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Abstract. In the last decades, the deployment of aluminium and its alloys in civil engingelis
has been increased significantly, due to the material’'s special features accoryasuggortive
technological and industrial development. However, the exteadtiofinium structural applicatio
in building activities is still rather limited and barriers related to strenglrstability issues preve
its wider use. In theontextof the extrusion characteristic, appropriate design in aluminium-(
sections can overcome inherent deficiencies, such as the material’s low elastic modulus.

This paper investigates a new breed of caesgional design for aluminium members emplo
pioneeing structural topology optimadion techniques. Topology optimisation prabke utilise the
firmest mathematical basis, to account for improved wdigstiffness ratio and perceived aesth
appeal of specific structural forms. The current study investigates the #pplic structura
topology optimisation to the design of aluminium beam and column-seas®ns. Through
combination of 2D and 3D approaches, with a focus ongosessing and manufacturability,
unique crossectional profiles are proposed. Additionally, the variation of esestion along t
member islso investigated in order to identify correlation between 2D and 3D topology opti
results. Conclusions attempt to highlight the advantageous characteristics ioflatunse as we
as the potential benefits to the more widespread implementidttopology optimization within t
utilization of aluminium in civil/structural engineering.

I ntroduction

Aluminium is a unique material that has the potential of competing within thstroaotio
industry. Successful application of aluminium alloys structural engineering is connected tg
inherent physical and mechanical properties: low density, which allows cekhacks on foundatio
and easier construction process; excellent corrosion resistance, which reducemtésanc
requirements; and the extrusion process, which allows the production of membersieight &g
optimised crosssections [1]In particular, Bhough available for some other ntarrous metals, suc
as brass and bronze, it is with aluminium that the extrusion procebsd¢@me a major manufactur
method [2. The extrusion process allows aluminium sections to be formed in an almosteuol
range of shapes, while a significant advantage is the ability to produce setibaset very thi
relative to their overall ge [3].

Aluminium crosssections are separated into four classes based on b/t ratio limits of rei
and unreinforced parts. When compared to standardised steel sections, aluminiusectusss ar
often asymmetric, more complex, contain thin walls and are reinforced tsthbrlbs and lipBt].
Local instability is therefore the governing factor when designing such sediotbier factor th
is linearly related to buckling resistance of beams and columns is thesifihcrossections El).
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To compensatéor the low elastic modulus and achieve higher stiffness, the moment of inerti
be increased. When considering standard shapes this would result in deeper ancemde

openings within a design space, in order to satisfy the applied loading and constraints.
numerous topology optimisation techniques available in the market. The currentlyapokar on
is the Solid Isotropic Material Penalisation (SIMP) technique, which is baselisamrtising th
designdomain into finite elements and utilising FE analysis to vary the densitieshnetamen
Depending on the intensity of stresses, the elements are characterised akweihigh o
intermediate densitys]. The process is iterative until convergenseeached. Topologies oft
resemble complex natural forms; therefore, it is often up to the designer tprahtéhem
Interpretation is a crucial part of the overall optimisation process and ndszlpeoformed careful
with consideration of manufaring and practicality factord.his has been unaddressed in exig
literature.Previous research has however attempted to optimise both the length arskctiosso
beams and columns. 2D approaches, such as that taken by Anand andbMae ¢fective fo
identifying a range of potential cresectional shapes with a wide variety of load and su
conditions. Bochenek and Ta&fselinska [7] have demonstrated that through a 3D apprc
variations in bending and shear along the length of a column result inwniiorm crosssection
Zuberi, Zhengxing and Kai] attempted to overcome this issue through the use of an ext
constraint, however the resulting cragsstions are limited to overly simplistic shapes that are
susceptible tdocal buckling phenomena due to the slender webs.

The previous work is limited to a select few simple load conditions and there havenairi
attempts made at optimising aluminium crgsstions. Therefore, this study aims to utilise
potential andpropose new efficient structural shapes by conducting -sextonal topolog
optimisation analysis of 60686 aluminium alloy beams and columns. It is intended to achi

minimum possible weight with maximum stiffness, as weight savings can rendéicarg
reductions in manufacturing and construction costs, as well as environmentdl impac

Topology Optimisation Approach

This researchindertooka combination of appexhesin order to consider all necessary deg
of freedom identified in Fig..JA 2D approaclwasused to identify a wide variety of cresectiona
profiles however this approadlid notconsider variations in bending and shear along the lexi
the member. BD approachvasthen used to provide a series of comparative esessonal slices
to capture the effect of this variatioAll optimisation was performed usingAltair Engineering’s
software package HyperWorks v13.0. Through, timere than 4@lifferent combinations dbading
and support conditionsereanalysedLoading conditionsverechosen with reference to the stang
crosssection classification procedure for outstand and internal compression elegnemtsb
codified provisiong9].

Figure 1. Considered directions of rotation and translation

Linear static analysis was performed on an elastic material model with the fgjlpvaperties
Young’s modulus of 70 GPa, Poisson’s ratio of 0.3, shear modulus of 27 GPa and densit




kg/m?. Shell elements wita nominal size of inm and solid elements with a nominal size ofiff
were used to model the 2D and 3D members, respectively.

A simple loadcase of auniform load to the top edg&as considered initiallyFig. 2 a) After
numerous trials, all modelsave been optimed for minimum compliancehgrefore maximu
stiffness) subject to a constraint on the final volume fraction of QRig5 2 b) Manufacturabilit
was addressed by adding symmetry constraints, which subsequently imgrevethrity of tle
results (Fig. Z). In order tothenprevent checkeboarding (patterns of alternating solid and
elements) within the results, minimum member size limit has been set ta(Figia d) Results ar
presented as camir plots of the element densitiasd it can be observed that a high concentr
of material is distributed close smpports. The topology then follows lines of principal stresses

patterns has been identified.
Identical analysis has been performed to compare topologies obtained with aluminiuees

e), for comparison againstig. 2 d. ldentical topologies reveal that the optimisation constrai
geometryaredominant therefore theesults ar@pplicable to both materials.
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Figure 2. Development of the initial model topologies (@, d) and topology of S355 Stel)

A 100x100mm square section has been chosen as the initial design domain in order t@lprovide
maximum flexibility in the resulting topologies. So as to provide a cosparmowever, sectio

with aspect ratios of 100x260n and 200x10hm have also been optimiseldig. 3 demonstratg

that very similar density plots are achieved regardless of the aspedher@iorethe sections mg

be adaptethto similar formsas required
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into a suitable structure. The results laghly sensitive to geometrgp a method of pogtrocessin
multiple results to allow for these sensitivities is proposed. The contour plota phewiously hav,
been smoothed with a density threshold of 0.3 usiter Engineering’s OSSmootand extracte

material to be darker in coloand allow for the interaction of various load cases to be considele
Optimisation processes for lightweight structures typically result inviailed crosssections
When combined with aluminium’s lower modulus of elasticity, local instghifiodes includin
distortional and local buckling are typically dominant. In order to minimisdikbkhood of thes
failures, optimal placement of compression members and stiffeners is omptatance. Using t



described pogprocessing method, this stability criterion should be satisfied by comparing thed
stresses in crossections subjected to torsion, compression, yielding and one or two plane b

Topology Optimisation of Cross-sections

Beams. Pinnedsupports to 2 and 4 nodes azempared, in order to propose sections suitab
simply supported and fixed beams respectivbgjor axis bending and torsion have then [
applied.Fig. 4shows 5 beam crosections developed after processing. Above arg-tiag imageg
with the original topologies, and below is the final interpreted section andntsoice Sectio
properties are then presented in TdblEor beams that are primarily subjected to bending abo
axis only, the proposed sections are symmetric about one plane. Asynuretsgections are als
included for additional stiffness when subjected to torsion. Regardless of the appiredtsy;, it is
noticed that the topology results have a similar moment of inertia about both axes.
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Figure 4 Postprocessingf beamcrosssectiors. Overlaid results (top) and final interpretatio
(bottom)

Table 1. Beam section properties

Section A B C D E
Area [cnf] 44.39 30.32 39.43 48.84 37.82
Moment of inertia, y [crf{ 340.26 337.32 399.50 528.69 436.66
Moment of inertia, z [crf} 448.14 312.46 423.15 479.10 426.65
Radius of gyration, y [cm]  2.77 3.34 3.18 3.29 3.40
Radius of gyration, z[cm]  3.18 3.21 3.28 3.13 3.36

3D optimisation was performed onZzam extruded 100mm squabeam,with total of six differen
loading and support combinationscludingthe case of fixed supports and a uniformly distrib
load to the top flange as shown in Fig. SThese reveal cotent crosssections such aalliptical
hollow profile across 450% of the length of the beam. The remaining portion shbregdistinct
regions of low stress at approximately ¥4, ¥2, and % of the span, as seerbinfRgse regions a
observed to correspond with the intersections of the lines of principal tensile godssive stress

in a homogeneous beam.
I $ [0

A A
» §f1 IO 10

Figure 5. 3Doptimisationinput (a) and resulting topology with crossetional slices (b

was initially attempted. Sections with two and four corner pin supportsamatgsedsubjectd to
axial compression, which include failure by yielding and one or two plane buckling. Colu




sections found in practice are most commonly symmetric and have high buckistgrree abo
one or more axes depending on specific applications, hence the logic followed in develefonad
crosssectiosis shown in Fig. 6.

The first attempt conders a column under pure compression, such -s@s#onal profile woul
reach its yield stress limit and experience material failure. The shape resembles a starul
webbed compound column cressction used in the industifhe second attempt codsrs colum
failure due to buckling. Fig. B and Crepresent a crossectional profile of a column having hi
stiffness inthey-y axis. The crossections are a combination of resulting stress plots with lo
replicating compression and bending of a member as it buckles. Therefore, tlag@plarable i
cases when an eccentric axial load or a moment are applied triggering one plane .bBekting

hawe equal stiffness in both axes and appear more resistant to local buckling. The segpttdieg
are presented in Table 2

Figure 6.Postprocessingf columncrosssectiors. Overlaid results (top) and final interpretatiofié
(bottom)

Table 2. Columrsection properties

Section A B C D E
Area [cnf] 35.36 49.95 52.00 59.13 49.10
Moment of inertia, y¢nt 461.63 565.23 582.67 608.38 442.67
Moment of inertia, zdnt] 224.58 449.33 578.80 608.38 442.67
Radius of gyration, ycm] 3.61 3.36 3.35 3.21 3.00
Radius of gyration, frm] 2.52 3.00 3.34 3.21 3.00

3D optimisation was performed on a 2 m extruded 100x100 mm square column withifired
supports as shown in Fig. 7 a. Axiad compressivéoad was applied at the top aledds triggering
buckling in two planes— in the middle of the membeBymmetry manufacturing constraint
applied to the model aboutyand zz axes.When subjected to two plane buckling the col
developed concentrations of maaéat the four corners {&. 7), resembling a box section at multi
locations along the length of the member. Formaticmweb connecting the flanges is also obse
in the middle of the member at the location of the lateral load. The box shapecobdbsectio
could be related to the fully symmetric profiles obtained through 2D optimisatipn6(B and E).

a) ' b) I

Figure 7. 3Doptimisationinput (a) and resulting topology with crassetional slicesh|




Concluding Remarks

In this papergcrosssectional topology optimisation of aluminium structurs@mbers has be
investigated A series of unique topologies for a square 100x100 mm cross section ha
generated using the SIMP technique, subject to different loading and support conditmiieed
method for posprocessing the 2D results is presented which aims to address stabil
manufaturability criteria. Different density plots have been overlaid to identify th& fnequentl
stressed areas of the cr@estion, which resulted in 5 novel section profiles for beams and co
A 3D optimisation approach was also presented to igecifrelation between 2D and 3D result

Both approaches for beams and columns predominantly result in complex hollow sectig
various opening shapes, including square profiles with a central circular ocallggening. Due f{
the square design domain, most sections have a similar moment of inertia ahcaxdsotBea
sections have an approximately central neutral axis despite only one plane ofrsyioeing applied
All column sections are symmetric about both axes and have high or equakstdfrout one or t
axes, respectively. The 3D optimisation revealed some indicative regions thieenovel cros
sections would be applicable. Nonetheless, the performance of the developed bastiorze testé
in order to validate their applicaltifiand competitiveness within the construction industry.
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