as used by Su et al.
[35]. The FE model and experimental test outputs were compared using
the following criteria: maximum load obtained, load-axial displacement
curve, and failure deformation shape. The maximum loads obtained
from the FE analysis (Prga) are very similar to the experimental result
(Prest = 196.9kN) from Su et al. [35] as shown in Table 4. In addition,
the failure deformation shape is similar to that obtained in Su et al. [35]
as shown in Fig. 25. At last, the load-deflection data shown in Fig. 26
depicts that mesh convergence was reached when the mesh size reaches
5mm. It is worth to note that there was a significant increase in the
computational time due to the reduction in mesh size, thus a 5mm
mesh size was adopted.

4. Manufacturing criteria and morphogenesis process

Improving the cross-sectional profile and meeting the manu-
facturing criteria was paramount for the extrusion process, thus al-
lowing for the ease of production of the optimised section. Extrusion
can be more efficient when a uniform profile is used instead of the
organic profile previously developed by the optimisation studies. Also,
other rules used to improve the manufacturability such as to keep the
maximum thickness ratio across the sections to 2:1 to fit within current
extrusion limits, and that the new section should have a similar cross-
section area and should perform similarly to the original optimised
beam section.

Different sections were developed during the morphogenesis pro-
cess refining the optimised results previously presented. Each alter-
native proposal design was developed as a modification of the original
optimised profile for beams (Section B in Fig. 20). This shape can be
identified as a square hollow section with five separate voids (i.e., one
large central void surrounded by four other smaller voids). The para-
meters that mainly varied were the size and shape of the voids. Section
performance was measured using the second moment of area, the radius
of gyration, and the theoretical section compressive buckling load.

Table 4
Mesh sensitivity analysis results.
Mesh size Element Node CPU time  Prga (KN)  Prest/Prra
numbers numbers

4 mm 38,121 62,275 44 min 186.9 1.05
5mm 19,222 32,672 20 min 186.4 1.06
6 mm 12,036 20,806 7 min 184.1 1.07
8 mm 7906 13,448 3 min 180.5 1.09
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Fig. 25. Failure deformation shapes a) FE model and b) experiment [35].
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Fig. 26. FE mesh convergence and experimental results.

A variety of morphologies were developed based on the use of
straight and curved elements; it was found that straight elements are
ideal with respect to the second moment of area and radius of gyration.
Consequently, this paper presents the results from the use of only
straight elements. Variations in the potential sections come from the use
of vertical or angled web elements. Under these restrictions, four po-
tential forms or options were developed.

The first morphology (Option 1) closely mimics the previously de-
veloped optimised beam cross-section. The section is based on the idea
that the original shape can be simplified as two flanges stiffened using
two ‘X’ elements; the evolution of the profile design throughout mor-
phogenesis is depicted in Fig. 27. Final designs of Options 2, 3, and 4
shown in Fig. 28(B-D) respectively, use vertical outer web elements to
create shapes which can be effectively described as ‘stiffened’ square
hollow sections. The variation between the sections comes from chan-
ging the angle of the internal web element. Options 2, 3, and 4 use
internal angles of 44°, 22°, and 11°, respectively. Table 5 summarises

Thin-Walled Structures 139 (2019) 372-388

the comparison between the initial optimised section and the new op-
tions.

4.1. Comparison of design options

According to Table 5, all new cross-sections have higher sectional
properties than the original shape with respect to the second moment of
area and radius of gyration. This demonstrates that the heuristic shape
optimisation used was successful in terms of meeting both the perfor-
mance and manufacturing criteria.

The following analysis is done using information from Table 2. Any
references to the major and minor axes are the y-y and z-z axes, re-
spectively. Option 1 provides the highest moment of inertia and the
highest radius of gyration in the major axis. However, Option 1 has the
lowest moment of inertia and lowest radius of gyration in the weak axis.
Consequently, the section shape mainly uses its area to effectively
provide stiffness in the major axis but due to the ineffective area use in
the minor axis, the section may be susceptible to global buckling in the
weak axis. Additionally, Option 1 has the lowest compressive buckling
load due to slendered internal web elements, thus more susceptible to
buckling.

Option 2 performs alike Option 1 in the major axis, but it provides a
higher moment of inertia and radius of gyration in the minor axis.
Hence, Option 2 utilises its area more effectively to provide cross-sec-
tional stiffness in both the major and minor axis. Option 3 provides a
higher moment of inertia and radius of gyration in both the major and
minor axes than Option 4. Option 3 also provides a higher local buck-
ling load. Option 3 is thus preferred to Option 4 due to the higher radius
of gyration in both the major and minor axes.

Option 3 provides nearly double the buckling capacity of Option 2
while Option 3 provides a smaller radius of gyration in both the weak
and major axes than Option 2. Option 3 is thus preferred to Option 2
due to the significantly higher buckling capacity. Option 3 provides a
smaller major axis radius of gyration than Option 1, but it provides a
higher buckling load than Option 1 and a higher radius of gyration in
the weak axis. Consequently, Option 3 will be chosen as the best of the
manufacturable sections developed in this investigation.

In view of cost-related aspects, production costs depend strongly on
the rate of production and it is difficult to determine the accurate cost of
a custom profile without having produced it [30]. However, regarding
the developed profiles, a reliable preliminary cost estimation would
have to consider the 6063-T6 aluminium alloy profile weight equal to
9-10 kg/m and the cost of the extrusion die at 3.000-4.000€, according
to current data from industry.

5. Characterisation of cross-section in compression

The design of the members comes under the broad element beha-
viours of compression, tension, shear, flexure (bending) and torsion
while Eurocode 9 — EC9 [9] provides guidance as to how these checks
can be treated for standardised aluminium cross-sections. To investigate
whether EC9 approach can be applied for the design of the optimised
aluminium sections, extensive testing of the optimised sections is re-
quired. This paper deals with the behaviour under compression as the
first critical test towards validation of these optimised aluminium

L\
L\

Fig. 27. Evolution of morphogenesis process to develop manufacturable designs (Option 1).
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Fig. 28. 4No. Cross-sections to be considered under Option 1.

Table 5
Cross-section properties of new options compared to original optimised section.

Property Original Option1 Option 2 Option 3 Option 4

Area [cm?] 35.0 34.4 34.1 35.0 35.3

Moment of inertia, y 380 434 429 413 395
[em*]

Moment of inertia, z 319 298 392 363 354
[em*]

Radius of gyration, y [cm] 3.29 3.55 3.55 3.43 3.34

Radius of gyration, z [cm] 3.02 2.79 3.39 3.21 3.16

Local buckling load [kN] 1350 1289 785 1310 1078

5.1. Cross-section classification in EC9

Cross-section classification aims to predict how the proposed section
is likely to fail. The section may reach its full potential, or local failures
(local buckling) may cause the section to fail at an earlier stage. EC9
treats classification of aluminium members in a similar way to that of
steel members, predominately based on the work of Mazzolani [26] as
well as more recent improvements. EC9 places sections into four be-
havioural classes while these classes describe the global behaviour of
sections under compression, flexure, or shear. Alike Eurocode 3 (EC3)
for steel, in EC9 cross-section classes are defined by the capability of the
section to reach the four defined limit states (Fig. 29).

F/F,

a, /—TClass 1 (Ductile)
o /\Qlass 2 (Compact)

Class 3 (Semi-compact)

D /D, 1

D/D,

Fig. 29. Cross-section classes with respect to general section resistance [9].

5.2. Classification methods

The cross-section classification depends on the material proof
strength, slenderness of the individual compression parts (i.e., width to
thickness ratios of webs and flanges), the use of welds and the loading
arrangement [19]. The cross-section components are split into three
categories; flat outstand parts, flat internal parts, and curved internal
parts. The width to thickness ratios of each cross-section component is
then compared with the slenderness limit for each part. This approach,
although simple and easily understood, only accounts for the buckling
of each component individually, thus ignoring the additional
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Fig. 30. Elastic-perfectly plastic model used in Eurocode 9 [9].

interaction between the individual components [29].

These additional interactions are more likely to occur in complex
cross-sections, thus the simplified method and the slenderness limits
proposed in EC9 may not be suitable for novel optimised sections.
Additionally, cross-section classification in EC9 assumes a bi-linear
elastic-perfectly plastic stress—strain model (Fig. 30) which ignores the
advantageous behaviour of aluminium strain hardening [36]. For these
reasons, Continuous Strength Method (CSM) is a relatively new cross-
section classification method that has been developed to predict section
behaviour. CSM accounts for strain hardening and the complex inter-
actions between cross-section elements [36].

5.3. Parametric study

This section outlines the details and results from the parametric
study to aid with the cross-section classification. During the stub
column test, the overall buckling mode of the member must be elimi-
nated to ensure failure is only due to local buckling [12]. To prevent
overall buckling, BSI [7] recommends the stub column length should be
less than 20 times the least cross-section radius of gyration (r). How-
ever, to exclude end effects noted that the minimum stub column length
must be at least three times as long as the greatest cross-section width
(B), thus the member length used was 3B [14]. All members used have a
width of 100 mm, thus a member length of 300 mm.

The section flange and web thicknesses were varied to find out the
effectiveness of existing cross-section classification techniques on the
optimised cross-sectional shapes. The definitions of the flange and web
elements are shown in Fig. 31 and Table 6 outline the dimensions of

Flange Thickness

S
R

A\

Outer web thickness KS\"‘*Q““

Fig. 31. Dimension definitions of section to be investigated.
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Table 6
List of sections and geometrical properties.

Section Flange thickness Web thickness Cross-sectional area

number (mm) (mm) (mm?)
1 5 5 3096
2 5 7.5 4074
3 5 10 5005
4 7.5 5 3502
5 7.5 7.5 4433
6 7.5 10 5317
7 10 5 3908
8 10 7.5 4792
9 10 10 1098

Table 7
Comparison of section classification between FEM and EC9 results.
Section number Initial EC9 class FEM class

1 Class 1 Class 3
2 Class 1 Class 1
3 Class 1 Class 1
4 Class 1 Class 1
5 Class 1 Class 1
6 Class 1 Class 1
7 Class 1 Class 1
8 Class 1 Class 1
9 Class 1 Class 1

flange and web thicknesses.
Each section used in the FE study was then classified according to
the rules found in EC9 and the results are summarised in Table 7.

5.3.1. Results

The FE results are presented in Fig. 32 as a stress—strain graph.
Figs. 33-36 depict the typical local buckling failure modes exhibited.
Table 7 compares the section classification in EC9 to the class behaviour
shown from the FE analyses. The ‘FEM class’ column was derived from
interpreting information from the stress—strain graphs in Fig. 32. All the
sections are ‘Class 1’ according to EC9. Of the sections tested, 9 out of
10 have the same ‘FEM class’ as that from EC9. The only section with a
‘FEM class’ different to that of EC9 is Section 1 which has the lowest
both web and flange thickness tested in this study (see Table 6) — that
was considered as Class 3. No Class 2 sections were considered as in all
other cases (apart of Section 1) the cross-sectional stress stays above the
ultimate stress value until failure.

6. Discussion and concluding remarks

This paper presents a structural topology optimisation study and
proposes an incremental optimisation-based design approach, referred
as Sectional Optimisation Method (SOM), combining advanced opti-
misation algorithms, multiple ‘X-rays’, heuristic optimisation and en-
gineering intuition (morphogenesis process) on 2D and 3D models with
a focus on the manufacturability and cross-section classification for
aluminium cross-sectional design.

The optimised cross-sections are subjected to a variety of load-cases
and the resulting patterns (mass distribution) were used to create new
aluminium profiles. A series of unique topologies for a square
100 mm X 100 mm cross-section are generated using the SIMP tech-
nique found in Optistruct. SOM is employed for post-processing the 2D
results aiming to address stability and manufacturability criteria.
Different density plots are overlaid to identify the most frequently
stressed areas of the cross-section, resulting in five novel section pro-
files for beams and columns. A 3D optimisation approach is then em-
ployed to identify the correlation between 2D and 3D results.

Both approaches for beams and columns predominantly result in
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Fig. 32. Stress-strain curves for cross-sections tested in FEA.
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Fig. 33. Section 1 stub-column failure mode in FEA.
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rather irregular hollow-based sections, including square-based profiles
with a large central circular- or elliptical-type hollow in the middle of
the cross-section. Beam sections have an approximately central neutral
axis despite only one plane of symmetry being applied. All column
sections are symmetric about both axes and have a high or equal
stiffness about one or two axes, respectively, due to the symmetric
boundary conditions used in the optimisation process.

Further investigations are then conducted to improve the manu-
facturability and to characterise the compression behaviour of one of
the best performing optimised sections. The improvement in manu-
facturability is done heuristically by keeping a similar cross-section
philosophy whilst providing more uniform cross-section elements with
constant thicknesses and curve radii. A final section is chosen after a
comparison of the sections under the criteria of the second moment of
area, the radius of gyration, and elastic buckling load under compres-
sion.

Stub column tests are carried out in FEA to finally determine the
behaviour of the optimised aluminium sections under compression and
to investigate the effectiveness of employing existing classification
methods for these newly optimised profiles. It is found that 9 out of 10
of the sections tested behave as predicted by EC9.

This research will be further completed with the investigation of the
resistance of the proposed sections under other local and global failure
modes. More importantly, this research should constitute as a paradigm
for future studies that focus on the development of sustainable and
resilient lightweight structural engineering products (members and
systems) through a combination of design optimisation methodologies -
such as the one proposed in Fig. 4.
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