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ABSTRACT

3D printed steel is becoming more and more comrfibis research aims @ssesshe
potentialof steel 3DBprinting in the building sectoA case study is used to investigate
possibilities and limitations of 3Printed steel for structural elements. The analysis is
based on the structural optimization of a branch of an existing dendriform column. An
algorithm based on a second ordenlinearanalysis has been generated to perform the
shape and size optimization the branch. An assessment of the hard constrains to be
applied for the minimization of the mass is reported. Finally, an investigation on the
effects of imperfections on the optimization process has been performed.
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RESEARCH
QUESTIONS AND
METHODOLOGY

1 INTRODUCTION

Figure 1. 3D printed steel bridge the at MX3D)|

The technology is running fast, 3D printing in no more limited to small plastic elements
but is coming uglsoin the building sector. A lot afompaniesand starups are investing

time and resources to develop new methods to fabricate metal pieces with geometries not
achievable with traditional production processes. However, to exploit these new shapes,
designer need to be prepared to welcome these diegfies into their sector arloe
capable to ensure sufficient levels of safety in their design.

MX3D, bornin 2014as a startip is now avorld-wide know reality in the sector of 3D
printing with steelthanks to their 3D printed pedestrian brigggurel). Although the

1



bridge is still not placed on side, the structuralisadyfully assembledmaking it the
very firstfully functional 3D printed steel structura the world.

This unique desigshows exactly how this technologgan achieve shapes never seen
before in the building industry (at least for load bearing elemeddtsyever, engineers
must be ready to welcome all the freedom coming from the advancement of the
production process and develop design strategies ad hoake sare that their design
satisfy the safety requiremersist by national and international design codes.

Figure 3. Largest 3D printed shell structure at the Laboratory of Creative Design,
Beijing [3]



2 RESEARCH QUESTION

This paper aims to investigate how traditional elemeatsbereinvented thanks to the

3D printing processStudies on the application of this technology small steel
loadbearing parts can be already be found in the literafdle[5]. However, no
information is publicly available on how to desigg structural elementsith 3D printed

steel Therefore, this research tries to close this gaihh a case study on a simply
supported straight column. Through this case study the author tries to answer the
following questions:

1 How would anoptimized 3D printed column look like?
1 Is it already possibletachieve better performances with 3D printing?

3 RESEARCH M ETHODOLOGY

The research is organised so that the reader can gain the basic knowledge of the key
elements that are utilized in the actual analysis.

Chapter 4-5

A literature review on the following pics is presented:

1 3D printing of steel: printing process and consequent material properties
1 Basic concepts of structuraptimization
1 Buckling of steektructures

Chapter 6

A case study is used to answer the research questions identified in the prbajutes,
thus also basic informatioan the reference building and its structural requiremaes
presentedTechnical details on the properties of the reference column are given.

Chapter 7-8-9-10
From this basic informatiqrthe analysis is develope8ettings and properties of the

structural model anthe optimization algorithm are presented

Chapter 11-12

The optimum solutions are presented and analysed. Effects of imperfections on the
optimization problem and on the structural performance are inaéstig

Chapter 13-14

Comparison between the various solutions that have been found, 3D printed circular
hollow tubes and the original steel column in place.
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BACKGROUND OF
THE RESEARCH

4 3D-PRINTING PROCESS AND M ATERIAL
PROPERTIES

4.1 OVERVIEW ON ADDITIVE MANUFACTURING

Additive Manufacturing, als&nown as3D-printing, consists in the layempon layer
deposition of material to build a threéémensional product. Theechniquehas grown
significanty in the last few decades thanks to the increase of the computer power and the
consequent improvement of the automation and CAD industry.

Figure5. Timeline of AM growtl6]

These two elements are essential fordeeelopment and diffusion of AMAutomation

is fundamental to achieve standardized, high quality prod8atsilarly, high quality

CAD models are necessary to convert the design into a numerical input to guide the
printing machine. The direct linketweemmachines an@€AD softwarepackagesllows

to move from the computational model to the actual product in few ours, or even minutes
(depending on technique, complexity and size and the product). At the same time,
automation ensures th#te product will hae specific characteristics &@man error
cannot interfereThis allows to achieve a more standardised quality, both in terms of

6



accuracy but also in terms of defects. The combinatispeéd of production and the
quality controlbringsto the conclusionhat it is possible to achieve highly customized
products on demangwith a certified qualityln his thesisyanBolderen[6], based also
on the analysis of Attard], theidentifiedall the advantage reportedTiablel.

Tablel. Overview of advantages of additive manufactufjg

Areas of Application

Advantages over Traditlonal Manufacturing

Rapid Prototyping Reduce time-to-market by accelerating prototyping

Reduce the cost involved in product development

Making companies more efficient and competitive at innovation
Production of Spare Parts | Reduce repair times o
Reduce labour cost

Avoid costly warehousing/stock

" Small Volume Manufacturing | Small batches can be produced cost-efficienty
Eliminate investment in tooling
Customized Unique ltems Enable mass customization at low cost

(Quick production of exact and customized replacement parts on site
Eliminate penalty for redesign

“Ntadhine Toot sianifaciiivg | Heduce iabour cast PRSP
Avoid costly warehousing/stock

Enables mass customization at low cost

Rapid Manufacturing Directly manufacturing end-use components
Relatively inexpensive production of small numbers of parts
Component Manufacturing Enable mass customization at low cost

CQuality improvement

Shorten supply chain

Reduce development costs

Help eliminate excess parts

" On-Site Manufacturing & Repair | Eliminate storage and transportation costs
Save money by preventing downtimes

Reduces repair costs considerably

Shorten supply chain

The need for large inventory is reduced

Allow product lifecycly leverage

Rapid ot S eant reduciion n repalr fime
Opportunity te modify repaired components to the latest design
Very Complex workpieces Produce very complex work pieces at low cost

4.2 METAL ADDITIVE MANUFACTURING

AM is suitable for a large series of materials including metals, ceramics, polymers,
composites and blogical systems[8] For structural applications the most suitable
mateial is certainly metal as demonstrated from the common praciicecessful
experiments have been alreachnducedvith Metal Additive Manufacturing (MAMpPn
aluminium, titanium, copper alloys, carbon and stainless $&el.



Figure 6. Certified WAAM propeller made of copper built at R#B, Rotterdani9]
[10]

Application in theautomotive aerospacemaritime and medicalindustry are already
common practicg¢7] , and as demonstrate by MX3D, new applications are coming up

also in the building sect¢i.1][12]

The technologies related to MAM are classified depending on the heat source and the
form of the material source (feedstock). According to this classification we can

distinguish the technologiés Figure?.

__________________________________________________________

r

M

Figure 7. MAM technologie§l 3]
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4.2.1 Powder Bed Process

This process is very similar to a norrttarmalprinting proces$or receipts, where a heat
source is focused grhotosensibl@aper.The only difference is that instead of printing
on paper we are meig metallic powder.

The process consists in alternating a specific cycle:

1. A powder bed is spread in the printing chamber.

2. The heat source melts the upper layer (20 to 100 that) solidifies onto the
previous layer

3. The support of the powder bed moves damd a new layer of powder is added
to balance the vertical downward displacement of the support.

4. The cycle restarts.

This technique is particularly suitable for mechanical parts of limited dimensions as
allows to achieve accuracies of the order of 100uith wery low printing errors.
However, it has the drawbacks of being confimed a chamber, thus it cannot be applied

to print voluminous elements.

U
t t

T T

Figure 8. Powder bed MANI14]

4.2.2 Powder Feed Procesand Wire Additive Manufacturing

Thesetwo processes argimilar in terms of printingprocessand heat sourcéut differ

for the feedstockThe former usually requirespower beam(either laser or electron)
mounted on a robotic arm, to concentrate th
or depositecdby means of another nozzle on hreviously depositethyer of material.

With this process accuracies of the orde2@fum can be achievedt is usually applied

to fabrication or repair of small parts and take place in a protected environment. Its
advaitage is the high accuracy atidht it is theoretically possible to switch from one

material to the other without any interruption in the printing profEss.

The second technologytilizes a similar printing process, based on a robatic, &ut
utilizes a traditional welding wire as input material. The heat source can be either a power
beam or an arc. These of a traditional wire in combination with the arc technolagy

9



key elements as allow, with specific modifications, the use ditimaal welding robots

to 3D print steel element¥his is a major economical advantage as both robots and input
material havelreadybeen available on the markfer a long time, making them more
affordable.

Figure 9. Powder feed AM vs WAAM?2] [16]

Another advantage &Wire Arc Additive Manufacturing is the mostiitableto construct

parts ofrelevant dimension&his is because the printing area is not constrainedheto
boundaries of a chamber. However, it has to be noticed that the actual technology is still
not capable to be applied to very large scale. This is bechuskot limitations. Unless
further movabé supports are provided to the robots, the prirgpagas still limited toa

certain volume Another practical limitation of this printing process is that the material
properties are deeply influenced by the deposition sequémaipath)and orientatio

both due to how the material settles onto the previous layer, and due to the thermal
residual stresses induced by the cooling down of the fused maténgimeans that
despite the arm of the robot has 6 degrees of freedeunally a movabléaseplateis

used as a support for the object to be printed in order to add other 3 degrees of,freedom
and ensure the correct deposition ahdltis condition further restrains the printable area
and the dimensions of thintableproducts

Nevertheless, the djgam depicted ifrigurel1 clearly shows how this technology is the
most suitable when high accuracies and geometrical complexities are not needed.

! Note that RamLAB applies this technology while MX3D does not yet
10



Figure 10. Printing set up at RabAB

0O Powder-bed Build rate

0 Blown-powder e 10 ’
Part size Complexity

o WAAM

0 Hi. Dep. Wirefed

Platform flexibility 1o 10 Accuracy

10
Post-processing requirement Cost savings

Mech. properties Material utilisation

Figure 11. Compaison of theMAM technique$6]

4.3 PRINTING PROCESS FOR WAAM
The printing process involvessteps:

Creation of theptimaltoolpath

Import the toolpath model into the software of the robot.
Send the input to the robahd seupthe printing parameters
Actually print the element

agrwbhE

Conversion of the CAD model to a remodelling softwapecific for 3d printing

11



Figure 12. WAAM propeller, finished vs raw surface

In most cases d"§phase is also needed. Due to imperfections, defects and the thickness
of the layers, very often a milling phase is required to achieve a smooth finish

4.4 PROPERTIES OF 3D-PRINTED STEEL

Since most of the data utilized in thisesisare extracted from resehes on MX3D
WAAM products, this chapter aims to collect all the base information needed to develop
a computational model of a structure made of such a technique and material.

Both Van BoldererfTUDelft) and Lhiversity of Bologna (UNBO) have investigatethe
properties of 3Eprinted stee]6], [17]. The base material used in the tests, thalsisthe
most commonly used by MX3[s the ER 308L stainless steel.

This materialis generally the choicdue toits weldability, its ability to be orrosion
resistant, but also due to its mechanical properties. Another alloy, SS ERs3l6b a
valuable choicejue to its better mechanical properties and better resistance to corrosion,
but the price over advantages rasiasuallyin favourof the ER 308L. It is not a case in
fact, that the famous bridge printed by MX3D is made of this material.

Since all the test performed so far by the referenced sources are based on SS alloy ER
308L, the only possible design assumpti® to utilize this material in the model.

According to the studies conducted by TU D¢6f and UNIBO [11] the feedstock
material conserves most of its properties. More details about SS ERu368Lin the
specimercan be found ippendixV.

In the following sections the material properties of@ihted steel will be discussed.
Note that the results refer to continuously printed columns as this is the production
technique that has beassumed for the model that will be presented later.

12



Figure 13. Printing process of tubular specimens

4.4.1 Specimens and testeverview

3 types of specimens have been used for determining the material properties of 3D printed
steel.Rectangular and plates have been tested in tension to determine the elastic modulus
of the material. Tubular specimens have been tested in compression, bending and
buckling to assesall the other mechanical properties.

However, before performing these ttestive tests, some geometrical measurements
have been performe#ligure14 describes all the measurements that have been collected.

Geometry
Measurements
(3.3)

Initial curvature
(3D-model)

Initial curvature
(2D-profiles)

Figure 14. Diagram of geometrical measuremef@s

13



These tests provide the basic information to elaborate the data obtained from the
mechanical tesEigurel5summarises the mechanical tests that have been performed and

their relative output.
‘ Mechanical Tests

Figure 15. Mechanical tests ancbrrespondingutputs[6]

4.4.2 Hand Measurements

These measurements have been performed with traditional mechanical tools like scale,
square and papeklass and length of the specimens are the most important outputs of
this analysis. However some other measurements can also be collected taduyle a

idea of he general geometrical propertideverthelessnore advanced techniques have
been usetb refine these measurements.

Figure 16 Set up dr hand measuremeni§]

14



4.4.3 Superficial imperfections

3D scans have been used to investigate the raw suffaptates and tubesnd to check
for misalignments in the axis of tubular specimens.

Rl il
Rl 5 L1 T e T &
; WA

Uiy o ,
Lt
v Rt LR g A T T
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Figure 18. Investigation on the imperfections of the specini@ns

This analysis is meant to define whethezursionsan be identified in the pattern of the
imperfectionsand eventually the leading parameters that generate such imperfections.

4.4.4 Density

Archimedes principle has been used to determine the total volume of the specimens. The
specimens are totally submerged into a PVC tube with a known quantity of water. By
measuing the increment in the level of water after the submersion of the specimen it is
possible to retrieve the volume of the specimen.

Finally knowing the mass, also the density can be foleasured densities on
continuously printed elements stoodx& T(Xa& which is very close to the valu
X80 1i¥cir declared by theroducer of the feedstoc)é]

4.4.5 Tensile test:Young Modulus- Yield and Ultimate Tensile Strength-

One of the key input of a structural model is ¥@mung modulus of the maiat as it

affects the stiffness of the elements. In order to determine its value a t8&tenfsile

tests have beeamnalyseddy Van Bolderen andINIBO. As highlighted in Chaptet, the
material properties ardeeply influenced by the printing process hence two different
typologies of specimens have been tested: one with the toolpath parallel to the testing
direction (longitudinal,x) and one perpendicular (transveisal

16



Figure 19.Longitudinal(4) and Transverse speciméms

Table2. Results of tensile test performed at UNIB®]

Specimen Yielding tensile Ultimate tensile Ultimate Young
name strength strength deformation modulus
A-X 307 MPa 485 MPa 29.30% 99.21 GPa
B-X 307 MPa 533 MPa 27.91% 98.51 GPa
C-X 257 MPa 449 MPa 33.00% 103.14 GPa
D-X 285 MPa 511 MPa 39.96% 129.49 GPa
A-Y 270 MPa 439 MPa 22.25% B2.89 GPa
B-Y 290 MPa 459 MPa 21.68% B81.56 GPa
C-Y 269 MPa 485 MPa 20.38% 67.30 GPa
D-Y 262 MPa 481 MPa 23.84% 70.28 GPa

Table3. Summary of results obtained by TU DEdit

0.2% Proof Stress UL Tensile Strength Young's Modolus  Ultimate Straln - Fracture Siraln
an.z [N e au [N mm®) Eo 1GPa) € %] £y 1]
Qerlikon - as welded 20°C =350 =520 - =35
Ligiaeld - ag welded 2070 J0 GO =35
.......... T T T R T e
S eleviatio o 5 24 [ 1.5 G ]
Sromnt o g —— g g g Frrir IO
St devintion o § 11 & L% ] 4.7

As we can see fromiable2 andTable3, the results are quite variable. Since a unique
value has to be chosen, in accordance with the assumptions md@g, ian average
value of E=100 GPand’Q o v it 0 dareassumed agesign valuéor the FEM model.

17



4.4.6 Compression Tests: Young modulus, Yield and Compressive strergt

Unibo performed compression tests to assess the behaviour of the nedteriah
compressionTable4 summarises the results for&areas measured witlallipers As

we can see from the mean values reported in the last row, the values are far lower than
traditional steel and those highlighted by teesile test. The Young modulus, yield
strength and ultimate strengthe about 4096§5% and 80% of the values of the feedstock
material.

Unfortunately these results have been availably at the end of the research, hence
there has been no time to inde them in the model.

4.4.7 Imperfections

According to the wide experimental rmpaign conductedby the ECCS European
Convention for Construction Steelword) standard hot rolled, colfbrmed and welded
steelelementsthere are three main sources of impeiéas.

1 Tolerances in the geometriqaioperties of steel products
1 Residual stresses, due to uneven cooling of steel
1 Variations of yield strength

From these tests, the curves reporteigure20 have been develepl

Table4. Summary of results of compression test for measured cross sections

[.D Anm En Fuax fy fu
[mm?] [MPa] [KN] [MPa] [MPa]

850 A 830.88 69865.96 327.56 228.68 394.23
850 B 838.14 69054.53 305.63 233.50 364.65
850 C 828.78 66513.10 208.70 214.31 251.81
1050 A 773.15 82033.50 289.93 230.19 375.00
1050 B 810.54 71916.22 305.16 235.38 376.50
1050 C 811.88 76878.37 279.69 237.27 344.49
1200 A 766.97 80222.87 303.38 244.55 395.56
1200 B 841.25 72603.90 254.74 212.31 302.82
1200 C 750.45 76959.24 304.34 242.01 405.54

74005.30 230.91 356.73
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Figure 20. Buckling curvesiccording toEurocode 3
Where @ a, b, ¢, d depend on the classificatioTable 6.2 of EC3Kigure22).

However thesecurves are not developed for ditinted elements. HencEUDelft and
UNIBO have performed also buckling tests on tubular specimvetis different
slendernessThe goal of this analysis was to identify the reduction factor as function of
the member slenderness 8 printed columns

Figure 21 depictsthe proposed cuev It has to be stressed that these curves have been
developed with the assumption®f p 0 énd'Q o v @t 0 dretrieved from the
test described here abgve

1,2

= 1 =y
o \
e
© 0,8 \‘\
“ 0, ----EC3
3 .,
'E ‘\ L ] A-48-X
3 06 .
'u A Y
S ‘ ® A-85X
04 \\ A-125-X
— ~
x ~8 B-X-A
= N
0,2 S es
@ | B-X-B
0
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Relative slendernessA

Figure 21. Interpolation of the experimental results for me&mtandard deviations with
EC3 formulation (  p8tm_I &) [18]
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5 STRUCTURAL OPTIMIZATI ON

With the growth of the population and the limited amount of resources on planet Hearth,
thereductionof the usage of material in becargimore and more important. The goal of
structural optimization(SO) is exactly this: assess where the material is most needed
within a domain to achieve a specific t4sR] SO is suitable to achieve the following
tasks:

- Minimum cost

Minimum weight

Resources usage

Limitation of stress concentrations
Limitation of displacements (stiffness)

Three different levels of SO are usuakgognisedn literature[19]:

1 Topology Optimizationmost general form of optimizatiodefines where higher
material densiés areneeded.

1 Shape Optimizatiorallows to identifyform and contour of thdomain.

1 Size Optimization: theesign is known, only the size of the components needs be
determined.

: = NI

£

Figure 23. Example of different levels of optimizationSige optimization of a trusis)
Shape optinmezation of holes in a beam, €ppology optimization for a simply supported
beam [20]

5.1 MATHEMATICAL PROGRAMMING PROBLEM

The word Aoptimizationo i tissel Thishsausualyypyo mear
performed by defining a so calldiio bj ect i v 7. fHennechie striatucal

optimization prdolem can be reduced to the followisgamer{21]:

Find @ to minimiz€Qw , subject t0Qw T
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where"Qw is a scalard@is n-dimensional vector ang thei c onst r ai manff uncti o
m-dimensional vector and can be rewritten as:

0

. QT
Qw T L2
é

"Q T

These constrains can haweiltiple origins:

1 Geometric constraintstue to external limitations in the domain

1 Technological constraintsiue to production or construction issues

{1 Performance constraints: to ensure minimum performances with respect to other
functions.

5.2 MULTI -OBJECTIV E OPTIMIZATION

Usually in real life problems tools are required to satisfy multiple requirements. Despite
boundaryvalues can be set as constrains for a single objempitiization, itis usually
necessary to find a balance between the optimum solwiithnrespect to ambjective

and the general performances of tlabject Here is where the muiltbjective
optimization starts to plaj22]

In generalMulti-Objective Optimization(MOO) is applied when a tradeff of the
objectives is needed. The classic example is the minimization of the weight of a structure
and the maximization of the stiffness. As a general rule, the more material we remove,
the smaller the stiffness, the higher the displacements. If we want to achieve laur goa
balance has to be found between the removal of material and the reduction of the stiffness.
In order to have a quantitative evaluatiowtiich design leads to the optimudesign a
newmathematical problem has to be written.

The mathematical mulbbjective problem can be formulated as:

 ETEIEGA Q08" w
OOABAAO® Qw8 Q®
x EOE N 2
The solution of this mathematical problem has been Iwidtudied by Pareto, an
economist lived in the 19century23]. After his studies he formulated the following
principle[24]:

~

n A Pareto optimal solution is one for which any improvement in one objective will
result in the worsening of at least one other objective. Mathematically, a pdwlih

is a vector of length ) is calledPareto optimalf there does notxést a point'Q in the
feasibility domain such that:

;‘Q nQ 1 T‘Q
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The set of all the Pareto oPparientuan fsrod nuttd .ons
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Pareto front

Pareto optimal points

|
f1(x)

Figure 24. Geometric diagram of Pareto Frof25]

Mathematically, none of the Pareto solution is objectively better than any other solution.
[24] To define the most suitabdFor the design, subjectivity has to be introduced. So, the
final choice is in the hands of the designer. However, some quantitative evaluations are
usually artificially created. The general approach is to generate utility functions with
arbitrarily defiredweighting factors (here is the subjectivity).

There are different types of utility functions in the literature, however the most utilized
are:

1 weighted sum
1 exponential weighted sum

ny wr‘ 2 0 n
3 ' - g r=2
J= Z"%ﬁ In general i J= Z""’Jf In general
i=1 w, = 1 i=I F even
i=1
£ q £y 1
Optimum _|

Feasible region Feasible region

ff

|
Dptimum| | |
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Figure 25. Pareto front anditilities furction approachweighted sum and exponential
weighted suni24]

However as shown ifrigure25,if the domain has some oggxities,thesesolutions could
lead to aimitation in the possible achievable solutions and hence in a redogtimms
for the designer.

A more general, but also complex, approach is also available to designers to identify the

whole Pareto front. The 0 ¢ aobjdcteve funiition normalizatian, t hat consi s
scaling the objective functions so that the Pareto front falls into a hypercube of unitary
sidecan also be applied

I =[f;|f._ --1.f.-”'r]? i=1,....n,

The transformed domain is given by:

£(x)~ min "
)
x = ¥ ’ 0 -
max f —min f’
] J

£+ value of f, obtained minimizing
separately f, subject to constraints

;

I -

W

Pareto frontier

Figure 26. Objective function normalization apprda[24]

Nowadays, thanks tihe computer aided design, the convergence to the Pareto front can

be fAguidedod to the desired Goalut Poagr dmiisn (
and consists in allowing the designer to specify a target value and two wejghtst

represent the slopes of the preference functions, per side of the target valuEny

deviation ) from the target value leads to an increase of the preference function value

that is proportional to theeights The program then tries to comge to the solution that

minimizes the sum of the preference functions.

A

Preference function

target

d +—ee—d"

Figure 27.Graphical explanation of the definition of the deviation d for Goal
Programming[24]
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6 CASE STUDY: ZLOTE TARASY

6.1 OVERVIEW OF THE BUILDING

Thebuildngunder analysis is | ocated in Warsaw,
Terraceso in Engl i sshmeetwheelkhe building islocatedni® f r om t
Street. The building has bestructurally desiged by Aroup for ING Real Estate with

the goal to enrich the city centre of the city wittulti-porpoisecentret 1t at of

underground car parking, Tt T Tttruck service yard; tt ntan of offices,u Tt Tt dt

of restaurants, retail and department stores, eight cinema halls and a 780 seats auditorium,

p Tt iét of public areas and malig,it ™ Tt of terraces and gardens, for a total area of

¢ T T TG, these are the numbete Zlote Taasy.

The space is organised as depicte&igure28. As we can see there are 6 main areas:

two office blocks: the ALumend and the ASKk)
i Dr u maestoreyatow8r containg all the escalator to allow connection between the

car park and the different floors) and the Cinef2@]

—_—

b Ao,

E ‘Lumen” office blocks
B “Seytghe” office block
D Roal terrace

D Food court

E The Drum

D Multk-screen cinoma

Figure 28. Conceptual distribution of thareas and erial view of the
compleX26] [27]
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6.2 THE ATRIUM ROOF

6.2.1 The concept

One of the main peculiarities of this complex is the roof ofatineim thathostspart of

the retails and th&od court. Its iconic desighas been proposed by Jerde Partnprshi

with the purposef giving the customers the idea of walking in a tree forest. This feeling

is further strengthened by the shape of the dendriform columns. The concept has been
developed viaa computational simulation of the falling of a cloth over series of spheres.
From this simulation a series of geometries have bg@acted and the most suitakde,
8-domes canopyhas beerfiinally chosen for the architectural design.

Figure29. T h e i c a sterrald/ievoof theeatriurf28]

6.2.2 Geometry andStructural Properties

The atrium roof develops on an elliptical plan, 160m long and 100 m feide, total
covered area @§ T TGt and reaches about 35m above the ground.l&eeording to

Arup [26], it is made of 712200mmx100mnsteel RHS beamsith variable steel class

and thicknes 2300 steel nodes and 4788 glass panels, none of them equal to the other.
The result is a grid sheNith a variable triangular mesh.

Some attempts have been made to standardise the geometry, in order to allow the
repetition of similar elementand cut he costsput the architectural design and other
design constrictions, such as the water drainage of the roof, the snow sliding, and the
smoke concentration required such a fieen grid made it impossible
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Figure 30. Topologyoptimization studies appligd the nodes to investigate the
possibility of 3D printing customized nodes for the build#ig

Another relevant constrain that led to this choice is the complexity of the suppert

structure is supgrted at different levels both due to its irregular shape but also due to the

its fAhuggingo function among alrdquredlae near |
complex combination of supporting structurekl internal treelike columns 26

perimeter postat level 3,2 sliding bearings at the drurBrotational bearing i f | yi n g
strutso, and 16 supports at the base of the

Figure 31. Atrium roof suppor{6]

These solutions are the outcome of a complex desigtyaimed toensure the structure
to be

9 structurally effcient, minimising displacements and stress concentrations due to
thermal expansion of steel

9 architectonically appealingnd vi sually Al ighto

1 easy to maintain
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6.2.3 Branched Columns

The over 100m span of the roof required some internal supports. A tdtalteielike
columns has been carefully placed in order to minimize displacement and stresses but
also to ensure a clear view of the walkways.

Each tree is composed of a trunk, a tapered 2m high steel tube filled with reinforced
concrete, 3 primary branchesoh of these diverging into othersécondaryoranches

All the branches have different inclinations and are made of tulstéat beams of
different lengths.

Figure 32. Dendriform roof supports
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6.3 STRUCTURAL PROPERTIES OF THE ELEMENT

Since the objective of this study is to define an optimization methaiimple but
significant case has been chosen. A slender simply supported column working in
compression has been chosen as case study.

@ Drum Tower > Element 12787

Figure 33. Overview of the dendriform column and detail of element 12A87
connectiorn29]

The structural details of the element have been retrieved from the[&$structural
model used by Arup for the design. Due to the complexity of the canopy. e@@rULS
load cases have been appliedter 7000 beamsmnaking it the biggest GSA structural
model ever analysed by Arup at that tiff&6]

The element chosen is the first order branch of the tree that is closest to the drum tower.
The element is @SH273x12.5 tubular section with a total lengjth) of 7m.

29



SECTION PROPERTIES MATERIAL PROPERTIES

Type CSH273x12.5 Type S355
n (mm) 273 E (MPa 205
0 (mm) 12.5 v 0.3
a (kg/m) 80.3 G (MP3 77850
0 (cm2) 102 2 (kg/ m3) 7850
@ {cm4) 8697 U (/ AC) 1.20E05

As discussed iAppendixI, dendriform structures are usually designed so that they work
only in compressionSeems like this approach has been followed also byAthp
designersas shown by the choice of the restrains in the structural mBdéh the
connection with th trunk and with the second order brancirepinned.

RESTRAINS

Direction Top Bottom
Tx Fix fix

Ty Fix fix

Tz Fix fix

Rx Fix fix

Ry Release Release
Rz Release Release

Looking at Figure 33, in particular atthe picture of the connection with thminor
branches, we can observe that the axes of rotation of the connections are not aligned,
hence, assuming that the roof is séiffd the that the elevate number of minor branches
offer a stiff connection with theoof (all connections of the gridhell are bending
resistant)yve can assumihat the only dgree of freedorallowed isalongthe axis of the

beam

According totheseassumptionsthe structural systerfor the single branclnas been
simplified to the scéme reported ifrigure34.

Po

v

Lo

PAN

Figure 34. Structural system assumed for the analysis
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COMPUTATIONAL
M ODEL AND
OPTIMIZATION
ALGORITHM

7 STRUCTURAL ANALYSIS FOR PARAMETRIC
DESIGN

7.1 PARAMETRIC DRAWING

The possibilities open bwdditive manufacturingequire CAD programs with high
flexibility. At the time being few software packages are capable of such a flexibility.
Rhinaceros[31] in combination with Grasshoppf2] are probably the most used in the
Building industry Parametric design is a fundamental tool to achieve and mathenyaticall
describe complex shapes. At the same time, it offers an incredible flexibility as changing
few parameters completely new forms can be found.

On the other hand, free form desigassome drawbacks. Sometimes the complexity of
the shapes is so high thaetphysical and engineering sense can be lost. Hence it is
fundamental to ensure that tbevelopedyeometry is physically possible. Later, @m
example of hovgeometrical and physicebmpaibility must be verified will be discussed
(see ChapteB.8).

Another drawback is that traditional FEM software packages are not suitable to draw such
complex geometries so usually CAD models have to be converted into a format readable
by the FEM software and then importedwver this process is usually not so smooth

as not always the CAD software can export in the desired folmeate intermediate
steps are needed atige risk of losing accuracy ardktails gets higher and higher.
Furthermore, whenever changes on thegireseeds to be performed, the processttha

be repeated over and over again.

For this reason, Karamhla&3], a FEM softwarefully embeddedin the Grasshopper
environment has been used faolving the structural analysis for the optimization
problem
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Figure 35. Parametric studies for the design of the Lotte tower, retrieved[8dn
,based orj35]

7.2 NON-LINEAR ANALYSIS

7.2.1 Non-linear analysis in GSA

Karamba offers a variety of possible types of structural analysis and tools to examine the
results. Due to the imperfections associated to the printing processliagamanalysis
was the only choice for the analysis.

Differently from a linear analysis, in a ndimear analysis the load is applied
incrementally At each step, the stiffness matrix, loads and displacements are computed
in order to find the following equilibrium state and update the input fofah@wving
iteraion. This allows to include geometrical, material and constraindinearities.

Whenlarge deformationsccur, the assumptiorf emall displacements in no more true,
hence the deformed shapbe geometrical nehinearity, has to be taken into account
Similarly, when the material is subjected to high stresses and deformations the
assumption of a linear relation between the two units is no more realistic. Hence different
models need to be included.

Finally, loading and boundary conditions may be affebtethe behaviour of the system
(displacements or actions). Hentieese behavioursan be captured with the iterative
procesf a nonlinearanalysis

The drawback of a nelinear analysis is thatdue to the iterative processis
computationally much nre expensivethan a traditional linear analysis, where the
solution needs to be computed only ance

For the optimization processly geometrical non linearities will be considered as plastic
analysis is not implemented in the software and the constraditmn are assumed to be
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independent form the behaviour of the systBetails on how the nelinear analysis is
i mpl emented i n Karamba [B[B7] be found in Rubi

However, for steel structures plastic analysis is fundamental hence, in order to perform a
complete analysis and verify the results obtained in Karambaljmear analyses with

both geometrical and rtexial non linearities have been used. For this porpoise, Oasys
GSA[30] has been used. According to the user manual, the software uses the relaxation
method to perform the analysis.

This involves the following stef38] :

1. Compute equivalent nodal forces and moments. In this process, member loads are
converted into nodal force or moments. Thegethe forces that initiate vibration.

2. Construct dummy mass and dummy inertia for the unrestrained (active) nodes
according to the translational and rotational stiffness of the members at the nodes

3. Compute the acceleration, speed and displaceraesath node at each cycle.

4. Compute a new nodal position and rotation for each node at each cycle; update the
nodal stiffness and member force acting on the nodes.

5. Check the force and moment residuals at each node at the current position.

6. If no residual exceeds the limit, the analysis is considered to have converged and the
final position is considered as the equilibrium position of the structure.

7. If any residual is not satisfied, the analysis is continued to the next step.

8. Compute the totdkinetic energy of the structure. If the kinetic energy at a cycle
overshoots the maximum, it is considered that the equilibrium position has been passed.
Therefore, all nodes will be fgositioned so that they are closer to the equilibrium
position. Resahe speed and acceleration to be zero and let the structure start to vibrate
again from the new position.

9. After analysis has been converged, the element forces, moments and stresses are
calculated according to the final equilibrium position of the nodes

7.3 SECOND ORDER EFFECTS

According to EN 1993-1: 2005 (E)chapter 5.2the second order effects (deformed
geometry) and initial imperfections should be included if they afagtificantly the
structural behavioursThe verification can be performed tdyaby global analysis,
partially by global and local analysis, or, for simple structures, by individual check on
individual members using buckling length according to the buckling mode of the
structure. Another optiois to take into account second ord#eets is to apply equivalent
forces to destabilize the structuFégure36 depicts, how to implemeniese forces
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Figure 36. Equivalent forces for modelling global imperfections ofrfes

For traditional columnghe initial crookednesQ can be retrieved from Table 5.1 of EN
19931-1: 2005 (E),and L is the actual length of the membeowséver, since we are
dealing with 3DBprinted steel elements a different value hasstassumedUniversity of
Bologna(Unibo) conduced some tests BWWAAM columns. The results are summarized
in Tableb.

Table5. Summary of2 , based onUNIBO [18]

SPECIMEN 1.D L/x
850-A 137
8508 137
850-C 149
1050A 204
10508 172
1050C 172
1200A 196
12008 175
1200C 128

Since a unique value has to be assumed, the average value of all the tested specimens will
be assumed, hence from nowQ  0Fp v.x

The sway imperfection can be computed instead as

B B I |
Where:

B3 pf¢ 1t mi(basic value)

| is a reduction factor due to height of the struct(m meters)

| = - | pat
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| is a reductiondctor that takes into account that the more the columns in a row, the
smaller the sway effect:

P

However, due to the properties of the system, the sway imperfections have not been
consideredOnly global imperfectiongn the axis bthe column, have been used instead.

7.4 INITIAL |MPERFECTIONS OF STEEL COLUMNS

Chapter 6.3 oEN 19931-1: 2005 (E), suggests also a procedure to estimate the reduction
in strength of steel columns dteetheinitial imperfectionsntroduced by the productn
process of steel elements.

The verification for buckling of uniform members in compression is based on the
following formula:
5
0 &

p8t

Where0 is the design value of the compression forceland is the design buckling
resistance of the compression memblefined as (Class 1,2,3):

.0Q
[

Where... pis the reducbn factor that takes into account the imperfections.

VI

...can be computed as:

p
With:
™mp | _fm _T
50
I
0
Where( is the Eulerian load “ —— andQis a factor depending on the

boundary conditions of the element.
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Figure 37. k coefficients for different boundary conditions

Finally, theimperfection factor, , can be retrieved from Table 6ot EC3according to
the classiftation of the Table 6.@8f EC3(Figure22).

Table6. EC3 Imperfection factors for buckling curves
Buckling curve Ao a b c d
Imperfection factor o 0,13 0,21 0,34 0,49 0,76
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8 SETTINGS AND CALIBRATION OF THE MODEL

8.1 LoADING CONDITIONS AND MATERIAL

In order to make farecompaison between the original element, made of a traditional
hollow cross section, and a 3D printed element, the two elements have to be designed for
the same loading conditions. Therefore, the structural model highlighted in Cé&pter
have beengplied to study the buckling load of the column.

Table8 summarises the results obtaingdapplying the procedures reported in Chapter
7.4, to the properties of the column (summarisediable?).

Table7. Input values for buckling analysis of original column

Geom properties Section properties Material propeties  Imperfection properties
L (mm) K A(cm2) 1(cm2) E MPa fy(MPa  Curve V] It
6963 1.00 102 8697 205000 355 C 0.49 1

Table8. Numerical results for buckling analysis with initial imperfections

JEaKN)  f o dygmKN)
3'62936  1.00 1.19 054 1957

Hence the design load used for the structural analysigll be assumed & 0

p w UKN. Furthermore, the seifieight of the structure has been considered as additional
loading condition in order to trigg the buckling of the column in a specific direction and
assign the imperfections accordinglyeeFigure49 for direction of g force)

As already anticipated in Chapterd.5 the magrial properties are assumed according to
the properties identified by previous researches and EC3:

O pnMOO O
"Q ocuvmn®

v T

8.2 TopoLOGY OPTIMIZATION

A verification with a Topology optimization to¢89] have been performed to assess the
optimal distribution of material to withstand a vertical load acting along anTdesool
utilizes the density approach implemented20] to a 4 nodes finitelement mesh used

to solve the elasticity problem. More information about how the tool is implemented can
be found in the link reported in refereriG8].

As we would expecfor the problem under analydise material needs to be distributed
along the thrust linghat for this simple cases the staight line that connectsad and
supportsHowever, since we are dealing with a continuous, the solutions are infinite as
there are infinite shapes according to the amount of material that is to be refayed.
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further research is needed to assess hmweh material can be removed without
compromising the safety of the column.

Figure 38. Results of topology optimization for 50% and 70% volume reduction
respectively.

8.3 SHAPE OPTIMIZATION
As discussed aboy¢here are infinitefeasibleshapes for the problem under analysis.
Hence an investigation of the optimal has been made.

In order to define univocally the external shape of the column mathematical functions are
neededAs a general formulation the external shape has beerededsthe surface of
revolution described by

Yo i 0N o
where®is the shape amplificatiorihat describes how stocky the columnadisis the

coordinate of the point along the axasdr] w that is a mathematical function (pattern)
that describes the shape of the catum

Finally,1 , the reference radius, describes the radius of the column at the extremities. In
fact a minimum radius is needed both at the top and at the bottom to ensure that there is
sufficient room for the minimum quantity of material neededitstand the load. At the

same timewe have to consider that the branch has to be connected to the other branches
and to the trunk, hence a minimwarea has to be sured for the constructability of the
connectioni p Tata has been assumed as miommradius t@nsure the correct load
transfer from the connection to the column. However, it is to be said that this is a pure
assumption based on the observation of the size of the elements constitutingltke tree
columns.

This minimum radius has beenmpared with the minimum radius to prevent yielding of
the column.

0
~ Tn Q
0
0 pwugd o
Py TG pXL{lI]
Q ouvmL W
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Accordingto this result the minimum to prevent yielding ig2.2 mm that is smaller
than the radius assumed for constructability of the connection.

Axis of rotation T

b

N

Figure 39. Parametrization of the shape

It is to be mentioned that could have beemaimedas a free parameter and the
constructability and strength constrains simply used as limit values of the optimizations.
However, the evolutionary algorithm implemented in GrasshopasaHimit in the
number of input parameters. Due to this limitation, an assumption had to be made.

Another assumption has been made in the shape optimization pidesgdge any shape

is theoretically achievable with the 3D printing process, from an engineering point of
view we still need to utilize shapes that are known. Hence two different shapes have been
proposed for the analysis: a sine shape, and a shape retrieved from the literature.

The sine shape (pattenn) has been assumbg approximating the shapes obtained from
the topology optimization. Agajthere are infinite functions that can approximate those
shapes, buficcording to EC3, the imperfections are modelled applyingus shape to
the axis of the columience in order to have a uniform distribution of bending moments,
seems reasonable to assume ashape for the external shape of the coluf8reeFigure
40b)

On the other hand, the othertigan has been found in the literature. According to
analytical studies on columns under compression, the most optisfiapd for &ircular
hollow strut would be described by the followiegpression40]:

40



f— - — -OKi- no—
Where, in order to refer to the coordinates on the axis we need to @pply: —

The difference between the two patterns is depicté&dgnre40.

a) b)

Figure 40. a) Difference between sisbaped patterrm) w (in red) andr) o (in blue)

b) Topology optimization with 35% vol. reduction and sine approximatic

In order to have a first estimate ofetlperformance of the two patterngieliminary
analysis has been permed in Karamba with shell elementés we can see fromable

9 andGraph 1, both patterns have pros and cons. Oaleend)) have a lower average
utilization that means that on average the elements are less loaded, that gives more room
for optimization. On the other hand, higher maximum utilizations U have been registered,
that means that more peaks of stresses are tiegcur, and failure with it.

The same reasoning, but inverted, is validrfar
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Table9. Results of investigation on performances of different shapes patterns with shell

elements
MAX UTILIZATION AVERAGE UTILIZATION

== YR Y Y1 TYQ Y R Y R Y i Ty n
0.1 0.263 0.261 1.01 0.209 0.219 0.95
0.2 0.267 0.262 1.02 0.180 0.196 0.92
0.3 0.272 0.263 1.04 0.159 0.181 0.88
0.4 0.301 0.263 1.14 0.145 0.169 0.86
0.5 0.345 0.263 1.31 0.134 0.161 0.83
0.6 0.388 0.264 1.47 0.125 0.155 0.81
0.7 0.441 0.263 1.68 0.119 0.150 0.79
0.8 0.495 0.264 1.88 0.114 0.147 0.77
0.9 0.551 0.264 2.09 0.109 0.144 0.76
1 0.616 0.263 2.34 0.106 0.143 0.74
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Graph 1. Graphical interpretation of the Utilization for the two patterns

8.4 DEFINITION OF THE GEOMETRY

8.4.1 General Observations

So far, only theuter shape of thetrut has been defined. However, in orlereduce the

use of material a criterion hasbe determined. In this work, a discrpggametrianesh,

made of 1D beam elements has been used to investigate the optimization. It has to be
underlined that although the mesh is parametric, the possible combinations of
distribution of material are ifitlimited. This limitation could have been avoided by
utilizing 3D topology optimization. However, as reported4p [5] the computation of

the solution and the post processing are very expersive consuming and involve the
directintervention @ the designer tonake the final adjusments
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On contrary, using beam elements allows for direct control on the geometry. The only
drawback of such an approach is that we are dealing with 1D elements, lines, to which
only in the FEA a cross section is assigned. Hence, particular attentitob®paid to

ensurecompadibility between the cross section and the actual distance between elements

8.4.2 Parametrization of the Geometry

As discussed in the previous chapter, a parametric geometry made of 1D elements have
been assumed as base geometry ®@ogtimization. Tie choice of the mesh justified

by the observations on the structural performances of this type of mesh highlighted by
[41] in the parametric studies perfoeohonthese geometriegurthermore, this type of

mesh is particularly suitable to achieve a large number of possible designs.

The geometry is obtained by the composition of a parametric base module. This module
is made of 3 elements: a bottom circle, ja ¢ircle, and the inclinedlementFigure41
depicts the procedure to produce the n{éstther details can be found in Appendlix

1. The two cicles are drawn and a segments is gedratereen two alligned points.

2. The top circle, and the reference point with it, is rotated of a given.angle

3. The same procedure is repeated for the desired number of inclined elements

4. Changing the parameters, like the dimensions and angle of rotationles cihe
number of elements and adding a elements running in the other direction, more
complex geometries can be achieved.

The basic modules are then combined to produce the 7m column, so that:

9 The number of inclined elemernitsthe samén all modules

1 The inclined elements of two adjacent modules converge in the same point in the
circles

1 The radius of the circles is scaled according to the paftebridentiefied in
Chapter8.3.

Figure42 depicts some of the geometries that can be achieved with this praltess.
them are possible combinations of the following parameters:

! i andw reference radius anshape amplification factafalredy introduced in
Chapter8.3)

¢ : number of inclined elements

¢ :number of hoops

—-total angle of rotation of the hoops per meter in degrees

E R

For ore information on how the mesh is generated refere to Appéndix
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Figure41. Process used to generate theduleof the mesh
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Figure 42. Exampls of geometries achievable by varying the paramdtarg
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Figure 43. Examples of geometries achievable by varying the paranfetrais
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8.5 OPTIMIZATION ALGORITHM

|||||||||||||||||||||||||||||||||||||||||||

Optimization LOOP |-~ -xmmm e :

global bow
imperfections

2nd order analysis

size optimization g
elements

2nd order analysis

Figure 44. Optimization algorithm
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Figure44 shows the algorithm that has been impdaited in Grasshoppdrhe algorithm
takes as inputthe parameters describ@d Chapter8.4.2 the material properties, the
loading and boundary conditions,generic cross sectiqthe minimum GS has been
useal) to perform a second order analysis.

In this very fist stage if the analysis requires to take into account global imperfections,
initial global bow imperfectios areapplied to the axis of the column to reproduce the
imperfections analysed in ChapiB.

Once the second order analysis is completed the software automatically performs the size
optimization according to the list of-8s fed to the algorithmA final second order

analysis is needed to assess ridistribution of the actiondue to the changes of the
stiffness of the elementMass, displacements, forces, buckling load and utilization of
elements are then retrieve and used to assess whether the constrains of are respected or
not.

These processesare iteratively repeated by the evolutionary solver implemented in
Grasshoppeio converge to the combination of parameters that minimisendke

8.6 SETTINGS FOR THE EVOLUTIONARY SOLVER
Evolutionary solversthanks to their versatility and affinity with ndinear problems are
particularly suitable for structural optimization of structyes.

In order to converge to ¢hgeometry that satisEthe constrains and minimises the mass,
Galapagos, the evolutionary solver already implemented in Grasshopper, has been used.
Due to the elevate computational cost of the analysis the number of individuals per
population has beeregt quite low (5 individuals),except for first population were a

Boost Factor of 3 has been applied in order to have an initial higher range of choice for
the following generationThe convergence conditions depended on the goal of the
analysis. For intenediate analysis time constrains have been used (generatiyr}

while the full convergence has been assumed whéftrtbesvaluewas not changing for

the following 5 generations.

8.7 APPLICATION OF CONSTRAINS

In order to limit the feasible domain of tlogtimization problem, two types of hard
constrains have been used: one on the strength of the structure and one on the
serviceability.

The strength constrain have been already introduced in the Size Optimization chapter. In
order to satisfy the requiremsrof EC3, a limit on the utilization on all the elements has
been set (note thaYrepresents the maximum value of utilization recorded between all
the elements):

T 7Y pdt
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The serviceability of the column has been verified by imposing a limit on the maximu
horizontal displacement at any node, and on the vertical displacement at the tip.

The assumed limits are:
17 — p@a — TXRAQ

which are slightlyless conservativéhan the— and— that are typically assumedrfo

steel structures. This reduction is added in order to take into account that the safety
coefficients for the loads are generally lower in the SLS than for the ULS. Furthermore,
we have to consider that we are still in the preliminary phase disignhence it is not
reasonable to be too strict on the SLS constrains.

8.8 SIZE OPTIMIZATION

Karamba comes to the users with a size optimization component already implemented.
Due totime limitations and the possible computational cost added to the algorithe in t
eventuality of an algorithm developed by the author (the component would probably
result much more optimized and staliled size optimization has been performed with

t he ¢ o m@Ppdimize rCtoss §ectionalreadyimplemented insoftware package
Accordng to the manual43] this componeh performs checks omaxial force, local
buckling, lateral torsional bucklinggending, shear and torsiam accordance with EC3

EN 19931-1.. However,dealing with straight beams discretized in multiple eleméinés
buckling length cannot be computationally estimated correbtiiynce the software
consider as buckling lengthe minimum distance between two nodes with more than 3
elements convergin@inless there is a free end, in that case it is doubldu§ esult in

an inappropriate estimation of the buckling lendpirt still lies on the safe side for the
geometry under analysis, where all the physmainections between the beaare
assumed as bending resistant hade at leasbther 5elements that comrgeinto the
nodes(except for the initial and final elements pas discusseih the following chapter

they will be considered as restrained).

According t o Optingze @Grasse Sextion tcloanpd ne nt perf or m:
verifications cited aboveatatively on a lis of cross sections assigned as inputs. The
algorithm starts with the first cross sect.i
that are set (either utilization or displacements, or both) it moves to the followshgnC

the ist and so on. Hence, to achieve the maximum performance and reduce the usage of
material it is fundamental to calibrate the model correctly. In the calibration process a lot

of effort has been put into the definition of the list of cross sections antthetizfinition

of the limits set for the optimization.

The calibration of the latter was particularly complicate because during the iteration
process the forces are not updated to take into account the different stiffness of the
elements. Hence, ideallgn iterative process that alternates size optimization and
calculation of forces would be needed. However, these processes are some of the
computationally most demanding of the entire model. Hence, the iterative process is not
suitable for an optimizationThe only other option was to set a lower term for the
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estimated final utilization (), so that when the forces of the model with the new
stiffnesses are computed, the utilization is still lower than the limit set by the constrains
of the optimization (D). According to the manual the total optimization is computed as:

¢
¢

0 0
5 0 P

¢
¢

Whereb 0 j and,0 ; are the design valugaking into account also the reduction
due to shear.

As introduced previously another important settingaitieving an optimized column is
the definition of dist of cross sectiong3-S) correctlyorganized This, process can result
not too complicated when dealing with traditionaBGut, it is when theoretically any
shape is available. Since most of thst fgerformed so far on 3D printed material have
been performedircular GS, hollowand solid circular €S have been used.

Figure 45. Constrained vs unconstrained domain

From an optimization point of view, the more freedomef§ to the system the most
optimized the final product would feonvergence to absolute maximidpwever, some
boundaries have to be introduced in order to ensure thatethudt was physically
compdible. An example is the cross section of the eleméredase, where the stresses

are concentred and biggerS3 are needed, but the available space is limited. In order to
take this into account, initially a limit was set to the number of inclined elements
according to the maximum cross section in thierisrder to ensure that soperposition

occus between different elements. However, this resulted too limiting for the
optimization process, thus the constrain was later on deleted and assumed as part of the
postprocessing.
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Figure 46. Detail of the collision between-§ at the base of the column anddelling
of point ofapplication of loads and boundary conditicaisthe top.

In fact, once the final design is knoywt is possible tantervene directlyn the elements

ard assess if they ammpdible or if the compdibility can be achieved by manually
changing theross sectionA final countermeasure could also be substituting part of the

grid mesh with a solid hollow cross section, in order to exploit the shell beihand

stat the grid mesh as soon as the stresses are more suitable for beam elements. This
solution is particularly interesting as it is alsompdible with the traditional ways of
performing the connections with hollow$; but of course would also ensusufficient

strength to an equivalent 3D printed connection.

Figure 47. Traditional pinned connection for a hollow cross sectjdd]

Nevertheless, this is still not achievable in Karamba wherelbée of elements is
limited to only two typegbeams or shell). For such an analysis more comipkeM
software packages are needén addition, such a complex analysis would probably
require an elevate computational cost itgakiking itnot appropria for an optimization
problem.
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Therefore, for this early design stage, the assumptioarapdibility has been removed,

and only visual checks on the final mesh have been performed. Neverthdiegsition

in the dimension of the -S has been set00nmm have been assumed as the limiting
threshold both for architectural appearance emmipaibility. On the other hand quite
some freedom has beefitl®r the internal wall thicknes accordance with the printing
process settings at RamB and MX3D, theaverage bead size is 5mm. Hence, assuming
that the cross sections are created as concentric circles with radii that are multiples of the
bead size the minimum-6 is 10mm and the maximum is 100mm. The same reasoning
hasbeen applied for the determinatiditive possible wall thicknesses. The whitkness
varies fromonewidth bead, 5mm, upo a solid cross section, with steps of 5mm. With
this solution, not only the singular cross sections are certainly printable, but also the
transition between one crossction to the other can be more easily performed.

Figure 48. Detail of the bead thicknef$5]

8.9 BOUNDARY CONDITIONS

Since we are dealing with a thrdenensional mesh, it was not possible to simply restrain
the degrees of freedom according to the structural model identified in ChaptEnr

this reason, additional stiff elements, representing stiff steel plees been added to
theend points of the mesfihe central points of these element have finally been used to
assign load angestrainsand toensure aealistic redistribution of the actionseeFigure

46).

Furthermore, in addition to the actual loHte seKweight of the structure has been added

to the loading conditions. This is not due to the relevancéefdad itself but it is
important to trigger buckling in a given direction and hence allow to assign correctly the
direction of the initial imperfections.
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Figure 49. Direction of g force and initiagjlobal bow imperfectior20 times scaled
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9 ANALYSIS OF CONVERGENCE

Since there is no direct control on the convergence of the analysis, soramglgses
have been performed. The results showed that some geometries were included in the

feasible domain only because the random numdpenerated by the neconvergence of
the analysis were satisfying the constrains.

In order toverify how to detect when these random solutions are erroneously included in
the feasible domair.l0 geometries have been tested. The values of the most relevant
outputof the analysi¢seeFigure50) have been recorded as a function of the compressive

load 0. Here follows the analysis of the resulisither details on geometries ageheral
results can be found in Appemrdil .

Buckling load

manx utilization

utilization of
elements

max vertical displ

shape properties

Increased at
each iteration

P
extemal loa

max horizontal displ.

‘assess element

max actions
affected

Figure 50. Algorithm for the definition of outputs as a function of applied load P
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Figure 51. Plot for the analysis of convergenoe geometry2

Figure51reports the graph that has been used to asestbility of the solutionThe
blackcontinuous line represents the plotofeu ¢ k | i n g (BB)audtpufobttet or o

54



componenti Bu ¢ k | i nigmpleMentce in Karambas a function of load Plhe
dashed lines instead represent the trend of the other outputs (horizontally rescaled for the
comparison).

Despite this component is not meant to analyse imperfect geometries, such as those that
we areunder investigatiomnacorrelation between the stability of the analysis thigBF
has been found. As we can see wheriO p peaks occur.

These peaks amearly a computational spurious behaviour as it is physically impossible
that increasing the vertical load on an imperfect column values like the vertical and
horizontal displacememeach a certain value and then stardlecrease again.

Figure 52. Time lapse of failure of imperfect colufd®]

The ame behaviour was fourfdr the other geometrie§or values opdt 6 'O pd,
spurious peaks in the outputs occurred. Hence, despite no final conclusions can be drawn
it is clear that whenever "@Gs smaller than 1.{that is the maximum value of BF for
which peaks havbeen identifie§l the solution needs to be verified with the procedure
here presented.

It has to be underlined that theoretically it would have been possible to include this check
directly in the algorithm, however this would have almasildal the time required to
find a solution. Thus, it resulted more efficiéotapply the following procedure:

1. Save the solution at the end of every optimization loop

2. Once the optimization process is completeekify the convergence with the
procedure he highlightel

3. Exclude the spuriousolutions

4. Ret r i ev e tshpeu riiboeuwssfionmtbmoshved ones. n
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10SUMMARY OF SETTINGS FOR OPTIMIZATION
PROCESS

10.1 SETTINGS FOR FINITE ELEMENT ANALYSIS

10.1.1 Material

E=100Gpa
0 T
0O —— oPilo®

"Q ouLumO O

10.1.2 Geometry

0 @ waui@

Reference radius: p mdra

Shape amplificationmt @ p

Number of inclined elementp: ¢ p v
Number of hoopsp € oL

Total angle of rotation of the hoops per meted — p 1t J

10.1.3 Analysis

Due to Imitations h the capabilities of the software, only nlimear geometry is
considered.The material is considered linear elastic and the boundary conditions are
independent from the load.

10.1.4 Boundary Conditions

Since the column is inclined and axial symmetic geometry is used it is reasonable to
assume that the column buckles in the direction of the gravity fasseimed as acting
on plane xzwhere the selfveight triggers the buckling of the column. Hence:

Table10Boundary condibn for redesigned geometry

DOF NODE 1 NODE 2
X Fix fix
TY Fix fix
TZ Fix free
RX Fix fix
RY Free free
RZ Fix fix
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PN
Figure 53. Structural model along plane xz

The design load instead is the buckling load of ®C: p w QU

10.2 SETTINGS FOR OPTIMIZATION ALGORITHM

10.2.1 Imperfections

Since no models are available for the design of free form 3D printed steel columns the
imperfections have been assigned in accordance with EC3. A sine shape has been

assigned to the axis df¢ columnwithQ — 1T ®d a

10.2.2 Optimization goal and Constrains

The goal of the optimization process is the identification of the column capable of
withstanding hhe load0d p w QD (strength constrain®™Y p) with reasonable

deformation (seviceability constrains; — p@a — T Y &) and
minimum mass.

10.2.3 Convergence

The evolutionary loop is stopped whenevbe best solution is not updated in the
following 5 generations.

In order to ensure that the solution is sptirious a verification has to be performed by
applying the method described in Chaj@er

57



58



ANALYSIS OF
RESULTS

11 DEFINITION OF THE OPTIMUM SOLUTION FOR s

11.1 SOLUTION OF OPTIMIZATION WITHOUT |MPERFECTIONS

11.1.1 Optimization and Analysis in Karamba

As a firststep, theptimization process has been performed on a geometry without initial
imperfections(NI). Table 10 and Figure 54 depict the geometrical properties of the
geometryfoundthroughthe optimization process.

Tablell. Parametric description of the optimized solution

ED Sm
NI

Figure 54. Optimized geometry
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According to the results of the ndinear analysis performed with Karamba, this structure

has a maximum utilization of the etents’Y @0 v while the vertical and horizontal
displacements stood at 17.20 and 4.16 mm respectively. As we can see these results
respect the boundaries imposed as hard constrains for the optimization process.

11.1.2 Verification of the structural performance

In order to assess the reliability of Karamba the results obtained from the optimization
process have been compared with those obtdimetdan analysis with anore reliable

FEM software: Oasys GSA. The geometry obtained in Rhino has been exported with a
plugin called Geometry Gyrj#7] (available for free for academic use) antgported
directly in GSA.Geometric and materfahon-linearities have been takénto account for

the analygsin GSA

According to the resudtthe maximum vertical and horizontal maximum displacements
are 17.35 and 14.65 mm respectively. As we can see, the vertical displacement is almost
unaltered while the horizontal displacemearis significantly different with respect to the

one identified in Karamba.

Figure 55. 50-times scaled deformed configurations in Karamba (left) and GSA (right)

2 GSA is only capable to modElastoeplastic material
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11.1.3 Assessment of robustness

The sameayeometry has bedested after the application of imperfectiois ( —
T W &) onthe axis. (id: P1_NI_I)

An incremental analysis has been performed in GSA to assess the ultimate load of the
imperfect column.

2.500

2.000

10 20 30 40 50 60
horiz. displ [mnh

——P1 NI_P —8—P1_NL_|

Graph 2. Load factor V$orizontaldisplacement of node 108r perfect an imperfect
shape

Figure 56. Location of the node where displacement is traced (node 108)

As we can see the maximum achievable load is about 60% of the applied load

p w UQU Therefore we can conclude that, despite herfect structure is capable to
withstand the design log@cr=2050 kN) as soon as imperfections are considered, the
structural system is ngtable and hence cannot be considered sufficieoibiyst
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11.2OPTIMIZATION WITH | MPERFECTIONS

11.2.1 Optimization and Analysis in Karamba

The Optimization algorithm has been applied toiratial geometry withglobal axial
imperfectiongGl) already included in the initial geomef{rid: P1_GI_I) The algorithm
converged to a solution with the geometrical properties report€dble 12 andFigure
57.

Tablel2. Parametric description of the Optimized geometry

LD Qm
Gl

Figure 57. NI (left) vsGl(right) optimized geometnyith reference node

As we can see the structure is significantly diffefemin the one identified previously.
The optimization process converged to a solution characterized by higher values of each
parameter, making the mesh much denser.

11.2.2 Verification of geometry optimized with imperfections

Despitenot completely correct from an engineering point of vighe structure is not
axiaksymmetric also in the €S), the structure with initial imperfectns identified with
Karamba have been checked in G&A P1_GI_I)
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KARAMBA GSA

IMP. | Gl Gl
#, 00 16.53 16.54
100 17.69 17.78

As we can see in this case the two Software packages converged to almost the same
solution. Furthermorehe structure results verified under the design load.

In order to investigate the ultimate load of this configuration, an incremental analysis has
been performeth GSA

3.000

2.500 >
2.000

P [KN]

1.500
1.000
500

0
5 10 15 20 25

horiz. displ [mn

Graph 3. Results of incremental analy$ts geometry optimed with global
imperfections

As we can see this structure is capable to withstand the design load with a sad@ty mar
equaltop — p — T 1P

11.3SOLUTION FOR RANDOM | MPERFECTIONS

Despite an optimized solution has been found an observation is necessary. It is not
reasonable to assess the robustness oimperfectstructure under the same clitions

for which the structure has been designed for due to the randomness of imperfections.

Hence, in order to take into account the randomness of imperfectonshe parametric
description of the mesh has been used while the definition of theserctssns has been
performed on a straight column, so that the structure results symmetric.

11.3.1 Verification of structural performances and robustness verification for
modified Gl

The same parametric description of the geometry obtained from the optimizaibesr
with Gl has been used as input for a size optimization. Hence this structure is
characterized by a totally equakshbut differentC-S with respect t®1_GI_|
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The structure with and without imperfectiqick P1_Gl_P_Mand P1_GI_I_Ihas been
testal in GSA.

d2nntsn  d3oo0tion  Deformedshape 9300850 o100 tsolid
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Figure 58. Exploded view of distribution of-8, inclined elements and hoops for
geometry optimized with initial imperfectioigL_GI_1)

2.500
2.000

1.500

P [KN]

1.000

500

5 10 15 20 25 30 35 40 45 50
horiz. displ [mn

P1 GI_P_M P1 Gl M

Graph 4. Results of incremental analysis orogeetry modified, optimized with initial
global imperfections
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450,0E+6 Pa
400,0E+E Pa
350, 0E+6 Pa
300,0E+6 Pa
250, 0E+E Pa
200, 0E+E Pa
150,0E+6 Pa
100,0E+5 Pa
50,00E+E Pa
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Figure 59. Failure modeand correspondingtressesor P1_GI_P_M (left, scale 1:100)
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Graph 5. Summary of results of incremental analyses)for

65



12 DEFINITION OF THE OPTIMUM SOLUTION FOR mm

The same procedure described above have been applied also for geometries with external
shape defined by .

All the results have been summarizediraph 6.

2.500
2.000

1.500

P [KN]

1.000

500

5 10 15 20 25 30 35 40
horiz. displ [mn

—8—P2 N P —&—P2 NI | ——P2 G| | =+=P2 G| P M ==—P2 GI|_|_M

Graph 6. Summary of results for pattern 2.

As we can see, again the structures without imperfections are much stiffer and have higher
ultimate load Between the imperfeggeometries, onlthe geometry with both mesh and

C-S optimized for globamperfectiongP2_GI_1)is sufficiently strong to withstand the
design load.

Figure 60 depicts the failure mode of the columns for the different configurations. As

shown the central Abul bo i snations,twhilethegearings cant |
are highly deformed, and as we know, the higher the deformations, the higher the stresses.

This hypothesis is confirmed by the analysis of the stress distribution repoFigaliia

61. From the pictureve can clearly see thhbth the area of the bulb in compression and

the area next to the supports are particularly stressed.
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P2GILP M P2GILIM

Figure 60. 1:25 deformed shapes failure

Deformation magnification 25,00 Deformation magnification 25,00
e Bream Stress, Yon Mises 1,000E+3 Padaic.cm - Beam Stress, von Mises 1,000E+9 Pajpic.cm
I 400,0E+6 Pa TO0,0E+6 Pa
) . 350,0E+5 Pa . B00,0E+5 Pa
-, 300,0E+5 Pa 500,0E+5 Pa
- 250,0E+5 Pa 400,0E+6 Pa
200,0E+5 Pa 300,0E+6 Pa
150,0E+5 Pa 200,0E+5 Pa
100,0E+5 Pa 100,0E+6 Pa
50,00E+5 Pa 0,0 Pa
0,0 Pa Case L1 LCIO]

Case Al Analysis Case 1(Desc 1L1)

Figure 61. Analysis of stress distribution at failure for P2_ NI_P and P2_NI_|



13COMPARISON OF RESULTS

All the results of the notinear analyss performed on the different models have been
summarized irfGraph 7 andTable13.
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—4—P1 NI_P —@—P1 NI_| —H=—P1 Gl | P1_GI_P_M P1_GI_I_M
—t—P2 NI_P —8—P2 NI_| =¥ P2 Gl _| —6—P2 Gl P M —t—P2 Gl | M

Graph 7. Summary of incremental analyses of all model tested

Table13. Summary of strength performances of different solutisigblighted in red
those that fail under the design load)

P1 P2
imp. opt.® NI Gl GI_M NI Gl GI_M
O g 557 584 607 560 685 609
- P | | P | P | | P |
B 2192 - - 3072 - 2383 - - 2955 -
. 2050 1124 2426 2387 1507 2309 1037 2293 2286 1428
Fo ate BdE] 368 2.02 415 3.93 248 4.12 163 335 3.75 2.34
T T o ! 105 0Bl 124 122 0Nl 11s B8 117 1.17 NSl

3 Imperfectbns sed in the optimization process and eventual modifications
4 Computed vianodal aalysis in GSA
5 LoadFactor
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13.1 ASSESSMENT OF THEOPTIMIZATION LEVEL

Since it is the main goal of this thesis, it @Antime to assess whether this structures are
actually optimized. Despite the structures resulted highly optimizd€ammba, the
limitations of the software to perform accurate analysis led to discrepancies between the
performances used intheoptimipan and t he Areal performances
provided by GSA. It is to be said that this inaccuracy are due to the type of analysis
implemented in Karamba, where only geometric-hiearities can be taken into account.
However, probably this typef analysis has been preferred as material non linearities
increase dramatically the time for the analysis. Consider that, for these types of
geometries, the analysis in Karamba take abel@ Seconds, against thel@ hours for

the one in GSA. Taking thiinto consideration, the speed of Karamba is fundamental
when dealing with optimization problems, where thousands of models have to be
analysed.

On the other handt is to be said that all the structures sized in Grasshopper via Karamba
resulted verifiedn the conditions for which they have been designed for. Only when
imperfections are added to structures designed for a perfect system (all those not in red
in the table), they did not resulted verified.

On the other hand all the structures tested inctivalitions for which they have been
designed performed with about a 20% margin-{)Fexcept for geometry P1_NI_P that
have only 5%, with respect to the minimum strength. Hence, we can conclude that the
structures are still not fully optimized.

As alreadymentioned, the reason for this margin is probably due to the difference in the
type of analysis performed, but also due to the constrain used for the optimization problem
(constrain on U), that do not relate directly to the stresses.

13.2 ASSESSMENT OFSTRENGTH AND EFFICIENCY

13.2.1 Comparison between geometries

As discussed in the previous chapter, the geometries resulted not completely optimized
from the point of view of the load carried. However, it is interesting to verify whether
thesegeometries arat leasefficient.

Looking at the ratio between the critical laad and the design loall it can be clearly

seen that most of the design are not strong entmglkthstand the load ( highlighted in

red). As expected these are all geometries with iifapgons applied on the axis. The

only imperfect geometries that are capable to resist the load are those that have been sized
with imperfections already applig1_I). These geometriesot only are able to resist

the actions with the imperfections, ave ultimate load that is equivalent or higher than
perfect structures. However, this is not completely for free as in order to athémsee
performancesigher quantities of materiare needed.
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Despite this, when looking at the ratio betwéen¥d , that is a factor that express the
efficiency of the usage of material, the load carried per unit of mass, we can clearly gessthat
structures also have the highest efficiencies.

13.2.2 Comparison with a Simple Hollow GS

In order to verify ifthese geometries are actually more efficient that a traditional hollow
cross section, some test have been performed. Circular HollowdliBBsprinted steel

have been designed so that they had the same weight and the same Eulerian load as the
0 of perfect geometries.

The resultf the nonlinear analyses performed on GSA under the same loadidg
boundary conditions, and same level of imperfectmmessummarized iGraph 8 and
Tablel14.

As we can see from the table thétimate load of the columns designed without
imperfections(NI_I) is lower than the CHS column. Hence these columns cannot be
consideredbetter than traditional hollow -S. The process of optimization with initial
imperfectims (Gl), instead, brought to geometries with slightly advantageous bearing
capacity.

Another major advantage is the serviceability of the column. In fact, as we can see from
the graph, all the designed columns result significantly stiffer than the traditiollow
C-S with the same material properties.
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1.400 _ th T, —
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“ e
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o
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0
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P1_NI_I = -CSH 305108 P1 Gl I M = & -CHS 344 10.5
—8—P2 Nl | = m -CHS316 105=&=—P2 G| | M = &= -CHS 337 10.7

Graph 8. Results of Incremental analysis for comparison with traditional holle®sC
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Table14. Comparison of derived geometries and traditional holloassrsections

1.D CHS30510.9 CHS344 10.5 CHS316 10.5 CHS33710.7

REFENCE COLURN PLNIP P1GIPM P2NP P2GIPM
557 607 560 609
305 344 316 337

<00 10.9 10.5 10.5 10.7

s E 2192 3072 2388 2955

R E 1287 1466 1286 1424

ko o7 2.31 2.42 2.30 2.34

Fo wrlo wived? 1.14 0.97 1.24 1.00

13.3COMPARISON WITH ORIGINAL COLUMN

Part of the analysis involves also the comparison with the element in placeigthal
CHS column (OC). For this study, a nlmear analysis on OC with the imperfections
prescribed by EC3 has been performed.

The comparison is performed with the wetase scenario, that meatisat both
geometries araffected byglobal imperfection. The reason for this choice is obvious.
Since the real structure would be affected by imperfections, it is not reasonable to perform
a comparison with a design that is technologically not achievdblece, between all the
structures presented in the yimus chapters, only th@l_| M are considered.
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Graph 9. Incremental analysis for optimised geometries with imperfections and original
column.

6 Column with same Eulerian load and mass
"0 § s the critical load of the solution ttiereference column with imperfections
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Tablel5. Summary of performance of the imperfect geometries

1.D P1_GI_ILM P2_GI_I_LM OC
O . 607 609 554
ko = & 1507 1428 1738
ko ot 248 2.34 3.14
ko oT¥ 077 0.73 0.89

As we can see froreraph 9, thanks to aroung modulughat is more than twice the
Youngmodulus of 3D printed steeDC displaces less than the 3D printed colsnand

hence less stresses are developed. As a consequence, OC is capable to carry higher loads
compared to the geometries thavebeen found.

Furthermore, the element in place l@abwer mass. The combination of strength and

lightness make OC much more efficient than 3k printed columns that have been
developed
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DISCUSSION

14 CONCLUSIONS

14.1 SUMMARY OF THE PROCESS

The basic knowledge needed to approach the world of structural ogtiioni for WAAM

elements has been summarised. The advantages and disadvantages of 3D printed steel
columns have been introduced and further discussed in the analysis. The unit of
compaison used forassessing these advantages and disadvantages was ¢theadtru
optimization of a7 m branch of a dendriform column. In order to evaluate the level of
optimization of the element a mathematical approach, based on identification of the
geometry with the lowest mass, has been used.

In order findthe optimized geonetry an algorithm has been generated. This algorithm
takes as input the parametric geometry its boundary conditions and performs two non
linear analysis: the first to identithe internal forceandperform the size optimization
anda second to computhe actions on the elementis algorithm was integrated with

an evolutionary solver to solve the optimization probland find the parametric
description of theptimized geometrywere the resistangéimit on U) and the stability

of the structurglimit on displacements)

Some initial assumptions have been made to limit the feasible domain of the optimization
problem:Theseassumptions were necessary to take into acenaatnal constrains like:

1 the compatibility of the distribution of the materiah{lt on the size of the cross
sections and minimum spacing

7 the constructability of the connections (definition 9f

71 the computational cost of optimization problems

Due to the complexity and novelty of the topic, some other assumptions had to be made
concerning the shape of the column. Despite, theoretically any shape is achievable thanks
to 3D printing, in orderto perform the structural analysis a mesh made of only 1D
elements was chosen. Hence one of the assumptions was the mesh to be optimized
Another assumption was the external shape. From the literature a solution for a circular
hollow strut has been retvied. As a further analysithis has been compared with a sine
shaped column.

Once theoroblem was fully definedheoptimization algorithm has been applied and the
parametric description of the optimum solution identifiedr this task the evolutionary
solver was usedn order to ensure the stability of the algorithms, displacements, actions
and utilization of elements are plotted as a function of the applied load. The location of
the spurious peaks is then compareithéooutput thé B u ¢ k | i rcgmpdvientoétite
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FEM software to identify a threshold to the solutions that are considered safe from non
convergence (BF>1.1).

Two types of constrains have been uasdhard constrains for the analysinebasedn

resistance (U<1and one based on servicédy, based on displacemerds fractions of
the length.The analysis has been run for 4 different combinatminexternal shapand

levels of imperfection

Imperfection
Pattern NI Gl
pl P1 NI P1 GI
p2 P2 NI P2 Gl

14.2 SUMMARY OF RESULTS

The geometries obtaineffom the optimization processavethen beenanalysed and
comparedwith the element on site and withircular hollow tubes with same
imperfections, materiatritical load and weight According to the resulfsnoving from
Karamba, wher¢he structures resulted very optimized for the constrains s&SH,

where the actual strength properties are tested (geometrical and materiseaon
analysis), the structures resulted still slightly oversized, with about a 20% safety margin
that male the structures not fully optimized:hese behaviours are identified only when
the structures have been tested under their design conditions. In fact, as soon as
imperfections (note th& 1 © &) are addedhe load capacity isreduced of about
50%.

GEOM. P1 NI P1 GIM P2 NI P2 GIM
b wiZlFo wtd | 55% 63% 45% 62%

Comparing the structural performances of the optimized geometries with circular hollow
3D printed tubes #h same imperfectionand critical load the results varied depending

on the condition under which the structures had been optimi¢kedn no imperfections

were added in the optimization process the geometries resulted weaker than the normal
tubes. When Gl were addedhsteadthe resulting geometr§GIl_M) performed equally

or better(3% of additional load bearing capacititan the tubes.

Contrarily, when the geometries are compared to the original column, made of traditional
steel and produced according the traditional processé€snperfections according to
EC3), thegeometries resulted 14% and 17% weakerfoandr) respectively.

Considering the results of the two comparisons, we can concludeutidgr the
conditions studied in this thesiad the actual state of the technoldgsg, reduced Young
modulus and the higher level of imperfections, make 3D printed steel elements not
suitable for improving the structural performance of steel catumn

8 Ultimate load of imperfect geometdjvided by ultimate load of perfect geometry
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15 ANSWERS TO THE RESEARCH QUESTIONS

1 How would anoptimized 3D printed column look like?

Figure 62. Optimized 3D printed geomeds

According toshapesmesh, boundary conditions, design load and hard constrains set for
the analyses the appearance of column is the ongedpofFigure62. The sineshaped

one weights about 607 kg and has a radiud36mm in the centre. The other one has a
mass of 609 kg and #)0mm thick in the centr@Il_M geometries)

1 Isit already possible to achieve betterfprmances with 3D printing?

Although general conclusion cannot be drawn, according to the results obtained from the
case study, thanks to a higher Young modulus and lower imperfections traditional steel
elements should still be preferred for structupleations.

16 FINAL REMARKS AND FUTURE RESEARCH

As highlighted in the conclusions the Young modulus is the key element for the design
and optimization of structural elements. Further research is needed to reduce the
uncertainties related to its value. thermore, the material shows highly anisotropic
behaviours depending on the printing direction and g6di¢48]the designer should be
conscious and take into account the differences in properties ageoodihe printing
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direction. Hence, specific knowledge and familiarity with the printing process would be
required to engineers to correctly predict the toolpath and hence the material properties.

However this may not beompdible tothe computational & of optimization problems,
where the structural analysis neéd be performed iteratively. This rises the following
research questions:

1 Is it possible to solve theptimizationproblem taking into account the printing
process?

1 Is it actually worth it ® include it in the optimization process or the assumption
of a unique Young modulus, depending on the general printing direction is
sufficient?

Finally, some observations need to d@neon the assumption of the imperfections of
WAAM elements. As highligted in this thesis the imperfections play a significant role

in the design and optimization of the structural elements. In this thesis the imperfections
have been modelled in accordance with the EC3,ishadt meant to 3D printed steel
structuresAs highlighted byvan Boldererj3] the imperfections of 3D printed elements

are mainly associated to misalignment in the deposition of one layer onto the other, than
due to general crookedness of the structural elements. Hence the following research
question:

1 Are the procedures suggestetiD3 suitablé¢o ensure a correct modelling of 3D
printed structures?
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APPENDICES

I. DENDRIFORM STRUCTURES

As highlighted by the namtself, dendriform structures, also called branching structures,
are characterized by a trBke structure. From a technical point of view there is not a
unique definition what actually a dendriform structure is, however according to
Architecture Technolgy and Innovation Laboratory (2014 could be defined as:

A flat or spatial structural systems which
forks out at a specific point (knot) into at least two other branches. Such structures can
be subjected 0 t ensi on, to compression, to flexior

Despite this generic observation, dendriform structures are designed to avoid bending

moments and work mainly in compression. It has to be underlined, that this behaviour is

the result of a structuraptimization based on a specific loading condition. Therefore,

the designer has to be conscious that additional load cases would lead to undesired
bending moments, and the structure has to be ready to withstand also these additional
stresses.

Figure 63. Tree principlg49]

The main idea behind the use of such structures is to reduce the lever arm of loads,
collecting them at the application point, and transferring them through the branches to the
main trunk. The main advantages of these structural systentisat the superstructure is
continuously supported, and therefore the roof requests smaller supports, but at the same
time the footprint at the basement level is limited and concentred in a single location. In
other words, lighter roofs, higher spansl amaller footprint[50]
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DEFINITION OF THE GEOMETRY

Morphology

As we already know in nature trees are not geometrically perfect but are affected to a
certainlevel or randomness. However, from a structural point of view randomness is not
acceptable as is associated to unpredictability. Therefore, some numerical parameters
have to be defined in order to describe mathematically this sort of randomness. Self
similar fractal geometry is usually exploited in these cases.

Fractals are formed by the repetition of an original shape through a geometric
transformation, and then repeating this process iteratively in the next steps for infinite
times.[50]

Figure 64. Examples of fractal geometrifs9]

Fractals are made so that the same pattern or geometry can be iteratively repeated
indefinitely at different scales, to form an infinitely complex structure. However aifee

made so that their behaviour can be described by an algorithm. This last property is
fundamental, as computers have been built for the porpoise of solving complex
algorithms. It is therefore understandable the decision to exploit the fractal getonetry
design structures.

An interesting example on how to describe the fractal behaviour has been proposed by
Barnsley[51]. The theory is based on a geometrical transformation of the initial geometry
through a simple mathematical operator that scales, rotates and shifts the initial geometry.
The 2dimensional form is the following.

Feug o <Al 2] [ ) [ (0

In order to maintain the initiglroportions of the system the scale have to be created so
that B 1 p
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Figure 65. Examples of fractal transformatiofis0]

Patterns

It is evident that infinite geometries can be obtained through the geometrical
transformation proposed here above. Hence it is useful to have an overview of some
possible combinations of number of elements, dimensions and lengthstbatayaplied

in the practice. These patterns are particularly useful as given the geometry the element
needs to support, a possible geometry is already suggested.
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Figure 66. Examples of geometrical patterns and geometrical sef#g]

DESIGN TooOLS

When compters were still not available, there were few methods available for designing
this type of structures. Otto Frei and Antonio Gaudi explored the combination of physical
models and graphic statics.
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Figure 67. Otto Frei's model ér treelike structureq449], [52]

Nowadays, the principle has remained the same. Graphic statics variations, usually in
combination with more advanced computational techniques, are utilized for the analysis
of dendriform structures. Advanced graphic staffl3y and 3D graphic statid$4] are

good examples of this practice. The advantage of this techniques is that being graphical
methods can be easily implemented into numericarigtgos for parametric design.

Figure 68. In the left: corputer aided graphic static for the design of a market roof; in
the right: convex polyhedral force diagrams for the determination of internal forces.

RECENT STRUCTURAL APPLICATIONS

Before the introduction of fractals, architects were already experimentindreelike
structures. One of the very first examples of actual dendriform architecture is the Art
Nouveau of the beginning of $@entury. One of the most relevant examples of such an
architecture is the interior terrace of the Grand Palais in Baitian 1900.[52]
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Almost in the same years in Spain Gaudi was experimenting thékiegallars for the
Sagrada Familia.
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Figure 70. Detail of the dendriform pillars in the Sagrada Familia and physica
model for the degn of the church57]

Thanks to the spread of computers, in the last few decades the use of these structures has
grown more and mor¢52], [58] Just to cite few examples of existing structures:

9 1991: Stuttgart Airport Terminal, Germany
1 1992: Palaice de Justice, Melun, France.

1 1994: Therme Bad Oeynhausen, Germany.
1 1996: Oriente Station, Lisbon, Spain.

1 2000: Beaverton Library, Oregon, USA

1 2013: Tote Restaurant, Mumbai, India.

Therme Bad Oeynhausen (1994)

StuttartAlrort Terminal (1991 Palalce de Justlce 1992

Oriente Station (1) Beaverton lerary (2000) Tote Restaurant (2013)
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Looking at the pictures, it is clear hovariable dendriform structures can be, both in
terms of materials and geometries.
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II. GENERATION OF THE MESH

I.  Summary of Parameters andConditions
Parameters:

! i anda reference radius anshape amplification factoalredy introduced in
Chapter8.3)

1 € :the number of inclined elements

1 € :number of hoops

1 —total angle of rotation of the hoops per métedegrees

Conditions:

9 The number of inclined elements is the same in all modules

1 The inclined elements of two adjacent modules converge in the same point in the
circles

{ The radius of the circles is scaled according to the pattebidentiefied in
Chapter8.3.
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ii. Generation Procedure

1) Draw two circles spaced according=tqand connectwo alignedpointswith a
segment

- :

Frent |+ Right |+

[, L,

2) Scale circles according to R(x)

Top |» Perspective [+

a L
Front | Right |«

[ L,
Yo 1 ono & coordinate alonthe axis

3) Rotate point along the circumference of an angle

Examplefor 1 U0 J

Top v Perspective \d

L .
Front | Right |+

[ [,
Note that— | TQ w ‘Q qalistance between circles
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4) Repeat the same proceduretimes, with equispaced points

Example fok ¢

Top v Perspective |»
z

Q

o

Front |+ Right |+

Lo " L\/

Example foe v

Top |+ Perspective |v

Front [» Right |+

AV N j W

5) Apply the same procedure with »
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6)
6.1

Top =

6.2

Top |~

Apply same procedure for multiple elements
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III.

Here below the complete results of twmvergencanalysis.

Full plot of BF as a function of applied load for th@ geometries analysed.

FULL RESULTS TEST ON CONVERGENCE

Geometries tested for Convergence Analysi

Table16. Parametric description of the geometries that have been tested

> + " "1 P

0 0.6 5 33 46
50 0.6 5 28 35
100 0.2 4 31 53
150 0.1 5 35 52
200 0.1 12 35 29

0 0.8 9 35 11
50 0.6 5 30 33
100 1.3 8 30 15
150 14 2 24 12
200 1.7 1 6 64

2550/ e
25001 —_— 3 2450/
2450 : 2460
Sy,
2400[; — i 2350}
= 23501 Z 2300
= )
o’ 2300 & 2250
22501 it
2200 15Dl
2150 it
2100 L L 1 | L i 2050 L L L L i L
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
BF(P) BF(P)
2550 é\ T 2550
500 ; ; 2500
e —
—
2450 2450
—— S Py
2400 2400
= 2350 = 2350}
Zz Zz
= =
o 2300 o 2300
2250 2250
2200 2200
2150 2150
2100 2100
i i i i i i ; i i
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
BF(P) BF(P)
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2550 ——é

2500

2450~ ‘?5

2400 %

2350 -

P [kN]

2300

2250

2200

2150~

2100~

02 03 04 0.5

2500(

2450

25501 %

24001

23501

P [kN]

2300

2250}

2200

21501

2100

01 02 023 04 05

06 07 08 09
BF(P)

2550 _%

2500 T ——

2450

2400

23501

P [kN]

2300

2250}

2200

2150

21001

01 02 03 04 05 06 07 08 09
BF(P)

2600

2550 -

2500 -

2450 -

2400
z
= 2350~
o
2300
2250
2200-

2150-

01 02 03 04 05

06 07 08 09
BF(P)

25501

2500}

2450

24001
= 2350}
Zz
=
o 2300

2250+

2200

2150

2100

i i L i I i
01 02 03 04 05 06 07 08 09
BF(P)

10.

2600 —_——

2550

2450

2500 é

= 2400

Zz

X,

o 2350
2300+
2250
2200

2150+

0.6 0.8
BF(P)
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results of the notinear analysis.

Graphs for theompaison of the peaks of the estimated buckling load and the other scaled

max utilization
max horiz displ
max vert displ
max Ne

max Me

— estimated buckling load (kN)

2350

2300

23001~

2250
2250
= S = 2200
= Bean¥ =
e o a
2200|- i
Vil 2150
i S 1
\%4 1!
2150 i
2100 i
o
2100 b H
] 2050 - i
1 L 1 L] K 1 L L 3 1 1
065 07 075 08 08 09 0985 1 105 065 07 075 08 08 09 095 1 105
BF(P) BF(P)
2350 e
2300
2250 J i
z z
B, &,
o o
2200(- 3
AW
% i
N i
2150} o
E]
2100 u
i i i i i i
03 04 05 06 07 08 09 1 08 09 095 1 105
BF(P) BF(P)
z T z
= H =
o s b o B
2200 BN i 2200~ H
8 1 4
5k [
| $
2150 i 2150~ ! 8
i : 4
21001 A 2100
L H i i L i L
0 0.2 0.4 0.8 1 065 07 075 08 08 09 085 1 105
BF(P) BF(P)
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2250577~
z z
=A 2,
o o
2200~
2150- 1
2100 i
i i i i H H H
06 07 08 09 06 065 07 075 08 08 09 08 1 105
BF(P) BF(P)
= = T
2350, b2 A ——— e 2
2300 1
oy
z z
=A 2,
o 1 o
2200, LBt
]
2150
| ‘-.
2100 : : i
i i i i i i i i !
04 05 06 07 08 09 1 0 02 0.4 06 08 1
BF(P) BF(P)
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Algorithm for Convergence Analysis

shape properties

global bow
imperfections

2nd order utilization of

Analysis elements

local bow
imperfections

assess element
affected

Increased at
each iteration

Buckling load

max utilization

max vertical displ.

max horizantal displ.

max actions
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IV. DISTRIBUTION OF

CROSS SECTIONS
OPTIMIZED GEOMETRY P1 Gl |

FOR

d:40.0t:10.0

d:30.0t: solid

d:30.01:10.0

d:30.0t:5.0

d:20.0t: solid

d:20.0t:5.0

IIRONED

d:10.0t: solid

Back

Front

.....

it

Bottom

Top
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