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"The question of whether computers can think is like the question of whether submarines can 

swim." 

Edsger W. Dijkstra 



EINDHOVEN UNIVERYSITY OF TECHNOLOGY 

Abstract 
Architecture, Building and Planning 

Structural Design 

door Bas Wijnbeid 

The objective of this thesis research is to develop a tooi which supports architects and engineers 

during the design process by finding the optima! layout of truss facade structures for high-rise. 

The developed tooi serves the design process in two ways; evaluate a single structure and an 

optimization method based on evolution theory. The program consists of three important parts: 

ge01netry generation , estimation of section sizes and the optimization algorithm. 

The first experimental program, focused on the overall process. Therefore, the complexity of the 

indivudual parts is kept as low as possible. The developed geometry generation method based 

on straight lines had serious problems describing 'freeform geometry', especially because each 

line segment is treated as a separate part of the facade. An increase of the number of lines 

segments, therefore, results in a decrease of the number of possible solution, reducing the search 

space of the optimiza.tion algorithm. The new generation method solves this by treating all line 

segments as one facade and differentiating the facade according to the generation variables of 

every solution. 

The first proposed stiffness based section estimation method is developed to deliver the most 

accurate estimation of the minimal needed section sizes. Due to the multi sensitivity analysis, 

however , this method is computationally very heavy resulting in long runtime. For the second 

program, an algorithm is chosen with increased speed while maintaining enough accuracy. This 

algorithm works by evenly increasing the size of the sections gained from the strength based 

section estimation, until all deformation constraints are satisfied. 

The used optimization algorithm is based on the Harmony Search Algorithm, this algorithm is 

camparabie to a genetic algorithm, but without ranking of the population. The steel weight 

and number of nocles are combined by a weight factor, resulting in one value which defines the 

quality of a structure. The resulting salution is highly depending on the weight factor, which 

is generally unknown during the design phase. For the second program it's therefore chosen to 

remove the need for this value and find the 'Pareto Op ti mal Set', this are all solutions which are 

optima! for a certain weight factor. This is obtained by running an optimization with multiple 

populations, each with their own weight factor. 

The problem with this tooi, and this type of tools in genera!, is the ability to handle exceptions 

in the geometry and the integration of the architectmal and structural concept. These tools, 

therefore, generally require some project based programming. 



EINDHOVEN UNIVERYSITY OF TECHNOLOGY 

Samenvatting 
Architecture, Building and Planning 

Structural Design 

door Bas Wijnbeid 

De doelstelling van deze afstudeeropdracht is het ontwikkelen van een programma dat de architect 

of ingenieur ondersteunt bij het ontwerpen van een vakwerkgevelbuisconstructie voor hoogbouw. 

Het ontwikkelde programma biedt hiervoor twee opties; een methode voor snelle evaluatie van een 

enkele constructie en een optimalisatie methode gebaseerd op de evolutieleer. Het programma 

bestaat uit drie belangrijke onderdelen: geometrie generatie, berekenen van minimaal benodigde 

profielgroottes en het optimalisatie algoritme. 

Als eerste is een experimenteel programma ontwikkeld, waarbij de nadruk ligt op de werking van 

het totale proces en de verschillende onderdelen eenvoudig zijn gehouden. Het geometrie gener

atie proces kent hierdoor serieuze beperkingen voor het beschrijven van ' freeform' architectuur. 

De methode is gebaseerd op rechte lijnstukken en ieder lijnstuk wordt gezien als een apart deel 

van de gevel. Als de geometrie met kleine lijnstukken beschreven wordt zal het aantal mogelijke 

oplossingen afnemen. De nieuwe geometrie generatie methode biedt hiervoor de oplossing, door 

de verschillende lijnstukken als één geveldeel te zien. 

Het berekenen van de minimaal benodigde profielgroottes is in eerste instantie uitgevoerd door 

een gevoeligheidsanalyse uit te voeren. De nauwkeurigheid van deze methode is hoog, maar 

zij is ook erg traag. Voor het tweede programma zijn daarom meerdere methodes vergeleken 

op nauwkeurigheid en snelheid. Hier is uitgekomen dat het lineair vergroten van de profielen 

gedimensioneerd op sterkte, totdat aan de vervormingseisen is voldaan, de beste methode is om 

het minimale constructiegewicht te schatten. 

Het gebruikte optimalisatie algoritme is gebaseerd op een Harmony Search Algoritme, verge

lijkbaar met een genetisch algoritme, maar zonder 'ranking' van de populatie. Met behulp van 

een weegfactor zijn het staalgewicht en het aantal knopen gecombineerd tot een waarde die de 

kwaliteit van de constructie bepaalt. De oplossing hangt hierdoor sterk af van de weegfactor , welk 

vaak onbekend is vroeg in het ontwerpproces. Voor het tweede programma is daarom gekozen 

om met behulp van meerdere populaties met verschillende weegfactoren de 'Pareto Optima! Set' 

te bepalen. Dit zijn alle optimale oplossingen voor een bepaalde weegfactor. 

Het grootste probleem met dit soort programma's is het omgaan met uitzonderingen in de 

geometrie en de integratie van het architectonische of constructieve concept. Dit leidt ertoe dat 

er voor elk project apart een deel geprogrammeerd moet worden . 



Preface 

This thesis is the result of one year of motivated workon a subject, which was beforehand mostly 

unknown to me. My interest in parametrie design was created duringa visit at architectmal office 

ONL in Rotterdam. As a result I joined the course 'IT in design and construction' foliowed by a 

half-year trainee at ONL. During this period my perspective changed from a general structural 

engineer in the direction of a programmer and designer. Due to the fast design cycle, a couple 

of tools were developed to partly automate the model generation process, leaving more time for 

structural analysis and design. 

My passion became the development of tools which support the architect orengineer during the 

design process. This, the interests in high-rise structures and freeform geometries resulted in 

the topic of this graduation project; a tooi for designing and optimizing freeform high-rise truss 

facade structures. 

A literature study on structural optimization and artificial intelligence followed, to become more 

familiar with these two new topics. A summary of the literature study is included in this thesis 

(Chapter 'Background theory'). 

The real work started with an experimental optimization program. This program uses artificial 

intelligence techniques to find the optima! layout of truss facades in high-rise structures. Due 

to the limited experience in programming, the separate parts were kept simple to reduce the 

complexity of the complete program. After showing the attainability, new and better algorithms 

were developed. As a result, the final program is better able to describe freeform structures and 

has a modified optimization algorithm. 

Due to the experimental nature of this project and the limited experience on the different topics, 

it was unclear what the final results of this thesis would be. I'm therefore more then satisfied 

with the results which surpassed my initia! thought. 

This thesis project wouldn't have been possible with the support of my graduation committee. 

Furthermore I would like to thank Arup Amsterdam for the opportunity they gave me to pa.rtially 

execute my graduation project at their office. 
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Introduetion 

This thesis is about structural optimization, evolutionary computa.tion and truss facade high-rise 

structures. These three disciplines are combined in the development of a tooi for fast evaluation 

and optimization of freeform high-rise buildings with truss facade structures. 

Structural optimization is a fast growing engineering specialization, especially in the automotive 

industry where it became a standard practice. These tools generally aim at finding the most eco

nomical solution, by reducing material without compromising strength and stiffness. In building 

practice soap-film and force-density methods are used to find optima! shapes for shell structures. 

FIGURE 1: Topology optimization example [http: j j www.topologicasolutions.com] 

Evolutionary computation is a field of artificial intelligence, aimed at creating intelligent, self

thinking and learning artifacts. These techniques are generally used to solve complex problems 

which are considered unsolvable with classic mathematics. The developed algorithms are compa

rable to random search, but instead of searching completely random, it uses a special algorithm 

to crea.te new solutions based on the current knowledge and some random properties. One of 

those algorithms is the Genetic Algorithm which generates new solutions based on survival of 

the fittest of species. 

Truss facade structures are structural systems which resist both vertical and horizontal loads 

applied to high-rise structures. Two different truss facade structures can be specified: with 

and without vertical columns. Especially the facade structures without vetical columns( diagrid) 

became more popular during the last decade, because of it's esthetic quality. Examples are the 

SwissRe 30th St. Mary Building (London) and the Hearst Building (New York). 

Motivation The motivation for this subject is my personal interest in modernization of the 

design process. With the current state of computer knowledge and power, the building industry 

1 
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FIGURE 2: High-rise with truss fa.cade systems: CCTV Tower, Gua.ngzhou TV-tower, 30th St. 
Ma.ry a.nd Ha.ncock Tower 

should be a.ble to increase the qualities of there design like automotive industry did during the 

last decades. 

Another motivation is the interest in high-rise and complex geometries (freeform structures). 

Objective The objective of this graduation project is to develop a tooi which supports the 

architect and engineer by finding the optimallayout of truss facade structure in 'freeform' high

rise buildings. 

Methodology A literature study is executed to become more familiar with structural opti

mization and evolutionary computation. After this study a basic version of the algorithm is 

developed and programmeel to check the feasibility of creating a high-rise truss facade optimiza

tion tooi for this master thesis. Based on the experience from this tooi an improved tooi is 

developed. 

Scope of this thesis The scope of this thesis is to develop an optimization methad for freeform 

high-rise structures, focused on structural aspects. Next to optimization it should also be able 

to generate solutions which can be an alternative to general designs. 

This methad should be translated into a computer program, which can be used to test the 

developed method. 

Relevanee Theseparate topics of this thesis (structural optimization, evolutionary computa

tion, high-rise) are already researched for many years, but the combination of these topics and 

their application in building practice is only limitedly researched. 

On the other hand, high-rise structures are becoming more popular and the interest in optimiza

tion techniques by dient, architects and engineers is increasing. 

Document Guide This report starts with an introduetion in structural optimization, evo

lutionary computation and curves. The section about structural optimization (Section 1.1) 

discusses three different categories of structural optimization: size, shape and topology opti

mization. The section about evolutionary computation (Section 1.3) gives and introduetion in 
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evolutionary algorithms, a short overview of the most important algorithms and an introduetion 

to multi-disciplinary optimization. In the final section (Section 1.4) the theory behind curves for 

computer graphics, which are generally used to model freeform structures, are discussed . 

The next Chapter discusses recent research on truss facade structures and optimization of multi

storey braeed frames. 

The third Chapter discusses the first developed experimental algorithm and computer program. 

It consecutively discusses the generation parameters and method, the optimization algorithm and 

the results. The conclusions and remarks on this algorithm are used during the development of 

the second algorithm. 

The final Chapter discusses the improved optimization program. 

The document ends with concl usions and recommendation for further research . 



Chapter 1 

Background Theory 

This chapter introduces a number of topics, which are generally unknown to structural engineers, 

but important to understand this research project . 

The first sectionis an introduetion to structural optimization and the two following sections each 

discuss one important research area of structural optimization: 'Geometry Parametrization' and 

'Optimization Algorithms'. 

The section about curves, discusses two different methods for describing or approximating curves: 

interpolation and subdivision. In the final developed program, a subdivision method is used. 

The interpolation methods (e.g. NURBS), which are generally used for describing curves are 

added for completeness. 

1.1 Introduetion to Structural Optimization 

Structural optimization includes all optimization problems that require a structural analysis 

within the calculation of the objective function or constraints. In general the optimization 

problem can be stated as [37]: 

Minimize F(x) 

Subject to G(x) < 0 

Subject to H(x) = 0 

Where F(x) is the objective function and G(x) and H(x) are the constraints. x can for example 

be a design of a truss, F(x) the weight of the truss, G(x) the deformation constraints and H(x) 

the strength constraint. 

5 



6 Chapter .1 Background Tbeory 

There are eight main research topics on structural optimization[37]: 

L Geometry parameterizations 

2. Approximation methods 

3. Optimization algorithms 

4. Integra.tion with non-structural aspects 

5. CAD j FEA integration 

6. Structural optimization in manufacturing process 

7. Composite material design 

8. Bio-mechanica.! product design 

Two topics are further discussed in the next two Sections: 'Geometry parameterization' (Sec

tion 1.2) and 'Optimization algorithms' (Section 1.3) . 

Geometry parameterization changes the geometry (x) to find the optima! solution. The definition 

of x defines the possible changes to the geometry, three categories are defined : 

L Size optimization: The geometry is defined by a set of predefined variables which are 

changed to find the optima! values. The shape doesn't change, but only the dimensions. 

Another common size optimization problem is the sea.rch of optima! section properties for 

a discrete finite element model. 

2. Shape optimization: Shape optimization has more freedom in changing the geometry. It 

generally changes the boundaries of a section or the curvature of a roof geometry. 

3. Topology optimization: Topology optimization has the most freedom and defines the con

neetion between structural components. 

There are two different types of optimization algorithms: 

L Gradient based: Optimization by analyzing the gradient (first derivative) of the objective 

function. 

2. Metaheuristic based: Optimization methods that partly rely on experimental and trail

and-error techniques. 

Gradient based optimization methods are only suited for concave objective function, otherwise 

it will optimize to a local optimum. The metaheuristic methods generally designed based on 

natura! phenomena and do not have theses limitation due to their semi-random search. These 

metaheuristic algorithms are further discussed in Section 1.3. 
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1.1.1 U ses of optimization 

Structural optimization is a fast growing engineering specialization in many industries [37]. This 

is the results of the widespread availability of cheap high-performance personal computers and 

modern FEA-software1
. Due to these technologies, the number of design iterations can be 

increased, in theory resulting in better designs. 

Structural optimization can be a very powerful tooi during the design process, but the ex

pecta.tions of these techniques are sometimes too high. First, one can say that the results of 

optimization techniques are never optima!. Just like a finite element model, an optimization 

model is never the exact representation of the real structure. During the coding of an optimiza

tion method, a lot of assumptions and simplifications are made. The user should, therefore, 

always remember tha.t he's optimizing based on assumptions and simplifications and the result 

will differ from the real world optima.!. It could, however, be expected tha.t a. properly executed 

optimiza.tion, returns a. more optima.! result tha.n ma.nua.lly a.chieva.ble within the sa.me time limit. 

Next to this problem, it will be very unlikely that a metaheuristic optimiza.tion a.!gorithm wil! 

find the optima.! values for a.n optimiza.tion problem. This results in termina.tion conditions based 

on convergence, but in complica.ted search spaces the algorithm can easily converge to sub (local) 

optima. 

Another problem is the long computation time of metaheuristic optimization techniques. Due 

to the limited time available in a building design process, mostly gra.dient based optimization 

methods are used. These are also called local optimiza.tion method sirree they generally return 

local optima2 . 

Optimization methods can also be used as conceptual design too]s. Like the design of the 

'Bone Chair' by Joris Laarman [http:/ jwww.jorislaarman.com], which is designed by a simple 

evolutionary optimiza.tion algorithm within a continuous 3D search space. 

FIGURE 1.1: Bonechair [www.jorislaarman.com] 

1 FEA = Fini te Element Analysis 
2 Local optima.: suboptima.l solution which qua.lity depends on the initia.! value 
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1.2 Geometry parametrization 

1.2.1 Size optimization 

Si ze optimization is the easiest of the three optimization problems and is pretty well understood. 

A wide range of literature about size optimization is available, but it's generally researched in 

combination with another optimization technique: shape or topology optimization. 

Most researches include both local and global constraints. Local constraints include stress limits, 

element buckling and element deformations. Global constraints include maximum allowed node 

displacements (for high-rise: inter storey and top storey drift) and dynamic aspects. 

The local constraints are easier to sufRee than global constraints, because it's widely known how 

every variabie inftuences the local constraints. However, when sufficing the global constraints, 

it's hard to identify which and how every variabie inftuences the global constraints. This makes 

the problem unsolvable in a classica! mathematica! way. This results in most researchers using 

metaheuristic algorithms to solve the optimization problems. 

Practice One well known building which shows the strength of a size optimization algorithm 

is the WaterCube National Aquatics Centre in Beijing [PTW, Arup]. The building design is 

based on the natural formation of soup bubbles. 

The challenge of the design was to minimize the steel weight of the structure, especially the 

roof. The design problem consisted of approximately 12,000 nodes, 22,000 elements, 55 basic 

load cases and 200 combinations. The strength of every element was checked at 5 positions with 

13 different equations derived from the Chinese Structural Code [1]. 

An iterative optimization method was used for this optimization; each iteration consumed about 

1 hourand the complete optimization processtook about 25 iterations [1] . 

. . . 
• . 

FIGURE 1.2: Optimization model of The Water Cube in Strand7. [Arup] 

The used optimization method can be categorized as a loca.l search algorithm. Searching for the 

global optimum with artificial intelligence techniques like genetic algorithms(GA) would be a 
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mistake. When we consider 10 different cross-section possibilities for every member, the search 

space equals 1022000 , which makes it very unlikely that a GA will find a (near) optima! solution. 

Example To become more familiar with the subject, a smal! experiment in size optimization 

is executed. 

The example is based on the problem of optima) cross-section distribution of a high-rise tower 

for satisfying the maximum horizontal drift constraint. The example is simplified as a single 

cantilevering beam split in 10 parts. Each part has a different cross-section. The maximum 

allowed horizontal top drift equals 0.2m, the optimization value is the total value of A ·l· p (mass 

of the beam). 

1000 kN 

10 

I 9 

8 

7 

6 
lOOm 

4 

1 
FIGURE 1.3: Simplified high-rise analysis model with 10 different cross sections over the height 

The optimization problem is solveel by iteratively increasing the cross-section sizes of the part 

with the highest influence until the maximum allowed horizontal top drift is reached(see List

ing 1.1). The influence of every part is calculated with Equation 1.1. The inclusion of the 

stiffness increase (Equation 1.2) and length results in the final equation for ca.lculating the in

fluence (Equation 1.3). 

1. Start with a small cross-sectien for every part of the beam. (i.e. I 0. lm4) 

2. Increase sectien sizes until all constraints are satisfied 

-Do until all constraints are satisfied (i.e. utop < 0.2m) 

- Calculate the deformations and influences. 

-Rank all elements according totheir influence on the constraints (Gi,top). 

- Increase the cross-sectien size of the element which has the highest rank. 

- Loop 

LISTING 1.1: lnfluence adjustment 

J Ji,top A 
i,top = ~ · old 

new 

(1.1) 

(1.2) 
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G. _ Ji,top - htop 
· ) i , top 

) i ,top - !". ... ,. "old 
(1.3) ,,top-

li l i 

The results of the optimization are shown in Table 1.1. 

Ui,top )i,top Ji,top(%) ·htop Gi,topP0
6

) I· l 

1 0.00203 0.03790 19.0% 0.0379 3.3362 113.5 
2 0.00804 0.03390 17.0% 0.0339 3.3335 101.6 
3 0.01805 0.02994 15.0% 0.0299 3.3377 89.6 
4 0.03205 0.02594 13.0% 0.0259 3.3347 77.7 
5 0.05004 0.02195 11.0% 0.0219 3.3311 65 .8 
6 0.07202 0.01796 9.0% 0.0179 3.3266 53.9 
7 0.09799 0.01398 7.0% 0.0140 3.3215 42 
8 0.12797 0.01002 5.0% 0.0100 3.3177 30.1 
9 0.16195 0.00607 3.0% 0.0060 3.2998 18.3 
10 0.19998 0.00230 1.2% 0.0023 3.2863 6.9 

Tot al 1.9998 100% 599.4 

TABLE 1.1: Size optimization results for single beam split into 10 equal parts 

1.2.2 Shape Optimization 

In shape optimization, the node coordinates are the only design variables. One common research 

problem of shape optimization is to find the optima! design of a 2d truss. This design problem 

can be modeled with either 1D elements (discrete model) or 2D elements ( continuurn model) . In 

Figure 1.4, a beam with 2 rectangular holes is shown. The outer perimeter is fixed to the current 

shape. When optimizing this shape the elements are deformed by moving node coordinates, in 

this case the rectangular holes are shaped more circular. 

FIGURE 1.4: Continuurn shape optimization model. 

Practice One successful example of shape optimization is the design of a satellite boom which is 

optimized on vibrations properties [21]. There are three methods of controlling vibrations: apply 

damping material, active vibration control and passive vibration controL The first method adds 

weight, which increases the cost to deploy the satellite. The second method was too expensive 

and complex. The third metbod only changes the geometry of the structure and is the preferred 

method. 
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Although the average frequency energy level is improved over 20000%, the research [21] stated 

that the optimum is not found. This is generally the case for any genetic algorithm, which 

was used for this optimization problem. The original and optimized 2d-geometry are shown in 

Figure 1.5. 

" ~ 2 

' d 

i ~-*--~-~~~~~~~~~--~~ 

i\ coordinu. t..c f ra. ~ 

x c~rd l n.,r:tt (m) 

FIGURE 1.5: Shape optimization of 2D satellite boom [21] 

1.2.3 Topology optimization 

Topology has a coup ie of definitions. The mathematica! description is the following [4]: 

Topology The mathematica! study of the geometrie properties that are not normally affected 

by changes in the size or shape of geometrie figures . In topology, a donut and a cup with 

a handle are equivalent shapes, because each has a single hole. 

When a hole is added or removed in a plate or other geometrie object, the topology has changed . 

But when only the shape is changed, the topology stays unchanged. 

Topology optimization is mostly used in the optimiza.tion of continuurn design problems. In 

genera!, the Von Mises stresses in elements are used to determine which elements are abundant 

and can be deleted. Th is optimization has to be done iteratively ( deleting small number of 

elements every step), because the stresses are inf:luenced by the new geometry. This topology 

optimization method is called Evolutionary Structural Optimization (ESO), a number of methods 

are developed. 

The most basic topology optimization method (ES0) [43], only removes elements from the struc

ture. When the optimization method is also able to add elements in ad dition of deleting elements, 

the method is called Bi-directional or eXtended Evolutionary Optimization (BESO/XESO)[l8]. 

The BESO /XESO worles by ad ding low stiffness elements around the boundaries and cavities 

of the structures before running the finite elements analysis. After each FEA, a selection of 

elements are removed or added based on the Von Mises stress in those elements. The Von Mises 

stresses is a combination of stresses working in a structure: 
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There are two methods for 'deleting' elements, the 'hard-kill' and 'soft-kill' approach [18]. With 

the ' hard-kill' approach, elements are completely deleted. The 'soft-kill' approach keeps the 

elements, but significantly lowers theE-modulus. The 'soft-kil!' method is useful in the BESO /

XESO methods because it's not needeel to generate elements around boundaries and cavities 

before doing the FEA. However, it can also result in a topology oscillating between two solutions, 

an indefinite stiffness matrix or inefficient supports [18]. 

Practice Topology optimizat.ion in building practice is generally used as a design tooi instead 

of optimization tooi. Two projects, where topology optimization methods are used during the 

design, are the CCTV in Beijing and the Bishopsgate Tower in London. 

The CCTV tower is designed by OMA and Arup for the Chinese Central TeleVision. The 

topology of the truss system in the CCTV tower is cletermined by iteratively making changes 

to the design. The initia! griel is either cloubied or halved . This is clone by removing elements 

with low utilization ancl adding elements near high utilized elements. The process is manua.lly 

executed by visually examining the forces in the strcture [6]. This method is comparable to the 

BESO / XESO method. 

FrGURE 1.6: Bracing systems for CCTV tower [Arup] 

The Bishopsgate Tower is designed by KPF architectsin collaboration with Arup for the Deutsche 

Immobilien-Fonds. The tower is curved and 307m tall, the designers opted for a bracing pattem 

which density decreased to the top. 

The total number of possible solutions equals 'V3e48, which makes a metaheuristic search method 

almost impossible. To find the optima! design in this search space, they used the ESO method on 

the discrete model of the tower [31] . The initia! pattem is crea.ted either randomly or constant. 

When the different designs are evaluated, the optima! member's dimensions are not calculated, 

but the comparison is made on basis of merober forces and deformations. 

In the automotive industry, topology optimization software [13][41] is used as a powerful tooi 

for rapid prototyping and optimization. This software is generally based on a continuous design 

model, rather then elisereet moclels. 
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FIGUR8 1. 7: Bracing systems for Bishopsgate Tower [31] 

Example In this example a small study was executed for trying to find a Michelllike structure 

with an own build topological optimizer. Th is is executed with a VBA 3 script operating GSA 

[34]. GSA only works as a solver and the post-processing and decision mak.ing is done in Excel. 

A simple loop was used as shown in Figure 1.8. 

GSA 
Loop 

Calculating 

~ model 

i Ex cel 

Deleting ±10 
elements 

FIGURE 1.8: Topology optimizer diagram 

The GSA text output file ( .gwa) doesn't include V on Mises stress, so instead of using the V on 

Mises stress in the elements, the strain energy of the elements was used as decision variable. 

Since all elements have equal E-modulus, the strain energy is directly comparable to the Von 

Mises stress. 

The initia! model was created of 50x25 Quad-4 elements. ,.._, 10 element are deleted d uring each 

iteration. Each picture shows the result after 10 loops (deletion of 100 elements)(Figure 1.9). 

The optimized structure should correspond with the Michell's type structure of least weight 

shown in Figure 1.10. 

3 VBA: Visual Basic for Applications (Microsoft Excel) 
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FIGURE 1.9: Topology optimization example executed with GSA and Excel 

45" 

FIGURE 1.10: Michel! type structure 
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1.3 Optimization Algorithms 

1.3.1 Introduetion to Evolutionary Algorithms(EA) 

Evolutionary computation is a discipline of artificial intelligence which uses iterative optimiza

tion algorithms to solve combinatorial problems. Combinatorial optimization problems can be 

described as problems which are not believed to be efficiently solved with classic mathematics. 

An evolutionary algorithm is an iterative process where candidate solutions, called individuals, 

are gradually replaced by better solutions. The current group of individuals is called the popu

lation. Instead of creating competely random solutions, the new individuals are generally based 

on random and known factors: the current population. 

This example algorithm is based on the Genetic Process, the new solutions ( children) are therefor 

created as a combination of two parents and selection is executed by survival of the fittest 

(Listing 1.2). 

1. Initialize the population. 

2. Evaluate all solutions 

3. Start the optimization iteration: 

-Do: 

- Rank the population 

- Create a nev candidate salution 

- Evaluate the nev solution 

- Select solution from population to be replaced 

- Loop 

LISTING 1.2: Pseudocode for an Evolutiona.ry Algorithm 

The next sections each discuss one component of on evolutionary algorithm. 

1.3.1.1 Representation 

The genotype (genetic data) is a representation of the phenotype (real world): the genotype is 

a code that can be decoded to the phenotype. The decoding method and variables define the 

search space of the optimization. 

One genotype example for a truss system: 

{Number of segments, height, topology} 

example:{10,2,1} 

This example truss has 10 segments, the height is 2m and the topology is 1. For this example 

the different topologies are defined as shown in Figure 1.11 and the resulting phenotype is shown 

in Figure 1.12. 
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0 

FIGURE 1.11: Representations of truss topologies . 

2m!fN\N\lliN\N 
FIG URE 1.12 : Truss design corresponding to 10, 2, 1 genotype. 

The way this genotype is defined clearly limits the number of possible solutions. The search 

space can be extended by increasing the freedom of defining the solution cand idates. This for 

example can be clone by adding more variables to the genotype; in this case we can choose to 

define the topology or height of each section individually. This wiJl result in an extended search 

space and probably also in more optima! solutions. 

Designing the correct representation is one of the most important and difficult parts of an 

evolutionary design problem [11]. 

1.3.1.2 Initialization 

Initialization is the creation of the first population. In most EA applications, these individuals 

are generated randomly. The initia! population has no inftuence on the result of a correct 

working evolutionary algorithm. Methods which start with a better initia! population are not 

very popular, since the computation time is only marginally reduced (see Figure 1.13) [11]. 

Time 

FIGURE 1.13: Influence of initia! population on the computation time [11]. 
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1.3.1.3 Evaluation/Fitness function 

The quality of the solutions need to be evaluated, this is done with a fitness function. The 

function could be related to the cost of the solution or other objectives. 

Fitness evaluation generally becomes more difficult when multiple objectives have to be consid

ered. The easiest method is the aggregation method, where all objectives are combined with 

weight factors. A popular method in multi-objective optimization is Pareto Ranking, which is 

based on domination. 

More information about multi-objective optimization in Section 1.3.4. 

1.3.1.4 Parent selection mechanism 

Individuals from the current population (parents) are selected to produce offspring. The prob

ability of one individual to become a parent is based on the quality of this individual. Each 

individual wil!, therefore, receive a reproduetion probability based on their fitness (Fitness Pro

portional Selection) or ranking (Ranked Selection). 

With Fitness Proportional selection, there are a couple of problems not present in Ranked 

Selection [11]. This is due to the fact that the fitness of the individuals can vary from very 

smal! to large values. When the variation in the population is large, a couple of individuals can 

domina.te the entire population very quickly. However, when the variation is smal!, the selection 

procedure becomes random. 

1.3.1.5 Variation operators 

Once the parents are selected, new individuals wil! be created, called the offspring or children. 

The offspring is created by applying variation operators to the parents. There are two variation 

operators: recombination and mutation. Recombination combines the genes of two parents and 

mutation acts on a single individual by randomly changing one or more genes. 

1. Recombination: Recombination combines two or more parents into new individuals. Crossover 

is the most common type of recombination; a point in the variabie list changes which parent 

contributes to the individual. With multi-point crossover, there are multiple points where 

the contributed to the variabie is changed. vVith uniform crossover or discrete recombina

tion the contributor of every variabie of an individual is randomly chosen. 

2. Mutation: Mutation generally acts in addition to recombination (after the recombination 

process). Smal! mutation step sizes wil! be successful most of the time, but bigger step sizes 

can (when successful) give the same results faster. Research has shown that changing the 

step size during the evolutionary process (from large to smal!) has insignificant infiuence 

on the computation time [11]. 
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1.3.1.6 Survivor selection mechanism 

Survivor selection is camparabie to the parent selection, but now individuals are chosen which 

are allowed to move to the next population. This is also clone based on there fitness or ranking, 

which means that individuals with better fitness or ranking have a higher chance to be selected. 

There is generally a small chance that individuals with low fitness wiJl be selected to move to 

the next population. 

1.3.1.7 Termination condition 

Since the absolute optima! is generally never found , a number of termination criteria are needed 

to ensure the algorithm stops at a certain point. Popular criteria [11] : 

1. The fitness of the populations is converged 

2. The population diversity reaches a minimum 

3. Maximum number of fitness evaluations 

4. Maximum computation time 

1.3.2 Nature Inspired Optimization Algorithms 

Computing inspired by nature is focused on solving complex problems by the use of nature 

inspired a lgorithm. The most important nature inspired optimization techniques: 

1. Simulated Annealing 

2. Evolutionary Computing 

3. Ant Colony Optimization 

4. Partiele Swarm Optimization 

1.3.2.1 Simulated Annealing 

This technique is inspired on the annealing of materials, which involves heating and controlled 

cooling of materials. vVhen the cooling elapses slowly, the molecules in the material become lose 

and are able to move randomly. Because of the slow cooling process, the material has time to 

find a better (stronger) contiguration [28]. 

The algorithm randomly creates solutions, a new solution is accepted when it has better perfor

mance then an existing candidate solution. When the solution is worse, there is a probability 

that the new salution is still accepted. This probability depends on the difference between the 

new and best salution (dE) and the temperature (T): probability = exp( -dE/T). When the 

temperature becomes lower , the chance that a worse salution is accepted also becomes lower. 
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1.3.2.2 Evolutionary computation 

Evolutionary Computation is already discussed in Section 1.3.1. From the beginning there 

have been three different evolutionary algorithms: Genetic Algorithms (GA), Evolution Strate

gies(ES) and Evolutionary Programming (EP). Younger members of evolutionary computation 

are Genetic Programming (GP) and Differential Evolution (DE). 

Each of these method have their own method for representing the search space and rules for 

selecting an recombining individuals. The general idea of evolution by recombining fit solutions 

stays unchanged. 

More information about these algorithms can be found in [11]. 

1.3.2.3 Ant colony optimization 

Ant Colony Optimization is based on behavior of real ant colonies [10]. Ants wonder around 

randomly to find food. When they wonder, around they deposit a certain amount of pheromone. 

Next to this, ants prefer to follow a direction rich of pheromone. When ants follow a pheromone 

trail they reinforce it by depositing more pheromone on the trail. If they find food they wil! 

return over this trail and reinforce it again. The shortest path gets the most pheromone, because 

the frequency of ants passing this trail is the highest. More ants wil! follow and reinforce this 

strong pheromone trail. This process repeats until all ants follow the same trail. 

Ant Colony Optimization is a good optimization method for traversal problems like the traveling 

salesman problem4 (TSP)[5]. 

1.3.2.4 Partiele Swarm Optimization 

Partiele Swarm Optimization is inspired by bird's fiocking or fish schooling. Possible solutions 

(particles) move through the solution space following the best current solution. When dealing 

with multiple objectives, the input vector can be split into several sub-vectors, which are op

timized in it's own swarm each working to it's own goal. This is called Cooperative Partiele 

Swarm Optimization [12]. 

Two equations are used to calculate the new position of every particle. The first equation 

(Equation 1.5) calculates the velocity of the partiele and the second equation (Equation 1.6) the 

new position of the partiele (Vid = previous velocity, Pid = position of particles best solution, 

Pgd = location of global best solution). 

Velocity : Vid = Vid,prev +Ct ·rand() · (Pid - Xid) +rand() · (Pgd - Xid) (1.5) 

Position : Xid = Xid + vid (1.6) 

4 Well known problem in combinatorial optimization: given a number of cities and the cast of travel between 
any two find the least expensive tour for visiting each of the cities once and returning to the city of origin[40]. 
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1.3.3 Other Optimization Algorithms 

Gomparabie metaheuristic optimization techniques which are not inspired by nature: 

1. Hili Climbing 

2. Harmony Search 

3. Tabu Search 

1.3.3.1 Hill Climbing 

Hili Climbing only searches for local optima, which makes its convergence significantly faster . 

It only works with one candidate solution instead of a population . During every iteration , a 

mutation is made to the candidate solution , if the mutation results in a better solution, the 

mutation is accepted. This iteration is repeated until no better solution can be found. 

The problem with Hili Climbing is the fact that it 's only able to find local optima, the quality 

of the solution is therefore dependant on the initia! candidate solution(s). 

1.3.3.2 Tabu search 

Tabu Search is based on local search, but uses a memory to store recent movements (the tabu 

list). Local search is an optimization technique, where the new solution is chosen within the 

neighborhood of previous solutions. The definition of neighborhood can be different for every 

problem, but generally it means that only one variabie in the solution is changed. 

Tabu Search differs from local search, because the tabu list prevents the algorithm from moving 

back and the algorithm is allowed toselect worse solutions. This helps the Tabu Search algorithm 

to find the global optimum instead of the local optimum. 

1.3.3.3 Harmony search 

The Harmony Search Algorithm is inspired by musicians playing a note and trying to find the best 

harmony. In mathematics, the band translates in a vector that contains variables (musicians), 

the notes played are the value of the variable. 

The candidate solutions are stored in the Harmony Memory. The Harmony Memory is changed 

by randomly creating a new vector. The values are either randomly taken from all variables in 

the memory or randomly generated. If the new vector has better results then the worst vector in 

the Harmony Memory, the worst vector in the Harmony Memory is replaced by the new vector. 

This method is very comparable to Evolutionary Optimization. Both optimize the popula

tion/ harmony memory by randomly creating new vector/ individuals. Also the operators for 
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creating new individuals/veetors are comparable. However, Harmony Search creates new in

dividuals by combining the whole Harmony Memory instead of just two individuals. Another 

difference is the fact that the worst solution is always replaced. 

Multiple papers have shown very good results with Harmony Search Algorithms, compared to 

Ant Colony and Genetic Algorithms [29][9]. 

1.3.4 Multi-objective Algorithms 

Most real-world problems contain more then one objective, which has to be optimized. In the 

design of structures, this could be: steel weight, constructibility, deformations and day light 

entrance. This resulted in a broad field of research on multi-objective optimization. These 

researches generally focus on two major problems [45]: 

1. How to accomplish fitness assignment and selection. 

2. How to maintain a diverse population. 

There are three general methods for multi-objective optimization: 

1. Criterion selection: selection criteria (objective) changes during iteration. 

2. Aggregation method: weight factors combine multiple objectives into one. 

3. Pareto selection: selection based on dominanee of solutions. 

The criterion and aggregation method are rather simpte methods for evaluating multi-objective 

problems. The problem with the criterion method is the fact that it only includes one objective 

during every evaluation. The aggregation method requires a weight value for every objective, 

the result of the optimization is directly related tothese weight value. Correct weight values are 

generally hard to determine, depending on the knowledge of the optimization problem. 

The Pareto method tries to overcome these problems by looking at dominance; all solution which 

are not dominateel form the Pareto Optima} Set. vVithin this set, all solutions are considered 

even. Pareto optimal5 is introcluced by the economist Wilfredo Pareto. 

The original developed Pareto ranking method iteratively ranks and deletes the dominating 

solutions from the population. All dominating solutions are assigned rank 1, these are deleteel 

from the population and the new dominating solutions are assigned rank 2. This process is 

repeated until all solutions are ranked. 

Due to the popularity, a number of methods are developed. The performance of the different 

methods are generally hard to estimate, sirree the performance di.ffers per optimization problem 

and the comparisons are not very objective sirree they are generally executed by the developers 

of these methods. It needs no explanation that the methad of the author always shows the best 

5 Pa.reto-optimal: An allocation of goods to agents is Pareto Optima[ if noother allocation of the sa.me goods 
would be preferred by every agent 
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performance. Objective studies [7] generally don't compare performance for certain problems, 

but compare the different methods on other properties. The optima! performance of ea.ch algo

rithm is only reached after tweaking the settings for one particular problem. A list of popular 

Pareto methods: 

1. VEGA: Vector Evaluated Genetic Algorithm [39](1985) 

2. NPGA : Niched Pareto Genetic Algorithm [17](1994) 

3. FFGA: Fonseca & Fleming's Genetic Algorithm [14](1998) 

4. SPEA: Strength Pareto Evolutionary Algorithm [44](1999) 

5. HLGA: Haleja and Lin's Genetic Algorithm [19](2002) 

6. NSGA: Non-dominant Sorting Genetic Algorithm [8](2002) 

The second version of the Strength Pareto Evolutionary Algorithm (SPEA-II[45]) , one of the 

later developments, is further discussed . 

1.3.4.1 Strength Pareto Evolutionary Algorithm(SPEA) 

In comparison to mostother techniques of fitness assignment, the fitness is based both on domi

nating and dominated individuals. First the strength value S(i) is calculated, which is dependant 

on the number of dominating individuals. Based on these val u es, the raw fitness value R( i) is 

calculated. 

For two objective functions (F1 and F2), the strength value can be calculated as shown in 

Figure 1.14 (middle). The raw fitness value can now be calculated as the sum of the strength 

value of all individuals by whom it is dominated. As seen in Figure 1.14 (right), non-dominated 

individuals are assigned a fitness value of 0. 

Values of S(i): Values of R(i): 

~9 
~4 

il 15 . .. t.__ 

F, F, 

FlGURE 1.14: Calcula.tion of the strength value S(i) (middle), Calculation of the raw fitness 
value R(i) (right) 
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1.4 Curves 

Freeform structures generally contain curved !i nes and surfaces. During the last decades, multiple 

methods are developed to describe curves. There are two general methods for calculating curves: 

interpolation and subdivision. The interpolation method can be further divided in two groups: 

one group which interpolates a curves that goes through the control points and the other group 

goes along the control points. 

1. Interpolation methods 

(a) Curve through points 

i. Linear and Polynomial interpolation 

ii . Hermite Interpolation 

111. Spline 

(b) Curve along points 

i. Bézier approximation 

ii. B-spline and NURBS 

2. Subdivision methods 

1.4.1 Interpolation methods 

1.4.1.1 Linear and Polynomial interpolation 

Linear and polynomial interpolation are comparable, both methods are executing by solving a 

number of equations. For the linear interpolation method , only two nodes are included for each 

part of the curve. For polynomial interpolation, all nodes are included , which increases the order 

of the polynomial to the number of nodes minus one. 

To calculate the curve polynomial, the val u es for c1 , c2, C3 and c4 need to be solved (Equation 1. 7 

[38]). 

c1 (0)3 + c2(0)2 + c3(0) + C4 =A 

c1 (1 / 4)3 + c2(1 / 4)2 + c3(1 / 4) + c4 = B 

C1 (1 / 2)3 + C2(1 / 2)2 + C3(1 / 2) + C4 = C 

c1 (3/ 4)3 + c2(3/ 4)2 + c3(3/ 4) + c4 = D 

(1.7) 

Instead of solving these equations, programs (e.g. Wolfram Mathematica) generally use the 

Lagrange Interpolating Polynomial (Equation 1.8[38]) . 
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F( ) 
(x - x2)(x - X3) ... (x- Xn) 

x = YI+ 
(x1- x2)(x1- X3) ... (x1- Xn) 

(x- xi)(x- X.3) ... (x- Xn) 
( )( ) ) 

Y2 + ... + 
X2- X1 X2- X3 ... (X2 - Xn 

(1.8) 

(x- xi)(x- X3) ... (x- Xn-d 
(xn- xl)(xn- X3) ... (Xn- Xn-d Yn 

The general problem of polynomial curves is the fact that they are hard to control and generally 

oscillate too much. 

1.4.1.2 Hermite interpolation 

Hermite interpolation allows for more intuitive control over the curves. Each curve is controlled 

by two points and two direction veetors (see Figure 1.15). 

\·····• 
.-~ 

FIGURE 1.15: Hermite curve segments [38] 

Instead of solving four polynomials based on four node coordinates, two polynomials (F) are 

basedon the node coordinate and two on the vector (FT). The direction (vector) can be written 

as the first derivative of the cubic function (Equation 1.9 and 1.10). 

F(x) = c1x3 + c2x2 + c3x + c4 

FT(x) = 3c1x2 + 2c2x + c3 

c1(0) 3 + c2(0) 2 + c3(0) + c4 =A 

ci(l)3 + c2(l) 2 + c3(l) + c4 = B 

3cl(0)2 + 2c2(0) + c3 =AT 

3c1(1) 2 + 2c2(l) + c3 = BT 

(1.9) 

(1.10) 
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1.4.1.3 Spline interpolation 

A spline is a number of of blended Hermite curve segments. At each connection, of two polyno

mials , all derivatives up to (k-1) are the same, where k is equal to the order of the polynomial. 

Only the coordinates of the points are given, but not the tangent vector. 

To draw the curve, the tangent vector for every point has to be calculated. For each interior 

point, an equation can be written by the equality of the second derivative of two connecting 

curves at the conneetion point [38]. This results in n- 2 equation (n = nr of points), to solve n 

variables (all tangent vectors). This results in an infinite number of possibilities. 

The curve can be calculated by reducing the number of unknown variables by defining the tangent 

vector of the first and the last node. With these tangent vectors, the shape of the curve can be 

controlled. Another frequently used method is the relaxed cubic spline, in this case the second 

derivatives of the end nodes are set to zero. This doesn 't require any user input for the tangent 

vee tors. 

Closed cubic splines do not require user input for the tangent vectors, sirree all points are interior 

points. More information and a detailed mathematica! description can be found in Curves and 

surfaces for computer graphics [38]. 

1.4.1.4 Bézier approximation 

This approximation method doesn't pass through the original nodes, but is attracted to them. 

These points are generally called control points connected by the control polynomial. There 

are two methods for approximating these curves; weighted sum method and linear interpolation 

method. 

Weighted sum method The infiuence of each control point on a certain point of the curve 

depends on the distance from that point toeach control point. At the nearest point, the infiuence 

of a certain node is the largest. Since the curve goes through the first and last control point, the 

infiuence of these control points at respectively the first and last point is 100%. The infl.uence 

of the interior points is never 100%, which is why the curve doesn't meet these control points. 

The formula for determining the weight of every control node on each part of the polynomial 

is based on the Bernstein polynomial ( n = number of points minus 1 and i = current point) 

(Equation 1.11) [38] . 

B ( ) (
n) i( )n-i (n) n! n ,i t = . t 1 - t , where . = .1( _ .) 1 2 2 2.n 2. 

(1.11) 

An example with 4 control points (n=3) results in the equations for the weights as shown in 

Equation 1.12 [38]. The resulting weights along the lengthof the curve are shown in Figure 1.16. 
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B3,o(t) = C) ti(l - t) 3- 0 = (1 - t) 3 

B:3,1 (t) = G>i(1 - t) 3
-l = 3t(1 - t) 2 

B3,2(t) = C)e(l- t):3- 2 = 3t2(1- t) 

B3,3(t) = G) ti(l - t)3-3 = (3 
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F!GURE 1.16: Inftuence (weight) of every node at a certa.in position of the curve 

(1.12) 

Linear interpolation method Th is method interpolates between two points (straight line). 

The method for construction a Bézier curve, as originally developed by Casteljau, works very 

similar, but repeats the process for higher order curves. 

When the original is one line, a point can be directly interpolated on this line. However, when 

the original contains two lines, first one point is interpolated on each line. These nodes are 

connected and on the new line, a new point is interpolated. This node is part of the curve (See 

Figure 1.17, example t = 0.5), when this processis repeated for all points (0:::; t::; 1), the curve 

wil! be completed. 

Original = 3 points Step 1 : Two points Step 2: One point Compieled curve 

FIGURE 1.17: Interpola.ting a. Bézier curve using Ca.stelja.u's algorithm 

For cubic curves, the four original points are first reduced to 3, then 2 points and finally the one 

point (P1234 ) which is positioned on the curve as shown in Figure 1.18. 
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FIGURE 1.18: Steps for generating a point on the curve (t=0.5) 

1.4.1.5 B-splines and NURBS 

The B(Basis)-spline is, just like a Spline, a number of blended curve segments. However, instead 

of using Hermite segments, a B-Spline is created from blended Bézier segments. This solves two 

of problems of the Bézier curves [38]: 

1. The order of the curve is equal to the number of control nodes. 

2. Only global curve control possible. 

When generating a B-spline, a segment of the curve is only influenced by the nearest nodes ( 4 

for a qubic function). This solves both problems of the Bézier approximation: order and local 

con trol. 

Each segment starts and ends at points K; and Ki+ 1 , these points are called 'knots'. For cu bic 

B-splines, the coorclinate of these points can be calculated with Equation 1.13 and the cubic 

polynomial for each segment is shown in Equation 1.14 [38]. The resulting weight values and 

curve segment is shown in Figure 1.19. Compared to the weight values fora cubic Bézier curve, 

the weight value for one node never reaches 1. 

c 5 ) 1 K;(x) = fjpi-l + (3pi + fj(Pi+l- P;) (1.13) 

r~~ 
3 -3 

~) (p;,') 1 3 2 -6 3 
(1.14) Fi(t) = fj(t ,t ,t,1) 

-3 0 3 0 P,+l 

1 4 1 0 P,+2 

These weight can be calculated for every curve segment, the weights of four segments are shown 

in Figure 1.20. 

The shape of the weight distri bution curves, called Basis or blending functions (Figure 1.20), are 

determined by the 'knot' vector. This is the main difference compared to the previous described 

methods, which allows for extra control over the shape of the curve. The knots determine the 



28 Chapter 1 Background Theory 

0. 7 -Nodo I --- Node 2 ······ Node3 - ·- · Nodo4 

0.8 
.. ······· 

0.5 

o.• 

0. 3 

0.2 

o .• .-· 
·-·-·-

0.1 0.2 0.3 OA 0.5 0.6 0. 7 0.6 0.9 

FIGURE 1.19: Weight distribution for every segment (left), B-Spline curve segment(right) 

07 

06 

05 

OA 

O.J 

0.2 

0.> 

0.5 ,_, 25 J5 

FlGURE 1.20: Weight distribution for four blended B-spline segments 

interval of a part of every segment. When the knots are equally spaeed (knot vector= 0,1,2,3,4), 

the B-spline is called uniform. 

One commonly used spline function is the Nonuniform Rational B-spline (NURBS), this curve 

ha.s two special properties compared to normal B-Splines: 

1. Nonuniform: uneven distribution of the weight factors. 

2. R.ational: Every control node has it 's own weight factor. 

For a rational B-spline, the blending function is modified as shown in Equation 1.15 [38]. The 

function for the rational B-spline makes sure the sum of the ra tionat blending functions equals 

1 for every point on the curve. 

(1.15) 

NURBS are the most commonly used curve approximation methods in advanced modeling pack

ages. The best known NURBS modeling packages used in building construction are Rhinoceros 

[32] and Maya [2]. 
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1.4.2 Subdivision methods 

The subdivision methad iteratively refines a geometry, this methad is able to approximate Bézier 

curves and B-splines. It refines the geometry by creating a new set of points. Each point is 

computed as a weighted sum of two or more points of the previous generation. 

The most basic subdivision methad is the Chaikin Iviethod [38], this methad generates new nodes 

as a weighted sum of two nodes of the previous generation(g) (Equation 1.16). This results in 

an algorithm that 'cuts corners' at ~L from the corners (Figure 1.21). This methad produces 

curves identical to quadratic Bézier curves. 

p9+l = ~p9 + ~p9 
7 4 7 4 7+1 

g+1 - 1 g 3 9 
p+1 - -P + -P+l 7 4 7 4 7 

FIGURE 1.21: 3 Refinement steps with the Chaikin subdivision algorithm 

(1.16) 

Next to this method, refining the geometry based on two points, there are also methods which 

refine the geometry based on three (quadratic) and four (qubic) points. These subdivision 

methods can respectively describe quadratic and cubic B-splines. The equation for refinement 

using the qubic methad is shown in Equation 1.17 [38]. 

Five new nodes are generated basedon four original nodes, however, every node is only infiuenced 

by either two or three nodes. Two nodes are positioned in the corners and are infiuenced by the 

corner nodes and two connected nodes. The other three nodes are positioned in the middle of 

every segment. 

Pl_l l l 0 0 2 2 [pH) p9 1 3 l 0 
7-l 

7 8 4 8 pg-1 

Pl+1 0 1 l 0 
7 (1.17) 2 2 pg-1 

Pl+2 0 l 3 1 i+l 
8 4 8 p9-l 

Pl+3 0 0 l l i+2 
2 2 



Chapter 2 

Previous Research on Truss 

Facade Structures 

This chapter is split in two section: 

1. Truss facade structures 

2. Optimization of multi-storey braeed frames 

This first section gives a short introduetion in designing truss facade structures, ba.sed on two re

cent researches [33] [35]. The second section gives an overview of recentworkon the optimization 

of multi-storey braeed frames. 

2.1 Truss facade structures 

Truss facade structures are a special type of continuous tube structures. Tube structures integrate 

all stability and stiffness in the facade structure. The original tube structure didn't include 

bracing and , therefore, had to take shear force by bending moments. 

Diagrid and braeed t ube structures include diagonals to resist shear forces . The diagrid system 

even eliminates all columns in the facade, a concept that is becoming more popular because 

it generally integrates better with the architectm al design. Studies [33] [35] have shown that 

diagrid structures are generally more efficient than braeed tube structures for buildings higher 

then 150m. 

A popular addition to diagrid structures is the inclusion of corner columns in the facade. Due 

to the position of these columns on the outer edges of the structures, it significantly increa.ses 

moment of inertia. 

31 
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FJGURE 2.1: Layout of different tube structures 

2.1.1 Structural design 

The structural optimality of a diagrid structure mainly depends on the angle used for the column

s/ bracings. Vertical loads can best be carried by vertical elements. The horizontal deformation, 

however , is the sum of the deformations caused by shear and bending deformation (Equation 2.1) . 

With the increase of the height of the tower, the part of the total deformations caused by bending 

deformations becomes larger (Table 2.1 ). 

The optima! angle for shear rigidity (GA)(34°) and bending stiffness (EI)(90°) are different [33], 

resulting in an optima! angle which depends on the height of the tower. 

Height 

70m 
lOOm 
150m 
200m 

Shear deformation [%] 

100% 
204% 
459% 
816% 

Bending deformations [%] 

100% 
416% 
2108% 
6664% 

TABLE 2.1: Relative influence of shear and bending deformations for increased height. 

2.1.1.1 Corner columns 

(2.1) 

The inclusion of corner columns increases the bending stiffness of the structure. The influence 

of this increase depends on the angle of the bracing. 

The optima! angle for structures with and without corner columns is rv 70 degrees [33]. Notabie is 

the difference in deformations a t the smallerangles ( < 50° ), this is aresult of the huge influence 

of the corner column on the total bending stiffness of the structure. For well designed structures 

(angles around 70 degrees) the effect of the corner columns is limited to around 10% (Table 2.2). 
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Angle With CC Without CC ël[m] ll[%] 

34 0.63 1.67 +1.04 +165% 
53 0.47 0.66 +0.19 +40% 
63 0.42 0.47 +0.05 +12% 
69 0.43 0.44 +0.01 +2% 
76 0.50 0.48 -0.02 -4% 
82 0.87 0.79 -0.08 -9% 
90 1.88 2.00 -0.12 +6% 

TABLE 2.2: Stiffness comparison of structures withand without corner columns(CC), based 
on data from [33] 

2.1.2 Qualities 

33 

(-+-- Horiz Olspl @ Top (m~ 
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I 

Robustness Due to the truss structure along the whole facade, the structure is well able to 

redistribute the loads when a couple of elements fail. This automatically fulfills the need 

of a second loadpath. 

Foundation Com pared to a central (concrete) co re, the moment at the foundation is taken by 

a bigger area. This results in smaller forces on the piles of the foundation, which results 

in a lower rotation of the foundation [35]. 

Shear lag Compared to original tube structures, the braeed tube and diagrid structures are 

not affected by shear lag. 

Norles Due to the increased complexity of the nodes, the cost of this part of the structure is 

increased compared to tube or braeed tube structures. 
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2.2 Optimum topology of multi-storey braeed frames 

This section discusses are number of researches on the topology optimization of multi-storey 

braeed frames. 

2.2.1 Liang 

Researchers: 

Bibliography: 

Liang Q.Q., Xie Y.M., Steven G.P. 

[30] 

Analysis of a continuurn topology design space, elements are removed based on the elements 

strain energy. The frameworks analyzed are two-bay /six-storey and three-bay /twelve storey. 

The results of the continuous design are visually translated into a discrete truss design. 

Only horizontal loads are considered. The size of the members are determined by the number of 

elements in the continuous design space. 

FJGURE 2.3: Continuous and optimum topology of 3-bay 12-storey framework [30] 

2.2.2 Kicinger 

Researchers: Kicinger R., Arciszewsk T., De Jong K.A. 

Bi bliography: [22] [24] [23] [27] [26] [25] 

Research on evolutionary topology optimization of large frameworks of 3-bays wide and with 

either 26, 32 or 36 stories. The columns and beams form the grid of the search space; the grid is 

always 1 bay and 1 level high. Every grid space has its own variabie for its topology, every beam 

can be connected either hinged or rigid and every support can also be either hinged or rigid. 

The huge amount of variables made the size of the search space almost infinitely large. For 

the largest framework (36-stories), the number of different solutions is equal to"' 10e142, which 

makes it very unlikely that the optima! topology wil! be found. This approach resulted in random 

looking optima! designs, see Figure 2.4. The sizing of the elements was executed using a modified 
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version of SODA [40]. In [27] the best result was found when symmetry was required (which 

also reduces the search space to ""' 2.5e96). 

A multi-objective evolutionary design was also executed: minimizing the horizontal drift and the 

total weight of the structural system. This resulted in 'optima!' structural designs ranging from 

500,000 Ibs. (22 inch drift) to more than 6,500,000 Ibs (4 inch drift). 
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FIGURE 2.4: Found topologies of optima! structural design with constrained horizontal drift 

2.2.3 Baldoek & Shea 

Researchers: 

Bi bliography: 

Baldock, R.; Shea, K. 

[3] 

[22] 

Genetic programming is used as algorithm for the evolutionary optimization process. A couple 

of modification operators have been applied: scale, adjust splits, orthogonal repeat, rotate, 

translate, unite, irregular repeat and reflect . These operators resulted in the capacity to create 

bracing larger then just one bay-storey-cell. 

The maximum horizontal drift is constrained. The research uses the same 3-bay 12-storey frame

werk as Liang et al. and suggests that their method produces better results. However, their 

horizontal drift is significantly larger: 0.104 compared to 0.049. 

Because of the difference in steel volume required for different section diameters (Figure 2.5), 

the research indicates the need for simultaneous size and topology optimization. 
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2.2.4 Kaveh 

Research ers: 

Bi bliography: 
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FIGURE 2.5: Sample best designs with different section sizes [3] 

Kaveh , A., Shahrouzi, M. 

[20] 

Study which uses a memetic 1 algorithm as an attempt to increase the performance compared to 

evolutionary algorithms. Two different memetic algorithms have been compared: Lamarckian2 

and Baldwinian3 . The first has a better convergence rate and the later is able to keep a better 

popuiatien diversity, which is needed to find the global optimum. 

The local search is done using graph theory which finds the optima! load paths. This is done 

by using the so called PMSRT (priority-grown multiple shortest route tree) , a method of finding 

the shortest load path from a loaded point to the su pports. 

They also incorporated a hy brid ant-colony and genetic algorithm. This results in a group of 

optima! design solution insteadof just one solution (Figure 2.6). 

FrouRE 2.6: Different topologiesof optima! design family [20] 

1 Memetic Algorithm: Evolutiona.ry algorithm with integrated non-genetic loca.l search ba.sed on doma.in-specific 
knowledge [11] 

2The norma lly crea.ted children during reproduetion are called proto-type children. The alleles of the chromo
some are then cha.nged to the values found with loca.l sea.rch, which results in the fina.l offspring. 

3 The children are produced normally, but there fitness is modified by compa.r ing their position with the position 
of the optima! value of local search 
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2.2.5 Comments 

A comparison between the discussed researches is difficult , because of the different frames and 

constraints. 

The research from Liang et al. differs from the others, because it didn't involve an heuristie 

search process. Instead the result is a direct product of an ESO optimization (See Seetion 1.2.3). 

The research of Kicinger et al. focuses mainly on the evolutionary process itself and less on the 

design. The main problem in their research is the search space, which is either too large or too 

restrictive (with cellular automata representations). Also the inclusion of the conneetion type of 

the beams and columns looks uninteresting and only increase the number of possible solutions, 

making it less likely that a (near) optimum is found. 

The research of Baldoek & Shea is comparable to the research of Kicinger et al. However, 

more time is spend on the representation of the search spaeae, whieh significantly inereases the 

probability of finding a near optima! solution. 

The idea to insert problem speeifie intelligenee in the GA as done by Kaveh et al. seems to be 

interesting. The solutions are less random then those found by Kieinger et al. or Baldoek & 

Shea. However, the seareh spaee is also signifieantly smaller then those studies, espeeially when 

symmetry is eonsidered. 



Chapter 3 

High-rise Optimization 

Experiment 

This chapter describes the experimental optimization method of truss facade structures for high

rise. The optimization process is executed as an evolutionary process. Tower geometries are, 

therefore , repeatedly generated and examined within a finite element program. This chapter is 

split in three main sections: 

1. Model Generation 

2. Section Estimation 

3. Optimization Algorithm 

The first section describes the model generation method . This section is split in the generation 

of the geometry and the pre-processing of the finite element model. 

The second section describes the section estimation process, which is needed to examine a struc

tural solution. The section estimation is based on both strength and stiffness constraints. 

Finally the optimization program is discussed and evaluated. 
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3.1 Model Generation 

The method for generating the geometry is an important part of the optimization process. It 

defines the search space of the evolutionary optimization algorithm. The search space is an 

overview of all structures that can be generated. It is, therefore, important that this search 

space contains all considerable solutions. These solutions are generated based on a couple of 

parameters, these parameters are: 

• Variables defining the basic grid layout 

• Sealing of the bracing 

• Angle or horizontal copy of the bracing 

• Mirrored or regular copying of bracing* 

• The inclusion/exclusion of columns 

• The inclusion/exclusion of corner columns 

Within the actual optimization algorithm, two of these parameters are fixed to limit the search 

space by removing all parameters which could lead to discontinuous structures: basic grid layout 

and mirroring. 

An overview of all steps needed to generate a complete finite elements model is shown in Fig

ure 3.1. This section is split in four parts; the first part describes the above listed generation 

variables and the other three parts each describe one part of the generation process: 

1. Reading the geometry 

2. Preparation before generating the finite element model 

3. Generation of the finite element model 
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node value = {x,y,z} 
' element value = {property, node1 , node2, group} 

, Topology of nodes and elements is analyzed to recognize lhe planes of lhe 
• facade. For each of these planes, a Quad4 element is generaled in GSA. 

: The user checks if lhe geometry is properly recognized by lhe algorilhm. Errors 
, can be easily corrected. 

• The quad elements are imporled farm GSA. These are used for generating the 
geometry. 

, The Quad elements are serled to delermine the relativa posilion of each Quad 
' element. Th is is needed for lhe generalion. 

, The size of the leads is indepedant of lhe structuraltopology. lts lherefor 
• calcuiated only once, befere any geometry is generaled. 

' The generation variables for lhe current solulions are chosen: 
, {scale,nr of copies, columns, corner collumns, etc} 

All structural elements are generated. 

' All structural elements are serled in a couple of groups along lhe height of the 
, tower. 

• All floers are generaled by creating rigid constraints in the XY-piane. 

, The dead and windleads are generaled on the floer beams. 

Q) I I 
~L _______________ J 

FrG URE 3.1: Flowchart for generating complete finite element model 
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3.1.1 Generation variables 

3.1.1.1 Grid layout of the bracing 

The bracing pattem is generated by copying a small part of the bracing along the whole tower. 

The topology of this part of the bracing is stored in a matrix called the brace matrix (BM). 

The BM can have any size de pending on the preferences of the user. A larger matrix size will 

results in an extended search space within the Genetic Algorithm, but will also result in more 

random looking structures. The values stored in the BM correspond to a certain topology for 

the bracing as shown in Figure 3.2(Note: the bracing looks upsidedown, this is because a matrix 

is read from top to bottorn and an building from bottorn to top). 

0 1 2 3 

FIGURE 3.2: Representation of truss topology in brace matrix 

If the brace matrix is at least two levels high, it will spawn multiple floor levels, however in 

horizontal direction it will never spawn multiple Quad elements (Figure 3.3) . 

0 2 1 0 

• 

-=Quadl 
---·~~ Floorline f--+áfi~~ 

Quad 2 2 3 3 1 

FIGURE 3.3: Example of generating bracing from a brace matrix 

3.1.1.2 Brace Matrix Sealing 

The brace matrix (BM) can be scaled, this way it's possible for diagonals to span multiple 

storeys. Instead of inserting a sealing option inside the actual generation algorithm, it's chosen 

to scale the matrix itself. This way, the whole generation algorithm itself can stay as clean as 

possible, which reduces the change of errors. 
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FIGURE 3.4: Brace matrix scaled with sealing = 2 
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sealing= 2 lllllo 

FIGURE 3.5: Topology scaled with sealing = 2 

3.1.1.3 Horizontal copy 

The number of horizontal copies is defined by either a positive integer 1 value or by an angle. 

When the number of horizontal copies is defined by an angle, it is only an approximation of that 

angle. The precision of this approximation depends on both the size of the brace matrix and the 

Quad element. The angle is translated to a number of horizontal copies using Equation 3.1. 

quadWidth 
HorCopy = tan(90-angle) dH . I t 

180 · qua ezg 1 

(3.1) 

When the section of the tower is highly non-prismatic, it's preferred to use a fixed number of 

horizontal copies instead. This prevents discontinuities in the facade. 

FIGURE 3.6: Horizontal copy = 2 

3.1.1.4 Mirrored or regular brace copy 

It is possible to mirror the matrix when moving it vertically along the height of the tower. This 

wiJl always result in a continuous bracing pattern, as opposed to regular copy vvhich can lead to 

discontinuous bracing patterns. 

The method for mirroring corresponds to the method for brace matrix sealing. It works by 

adding the mirrored part tothebrace matrix, doubling the size of the brace matrix (Figure 3.7) . 

1 Integer =set of numbers containing the natura! numbers including 0 and there negative. 
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Mirror 
0 2 0 

2 3 3 

2 3 3 I 

0 2 0 

FIGURE 3.7: Normal and mirrored vertical copy 

Normal copy (y-direction) Mirrored copy (y-direction) 

FIGURE 3.8: Original a nd mirrored matrix 

3.1.1.5 The inclusionjexclusion of columns and corner columns 

The corner columns are the already existing columns in the inserted geometry of the user (side 

of the Quad4 elements) and are stared in group 2 in GSA. These can be easily deleted when a 

structure without corner columns should be generated. 

The middle facade columns are generated like the bracing, but instead of connecting diagonally, 

these conneet vertically. To prevent the generation of dense column grids, which can occur when 

either or both the horizontal copy and the sealing is large, a minimal column distance can be 

defined by the user. This distance is handled by skipping a number of columns befare generating 

the next column. 

3.1.1.6 Spread 

The spread variabie is the only variable that doesn't change the topology of the structure, but 

only the position of the nodes. The idea behind the spread variabie is the fact that the bending 

stiffness at the bottorn is more important then at the top of the building. Therefore, it is chosen 

to create a function that is able to push material to the corners relating to the height , which in 

case of a truss facade structure results in a more dense grid near the corners. 

To make this transition smooth, it is chosen to use the Sigmoid function (Equation 3.2), which 

always returns a value between 0 and 1 (Figure 3.9). 

S(x) = -,-------1-
1 + e-cx 

(3.2) 
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FIGURE 3.9: Sigmoid function for c = 1, c = 2 and c = 3 [36]. 

The variabie c controls the strength of the effect and is calculated according to Equation 3.3, 

basedon three variables; spread (SP), spread height (Hsp) and the current evaluated height (h). 

The relative position of the nodes can be read from the y-axis as shown in Figure 3.10. 
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Posllion in the facade 

FIGURE 3.10: Sigmoid function 

(3.3) 

For a simple 4 bay tower structure, the effect of spread on the geometry and the top drift is 

shown respectively in Figure 3.11 and Table 3.1. 

Deformation [mmJ 

Spread H sp = 50 Hsp = 90 

1 131.1 131.1 
4 127.5 126.5 
7 122.0 120.3 
10 118.5 116.8 

TABLE 3.1: Effect of spread on maximum top drift (H sp is spread height) 
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SP =4 SP= 10 

FIGURE 3.11: Effect of spread on the geometry of the facade 
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3.1.2 Reading the geometry 

The first step of the generation process is the correct recognition of the reference geometry. In 

this case, the reference geometry is a GSA wireframe model. This wireframe is analyzed by 

the algorithm which recognizes all planes of the facade. The horizontal lines of the faca.de are 

recognized as fioor beams and the vertical lines as corner columns. 

This method supports a large range of complex geometries, including freeform tower and dome 

structures, but the method is best suited for structures with larger planes. Small planes will 

significantly decrea.se the number of viabie solutions2 . 

This section is successively discusses: 

1. Recognizing the geometry 

2. Checking the geometry 

3. Sorting the faces 

3.1.2.1 Recognizing the geometry 

First step is to read and recognize the reference geometry. The geometrical data from GSA is 

imported using the COM interface and stored in two arrays (e.g. tables/matrixes): aNode and 

aEiem: 

aNode{x, y, z} 

aElem{property, node 1, node 2, group} 

At this moment , the topology of each element (line) and the coordinates of the nodes are known. 

This data, however , doesn't say anything about the facesof the facade. A third array (aQuad) 

is , therefore, generated which stores all faces (2D planes), this faces are stored as a plane defined 

by four nodes: 

aQuad{property, node 1, node 2, node 3, node 4, group} 

There are no faces defined in the wireframe model. It is, therefore, needed to generate the data 

for the aQuad array by recognizing faces from the data within the aNode and aEJem arrays. 

A plane within the facade can be recognized in some simpte loops: select a beam element and 

find all connected elements and their conesponding nodes. Select the two nodes with the highest 

z-coordinate and loop through aElem to find an element which topology corresponds to these 

nodes. If this element exist, a face is recognized and a Quad element is created in GSA and 

added to the a.Quad array. 

2 This is further discussed in Section 3.5 
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An important property of a Quad element is the direction, which is defined by the order of the 

nodes. This should correspond to Figure 3.12. Therefor, the direction wil! always be measured 

according to the angle the element makes with the average node coordinate of the structure. 

The direction parallel to the y-axis equals zero degrees . 

0 degrees 

direction 

BOC 
A D 

FIGURE 3.12: Direction of the Quad elements: floor plane(left) and vertical section (right) 

3.1.2.2 Checking the geometry 

The only reason for generating the quad element is to be able to check if the geometry is 

recognized properly. This should be dorre by checking the direction of the Quad elements by 

drawing the elements local coordinate system. 

The included option in GSA for flipping element shouldn't be used (Sculpt->2D elements->Flip 

elements) , sirree it doesn 't properly number the elements. An element in the wrong direction 

(DCBA) should be renumbered to ABCD, GSA however renurnhers to DABC. Instead, the Quad 

elements should be grouped in a separate group and flipped within the optimization program. 

In normal situations, the algorithm wil! not make any errors, but for structures with a strong 

concave A.oor plan, it can results in Quad4 elements generated upsidedown. More information 

about concave polygons can be found in Section 3.1.3.1. 

3.1.2.3 Sorting the faces 

After the Quad elements are checked by the user, they should be sorted. The position of the 

quads is stared in a separate array (QuadPos{posH ,pos V}) , the first variabie contains the relative 

horizonal position and the second variabie the vertical position (A.oor level) . 

The first Quad is assigned position {1, 1}. Consecutively, the script start an iteration; looping 

through all non-indexed quad elements. It checks if a quad above, below or left from this element 

is indexed. If this is the case, an index is assigned to this Quad. The pseudocode of the algorithm 

is shown in Listing 3.1. 
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1 . Assign Index (1,1) to first Quad 

2 . Iterative assign all Quad elements: 

- Do until all Quads are Sorted: 

- For every unsorted Quads Element : 

For every Quad: 

If unsorted Quad is left from sorted Quad: 

If unsorted Quad is above sorted Quad: 

If unsorted Quad is below sorted Quad : 

Next Quad 

- Next unsorted Quad 

- Loop 

Assign Index ( +1,0 ) 

Assign Index(0,+1 ) 

Assign Index(0,-1) 

LISTING 3.1: Pseudocode for sorting Quad Elements 
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The speed highly depends on the numbering and continuity of the quad elements. The first 

example (Figure 3.13) has perfect numbering and, therefore, only requires one iteration to fully 

sort all Quad elements. The numbering and discontinuity of the second example (Figure 3.14) 

needs four iterations before it 's fully sorted. 

2S 

4 

9 

I ......__ 

2S 26 27 28 29 30 31 32 

17 18 19 20 21 22 23 24 

9 10 IJ 12 13 14 IS 16 

I 2 3 4 s 6 7 8 

lst ... 
lteratlon 

2S 

17 

9 

I 

26 

18 

10 

2 

27 28 

19 20 

11 12 

3 4 

29 30 31 32 

21 22 23 24 

13 14 IS 16 

s 6 7 8 

FIGURE 3.13: Optima! numbering results in fast sorting 

6 27 29 30 31 32 2S 6 27 129 30 31 32 

19 3 22 23 24 lst ... 

2 IJ s !3 14 IS 16 
lteratlon 

4 19 3 22 23 24 

9 2 11 s 1 n 14 IS 16 

11 26 7 8 I lil 26 7 8 ......__ 

2S 6 27 29 30 31 32 25 6 27 129 30 31 

~ 
4 19 3 22 23 24 

9 2 11 s 13 14 IS 16 

4 19 3 22 23 

9 2 11 s In 14 IS 

I 11 2t 7 8 
'---

I lil 26 7 
'---

32 

24 

16 

8 

FIGURE 3.14: Random numbering and a discontinuous facade needs multiple iterations before 
its fully sorted 

3.1.3 Preparation for generation 

Before the finite element model can be generated, two more arrays have to be filled. One array 

for the loads (gLEVEL{}) and one array containing all generation variables (gGENERAL{} ). 

3.1.3.1 Load Generation 

The wind, dead and live loads are equal for all tower structures. The sizes of these loads are, 

therefore , calculated only once and stored in two arrays: one for the dead / live load and one for 
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the wind load. These loads are then generated as uniform beam loads on the ftoor edge beams 

during the actual generation . 

Wind load It's chosen to work with a fixed location for the building: an urban area in The 

Netherlands category II. This covers most of the important areas for high-rise development in 

The Netherlands: Rotterdam, Amsterdam and The Hague. 

The windload should be calculated according to Equation 3.4 [15]. 

(3.4) 

For the size factor (es) and dynamic factor (cd), the conservative value of 1.0 is used. 

The force factor (c 1) depends on the slenderness of the building (h/ b ratio). Since only high-rise 

structures are considered, it 's chosen to use a. fixed value of Cf basedon a slenderness of 5, which 

is the upper limit of Table 7.1 in EN-1991-4 [15]. 

The National Annex allows a reduction factor of 0.85, which brings the total force factor back 

from 0.8 - ( -0.7) = 1.5 to 1.5 · 0.85 = 1.3. Because a rigid constraint is used to model the 

diaphragm of every ftoor, it's simplified to a.n average pressure coefficient of 0.65 for both the 

windward a.nd leeward side. This results in the samegeneral beha.vior, only the deformations and 

forces on the edge beams wil! be a slightly different. The a.nalysis model, however , isn 't modeled 

to give any precise information about the forces and deformations of the ftoor edge beams. 

Insteadof calculating the wind pressure, the wind pressure table from the Dutch National Annex 

(Table NB.3 [42]) is translated into a formula which ca.n be used in the algorithm. A 6th order 

polygon (Equation 3.5) is obtained by drawing a trendline in Microsoft Excel , with a resulting 

R 2 of 0.9998. 

ze qp( ze) = -3.67 ·10- 1 3 z~ + 2.57 ·10- 10 z~ -7.18 ·10-8z! + ... 
... 1.02 · 10-5z;- 8.07 · 10- 4 z; + 3.96 · 10-2ze + 0.35 (3.5) 

The wind velocity coefficient has to be ca.lcula.ted with the proper reference height (ze )· For 

rectangular buildings, there are three different wind velocity pressure profiles [15], depending on 

the width/height ratio of the building. For high-rise structures the h > 2b profile is certainly 

the most important, however, the algorithm is also suited for building with b < h < 2b. 

Friction doesn 't need to be modeled on the first part of the surface measured from windwa.rd 

side. The length of this first part should bethesmaller value of twice the width or four times the 

height of the tm.ver. In genera!, this means that no friction has to be included in the ca.lculation 

of most towers, therefore, the friction calculation is not included in the algorithm. 
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FIGURE 3.15: 6th order trendline through wind pressure coefficients 
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FIGURE 3.16: Reference height and corresponding velocity pressure profile ]15] 
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Live and Dead loads The live and dead load are generated in GSA as uniform line loads on 

the edge beams. These loads are calculated as the total floor area divided by the totallength of 

the edge beams. To calculate the floor area, the polygon defining the floor is split in triangles. 

The triangles are made by connecting both nocles of a particular line with the average node 

coordinate of all nocles on that particular floor. 

For very concave polygons, this method can result in errors, because the triangles can extend 

outside the bounds of the polygon as shown in Figure 3.17. 

Convex polygon Concave polygon 
no errors 

Concave polygon 
causîng errors 

FIG URE 3.17: Area calculation for polygons 
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3.1.4 Generation of the geometry 

This section discusses the generation of the geometry. The actual generation of the loads, rigid 

constraints, support and hinges are not further discussed since these are very straightforward. 

The shape of the building is defined by two arrays: aQuad containing the faces and aNode 

containing the coordinates. All these faces are filled with diagonals and columns based on two 

other arrays: QuadPos and BraceMatrix(see Section 3.1.1.1). All faces are now separately filled 

with diagonals and columns resulting in the final geometry. 

The mirrored BraceMatrix from Section 3.1.1.4 is used for this example (see Figure 3.19). 

0 2 I 0 

2 3 3 

2 3 3 I 

0 2 0 

FIGURE 3.18: BraceMatrix 

The steps of generating the bracing for one face is shown in Figure 3.19. The face is split in 

a number of horizontal segments equal to the width of BraceMatrix (in this case four). Every 

segment is then filled with the correct bracing, based on BraceMatrix. 

Before a node is generated, the existence of a node on that posit.ion is checked to prevent the 

generation of coïncident nodes. The posit.ion of these middle nodes differs when the Spread 

variabie (Section 3.1.1.6) is bigger then one. 

FIGURE 3.19: Brace generation process 

{2.3.3.1} 

OR 

{0.2.1.0} 

The columns are generated just like the bracing, but with two differences: 

• Columns conneet vertically instead of diagonally. 

• A single value determines the posit.ion and number of the columns: column step. 
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After generation of the diagonals and columns, the fioor edge beam is generated. This is dorre 

by selecting all nodes from a certain level and connecting them in the correct order. 

3.1.5 Conclusions 

The geometry generation method is basedon rectangular planes instead of curved surfaces, which 

substantially reduces its complexity and the ability to describe freeform structures. It is, however, 

less able to describe freeform structures. But the real problem of the used generation method is 

the fact that the number of faces determine the amount of viabie salution candidates that the 

algorithm can generate (see Figure 3.39). This algorithm therefore works best for rectangular 

structures. 

0080 80 faces faces faces 
s 

Solutions: 20,24,28, 
32,36,40, 
44,48,52, 
56,60,64, 
68,72,76, 

80 

Number: 16 

24,30,36, 
42,48,54, 
60,66,72, 

78 

10 

20,30,40, 
50,60,70, 

80 

7 

20,40,60, 
80 

4 

FIGURE 3.20: Viabie solutions for the number of isolines for different number of faces when 
the number of viabie columns is between 20 and 80. 
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3.2 Section estimation 

The economy of the truss facade topology partly depends on the total weight of the structure 

and the number of nodes. lt's therefor needed to make a good estimation of the section sizes. 

The section sizes are based on two aspects: 

• Individual member strength 

• Global stiffness constraints 

Strength is checked basedon the buckling resistance check of Eurocode EN-1993. The final sec

tion sizes are obtained aftera couple of iterations, during each iteration the forces are changed due 

to a modified load distribution . Strength based section estimation is discussed in Section 3.2.1. 

Subsequently the section sizes are increased to satisfy stiffness constraints. This is executed as 

an interactive process, where the section size of the element group with the biggest infiuence per 

weight is increased in smal! steps until all stiffness constraints are satisfied. A couple of different 

methods for calculating the influence of every part is discussed in Section 3.2.2.2. Finally the 

developed section estimation algorithm is discussed. 

3.2.1 Strength based section estimation 

The first step of the section estimation of an individual member is choosing the minimal needed 

section size based on strength. In this case, the resistance of a column or diagonal is checked 

by EuroCode EN-1993-1-1 §6: Ultimate Limit State. To simplify this calculation, a couple of 

assumptions are made: 

1. The buckling length is equal to the system length (di stance between the nodes) of the 

element. 

2. Columns and diagonals are only loaded axially. 

3. Only prismatic members are considered. 

4. Only Class 1,2 and 3 cross-sections are considered. 

The fioor edgebeams are not checked because the analysis model is not modeled to give the 

proper information for this check. This is due to the fact that every fioor is modeled as a rigid 

diaphragm by using constraint equations. This prevents the development of axial loads in the 

edgebeams. 

Since it's assumed that all columns and diagonals are hinged to the fioors, the buckling length 

wil! be equal to the system length and the elements are only loaded axially. 
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3.2.1.1 Eurocode buckling resistance check 

The calculation of the unity check is based on uniform elements in compression EN-1993-1-1-

§6.3.1: Uniform Merobers in Buckling: 

(3.6) 

With Ne ,d as the compression force and Nb ,Rd the buckling resistance of the compression mem

ber. The buckling resistance can be calculated with: 

Nb,Rd = xAfy 
'Yml 

(3.7) 

x is the reduction factor of the relevant buckling mode. A the area of the cross section and jy 

the yield strength of the used mater ia!. The partial factor 'Yml may be defined by the N ational 

Annex, which is also prescribed in the Dutch National Annex. 

The reduction factor of the relevant buckling mode shall be calculated as fotlows: 

1 
and x :::::: 1.0 (3.8) 

with: 
- -2 

<I> = 0.5[1 +a{\- 0.2) +À ] (3.9) 

The relative slenderness can be calculated with: 

(3.10) 

Theelastic buckling force can be calculated by the equation of Euler: 

(3.11) 

The imperfection factor a depends on the cross-section classification which defines the buclding 

curve that has to be used. The classification is basedon section type, sizes a nd steel quality. A 

table for classifying cross sections is given in EuroCode EN-1993-1-1 table 6.2. Dependent on 

the buckling curve, the value of a is equal to: 

Buckling Curve a0 a b c d 

Imperfection factor a 0.13 0.21 0.34 0.49 0. 76 

TABLE 3.2 : Imperfection factor a for different buckling curves according to EN-1993-1-1-§6.3.1 
table 6.2 
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3.2.2 Stiffness based section estimation 

The stiffness based section estimation is executed as an iterative process. During each iteration 

it's determined which element group is most economical to increase. For every element group a 

ratio is calculated for showing the relation between increasing the steel weight and it's influence 

on the group's deformations (Equation 3.12). 

R(i) = Influencei 
D.Weight.; 

The difference in weight can be easily calculated when the section profile is increased, but the 

influence of each element group on the deformations is generally unknown. Two methods for 

calculating or estimating this influence are compared: 

1. Strain Energy metbod 

2. Sensitivity analysis 

An analytica! method is added for reference, but this method can't be considered an option for 

the optimization program, since it is generally limited to very simple geometries only. 

3.2.2.1 Inftuence Estimation Methods 

Strain Energy Method The strain energy is a va lue for the deformation of an individual 

element (local deformations). This is not directly related to the globa.l deformations, but it can 

be used for estimating the influence of each element on the global deformations (e.g. top drift). 

Strain energy is the energy absorbed by a beam as a result of it 's deformation under loading. 

The strain energy of beams under compression or tension can be calculated with Equation 3.13 

and for bending beams with Equation A.3 (see Appendix A). 

(3.13) 

U = J ~;f" (3.14) 

L 

Sensitivity analysis The sensitivity analysis determines the sensitivity of the each element 

group (property) on the deformations, by consecutively running a finite element calculation with 

an increased E-modulus for each property. The sensitivity is calculated as the total decrease in 

deformations for all constraints (see Equation 3.15). Th is sensitivity is used as the infiuence in 

Equation 3.12. 

I 
_ I:c-l .n(def c,E=lOO% - de f c,E=20o% ) 

p - (3.15) 
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with: 

defc,E=!OO% = the deformation for constraint c with an E-modulus of property pof 100%. 

defc,E= 2oo% = the deformation for constraint c with an E-modulus of property p of 200%. 

wp = weight increase of property p 

3.2.2.2 lnfluence Estimation Methods Comparison 
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The inftuence estimation methods are compared in three cases. The analytica! method is in

cluded within the first two comparisons. A detailed description of these comparisons is added to 

Appendex B. 

The results are shown in Table 3.3 to 3.5. The sensitivity analysis and analytica! method have 

given the same results. The strain energy method, however, shows a slightly different inftuence 

distribution, which is related to the fact that the strain energy method uses local deformations 

to estimate the inftuence on the global deformations. 

Inftuence on deformation 

Method Part 1 Part 2 Part 3 

Analytica! 80.25% 18.52% 1.23% 
Strain Energy 86.8% 12.9% 0.50% 
Par .Increased E 80.2% 18.6% 1.25% 

TABLE 3.3: Strain Energy of Case I: lD Column 

Method 

Analytica! 
Strain Energy 
Sensitivity analysis 

Influence on deformation 

Columns 

94.0% 
93.1% 
94.3% 

Diagonals 

4.4% 
5.0% 
4.4% 

Beams 

1.6% 
1.9% 
1.3% 

TABLE 3.4: Strain Energy of Case II: 2D Truss Frame 

Inftuence on deformation 

Method P1-P3 P4-P6 P7-P9 

Analytica! 
Strain Energy 68% 22% 10% 
Sensitivity analysis 77% 19% 4% 

TABLE 3.5: Strain Energy of Case III: 3D Tower 
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3.2.3 Section Estimation Algorithm 

The stiffness based section estimation uses the sensitivity analysis to calculate the influence of 

every part of the structure. To reduce the computation time, it is needed to limit the number of 

executed sensitivity analysis . This is obtained by including an internal iteration within the main 

iteration (see Figure 3.21). The internal iteration increases the section sizes basedon prediction 

(without a sensitivity analysis) . 

The internal iteration stops when all the deformations drop below a certain minimum called the 

DefGoal Th is goal is generally set at half the current and maximum allowed deformation (e.g. 

Initia! deformation = 500mm, allowed = 200mm: 500--> 350 --> 275 --> 237:5 --> 219 --> 209 etc.) 

Because of the discontinuity of t he section database, the deformation wiJl initially drop below 

the maximum allowed deformation . DefGoal can be changed to increase the precision or speed 

of the algorithm. 

The pseudocode for the section estimation algorithm is added to Appendix C. 

Sections based 
on strength 

3.2.4 Conclusions 

, ____________________________ 1;2<J~W_é:!! _i!~.r:.é:!!i_QfL ________________________ ---· 

On U an Umax 

yes 

FIGURE 3.21: Section estima tion a lgorithm 

The strength based section estimation method is very straightforward. The inclusion of columns 

and corner columns allows for a large redistribution of loads during the iteration. This increases 

the number of need ed iterations compared to structures with diagonals only. 

Most research, however , is doneon the stiffness based section estimation method. The sensitiv

ity analysis is the most precise, but also the slowest method. The internal iteration (See Sec

tion 3.2.3) reduced the comp utation time, but is still a time consuming procedure. 
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3.3 Optimization Algorithm 

The topology is optimized by using a Harmony Search Algorithm (HSA) (see Section 1.3.3.3). 

This algorithm controls the method for evolving the initia! candidates to better solutions. 

Candidate solutions are generated based on a number of variables as discussed in Chapter 3.1.1. 

The Harmony Search Algorithm creates new solutions by combining the variables from multiple 

candidates solutions of the current population. These candidates are iteratively generated and 

analyzed until the population converges to an optimum (see Figure 3.22). 

/-~~!-~!iQf! ____________ _ ____________________________________ _ 
Do until convergence 

For 
each 

optimization optimization 

criteria are met 

Check if the 
convergence 

criteria are met 

Replace worst 
individual if new 

FIGURE 3.22: Flowchart of the Harmony Search Algorithm 

3.3.1 Topology Optimization Algorithm 

This section discusses two important parts of the optimization algorithm: 

1. Generation of new candidate solutions 

2. Fitness calculation 

3.3.1.1 Generation of new candidate solutions 

Three variables control the generation of a new individual: memory select, pitch rate and band

width. The higher these values, the faster the algorithm wil! converge, but it also results in a 

worse exploration of the search space which could result in a local optima instead of a global 

optima. A balance between converge speed and exploration of the search space should be found. 

Memory Select: The probability that a variabie is selected from one of the individuals of the 

current population. Otherwise the variabie is generated randomly. 
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Pitch Rate: The probability that a value is modified by rnaving it a smal! step towards the 

current optima! solution . 

Bandwidth: The size by which the Pitch Rate moves the current salution towards the current 

optima!. 

p = 1 - Memory Select 

p = Pitch Rate p = 1 - Pitch Rate 

FIG URE 3.23: Procedure for generating new candidate solutions (p=probability) 

3.3.1.2 Fitness calculation 

It is chosen to calculate the fitness based on the current results of all solutions in the population 

using an aggregation methad (Section 1.3.4) . The optima! value for each objective (minimum 

steel weight or number of nodes) receives a 100% score. The other values are calculated linearly 

based on this optima! value. The fitness can then be calculated as the sum of all optimization 

criteria multiplied by the weight of that criteria. In this case, two criteria are evaluated: weight 

of the structure (e.g. weightfactor = 0.8) and the number of nodes (e.g. weightfactor = 0.2) (see 

Equation 3.16). 

The drawback of this methad is the fact that the fitness value of each individual needs to be 

recalculated every time the population is changed. 

F itness = weightrnininma . 0.8 + nodesrnininrna . 0.2 
weight nodes 

(3.16) 

The resulting fitness value ranges from 0 (for a salution with an infinite number of nodes and 

weight) to 1 (for a salution that contains both the lowest number of nodes as the lowest steel 

weight). 

The steel weight can easily be exported from GSA to the optimization program. The same can 

be done for the number of nodes, but it 's preferred to classify the nodes in categories. Four 
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categories are considered (Table 3.6 and Figure 3.24). The default values should be changed by 

the user to the correct values depending on the node manufacturing details. 

Category Description Default weight 

0 Only edgebeams are connected 0.2 
1 One single diagonal or column is connected to the ftoor 0.5 
2 Two diagonals or a diagonal and column are connected to the ftoor 0.8 
3 Two diagonals and a column are connected to the ftoor 1.0 

TABLE 3.6: Different node categories 

~--------------~ 
0 2 3 

FlGURE 3.24: Topology of node categories 

The nodes are categorized by counting the number of columns and diagonals connected to that 

node (See Ta bie 3. 7). An u neven number of connections occurs at the roof and foundation of 

the building or when an irregular bracing pattem is used. 

Category Number of columns and diagonals connected 

0 0 
1 1 or 2 
2 3 or 4 
3 5 or 6 

TABLE 3.7: Rules for categorization of the nodes 

3.3.2 Small Studies 

Two small studies are executed using the developed optimization program. The first study tests 

the developed optimization program for three simple tower structures and the second study 

determines the influence of the number of property groups on the total steel weight. 

3.3.2.1 Optima! Topology Of Three Towers 

The optima! topology of three towers with a square ft oor plan are determined using the developed 

optimization algorithm. These are 96m high (30 storeys of 3.2m) and the floor plans are either 

15x15m2 (GSA1), 22.5x22.5m5 (GSA2) or tapered from 39x39m2 to 15x15m2 (GSA3). 

The settings for each Harmony Search Optimization are shown in Table 3.8. The settings for 

GSA3 are changed after 600 iteration to help convergence. 
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96m 

GSA1 

-15m 

96m 

FlGURE 3.25: 

GSA1 

Population size 10 
Select from memory 0.80 
Pitch adjust 0.40 
Distance bandwidth 0.20 
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GSA2 

22.5m 

Geometry of the towers 

GSA2 GSA3 GSA3(>600 iteration) 

15 15 15 
0.50 0.50 0.70 
0.30 0.30 0.50 
0.10 0.10 0.20 

TABLE 3.8: Settings of the harmony search algorithm 

Resulting geometries For each optimization, the population wasn't fully converged, but the 

dominating solutions are shown in Figure 3.26. An important factor influencing the final result 

is the fitness weight factor (Section 3.3.1.2). This factor indirectly determines the number of 

nodes in the optima! structure. 

An overview of the generation variables and results for the optima! structures are shown in 

Table 3.9. It should be noted that the Spread en Spread Height variabie have insignificant result 

on the fitness value and theses values aren't converged. 

The non-prismatic tower (GSA3) was dimensioned based on strength. Stiffness wasn't an issue 

due to the pyramid shape (See U /Umax in Table 3.9). 

/-

FIGURE 3.26: Dominating solutions in the final population for each optimization 

The progress for the optimization of GSA1 is shown in Figure 3.27. The average weight of the 

solutions in the population drops significantly from the start and successively converges to the 

optima! value. The optimization progressof the other optimizations show comparable behavior 

and are included in Appendix D. 
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GSA1 GSA2 GSA3 

Corner Columns yes no yes 
Mid Columns no no yes 
Mirror Y yes yes yes 
Horizontal Copy 3 4 1 
Vertical Sealing 1 3 3 
Spread 4 2 3 
Spread height 64 22 67 

Steel weight 23080007 31423002 46526206 
Nr. of Nodes 432 916 744 
U/Umax 1.019 1.009 00679 
u/umax 00529 00639 00649 

TABLE 309: Variables and results of best generation for GSAl, GSA2 and GSA3 

GSA2 and GSA3 use slower convergence settings (Table 308)0 This increases the exploration of 

the search space, but the number of needed iterations are also increased from rv100(GSA1) to 

rv500(GSA2) and rv700(GSA3)0 

450000 ~-

4~00 ~------------------------------------------------

·······-·········· 0 0 

0 0 

0 0 

250000 tl ~i-------~~~~~~~~~~~~~~~~========== ;...-------
1 0 

; :. .................. · • ................................ .' 

11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 

--Avg Weight - -Minweight 0 0 
o 
0 0 ·Nodes'500 

FIGURE 3027: Progressof optimizing GSAl 
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3.3.2.2 N urnher Of Property Groups 

The infiuence of the number of property groups on the minimal steel weight and stiffness distri

bution is executed for the optima! topology of GSA1 (see Figure 3.26). 

Figure 3.28 shows the reduction of the totalsteel weight when the number of groups are increased 

from 1 to 15. Increasing the number of vertical groups above 5 has no significant effect on the 

weight reduction (See Appendix D.3). 
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FlGU RE 3.28: Reduction of totalsteel weight for an increased number of property gro ups 

3.3.3 Case study: Hearst Building 

In this section, the performance of the section optimization method is verified with a case study. 

The geometry for this case study is based on the Hearst Building; an office tower in New York 

designed by Poster and Partners. This building is placed on an existing six storey art deco 

building. The top 36 levels of the building are executed with a diagrid truss facade structure. 

The topology of this structure is used for the manual and automated section size estimation. 

FlGU RE: 3 .29 : The Hearst building is located on top of a existing six storey building 
[ www .rsgcaulking.com] 

This case study is executed in three parts: 

Manual section size estimation Minimal needed section sizes are estimated based on a man

ua l design process. 
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Automated section size estimation The geometry of the Hearst Building is imported in the 

optimization program. The minimal needed section sizes of the structure are automatically 

estimated. 

Full optimization algorithm The developed optimization method is completely executed, in

cluding the harmony search algorithm for finding the optima! topology. 

The geometry of the Hearst Building3 is slightly changed by continuing every fioor to the edge of 

the corner. This is needed for a correct comparison between the optimization algorithm (which 

is not able to describe the original fioor perimeters) and the manual section size estimation. The 

analyzed geometry is shown in Figure 3.30. 

The section sizes are based on top drift only, strength and inter storey drift are neglected. 

Mod~all Analyzed model 

FIGURE 3.30: Different scheme designs for structural analysis 

3.3.3.1 Manual estimation 

Calculation of the loads Just like the automatic method, the structure is split in 6 equal 

parts with uniform loads. The load on each part of the building is calculated as the average load 

on that part (href ). This results in the correct horizontalload on the foundation, but a slightly 

lower bending moment. The resulting wind load is shown in Table 3.10. 

The manual estimation model is calibrated with the finite element model to return equal defor

mation when the same section sizes are used. This is executed by multiplying the wind load of 

the manual estimation by 1.075 (almost 7.5% increase of the wind load). The wind pressure is 

shown in Figure 3.31 (unmodified) and Table 3.10. 

Stiffness calculation The tower is schemed as a single beam split in 6 parts. The racking shear 

stiffness is calculated with Equation 3.17. The bending stiffness is calculated width Steiner's 

Theorem, where the area of the diagonals (Ad) are recalculated to equivalent areas (Aequ) using 

3 The geometry is an estimation of the real geometry, not the actual geometry. 
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FIGURE 3.31: Windload on the structure 

Part Loading 

htow htop href Wind pressure Wind pressure modified 

0 24 36 1.10 1.18 
24 48 40 1.13 1.21 
48 72 60 1.28 1.38 
72 96 84 1.40 1.51 
96 120 104 1.56 1.68 
120 144 144 1.64 1.76 

TABLE 3.10 : Windload used for manual calcttlation 

Equation E.2. The position of the equivalent columns is calculated as the average x- and y 

coordinate of the two nodesof the conesponding diagorraL The derivation of Aequ and GA are 

included in Appendix E. 

(3.17) 

(3.18) 

Calculation of the stiffness The bending and shear stiffness of the structure can be calcu

lated using the follo>ving formulas: 

EI h3 

- = 12 * 182 + 4 * (152 + 92 + 32
) · - 3 · E 

Ad ~ 

= 5148 · 0.822 · 2.05e8 (3.19) 

= 8.675 · lOnkN 
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GA b2 hE 
-=6·--
Ad 2d3 
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122 · 16 · 2.05e8 = 6. -----=--
2. 17.0883 

(3.20) 

8 kN 
= 2.8393. 10 -2 

m 

Section estimation The top deformation is calculated in Microsoft Excel. The profile sizes 

are increased based on the ratio of every part(Equation 3.12). This ratio is a function of the 

deformations and the weight. The formula for calculating the top deformation due to a particular 

part is shown in Equation 3.21. 

Ml~ ql~ Fl~ (Mlp ql~ Fl~ ) ql~ Flp 
Ytop(P) = 2EI + 8EI + 3EI + EI + 6EI + 2EI (-htop- hp) + 2GA +GA (3.21 ) p p p p p p p 

The section sizes are manually increased based on the ratio until the maximum allowed horizontal 

top deformation of 192mm is reached. An overview of the final result is shown in Table 3.11. 

Section [mm] Loads [kNI [m] Stiffness [kNI[m] Deform [mm] Influence 

d t q F :tvl EI(e6 ) GA(e6 ) u u% steel[ton] ratio 

1 2000 10 56.45 8634 556609 54234 17.75 58.4 30.5% 301.9 1.04 
2 1600 10 57.82 7246 366054 43332 14.2 46.5 24.2% 241.2 1.03 
3 1300 10 65.62 5671 211050 35156 11.5 34.0 17.7% 195.7 0.93 
4 950 10 72.10 3941 95707 25617 8.38 25.3 13.2% 142.6 0.95 
5 630 10 80.14 2017 24209 16897 5.53 18.1 9.4% 94.1 1.03 
6 350 10 84.06 0 0 9266 3.03 9.5 4.9% 51.6 0.98 

191.8 100% 1027 

TABLE 3.11: Results of the manual section estimation 

The total minimal needed steel tonnage equals 1027 ton. 

3.3.4 Automated section estimation 

The automated section estimation uses the 'original' topology of the Hearst Building as shown 

in Figure 3.30. This topology is generated with the 'Single Run' tab of the optimization program 

using the parameters as shown in Figure 3.32 (left). 

The estimated section sizes of this run are shown in Table 3.12. As shown in Figure 3.32, the 

tower is only optimized on horizontal top drift. The strength is checked, but due to the low live 

and dead load, this will never be the critica! factor for determining the section sizes. 

The total steel weight is slightly higher then the manual section estimation process: 1035ton 

compared to 1027ton. The difference is probably introduced due to the discrete (non-continuous) 

section library which is used for the automated optimization. 
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FICU RE 3.32: Screenshot of generation settings and the resulting geometry 

Section [mm] Weight 

D t A[cm2
] ton % 

P1 1016 19.1 598 288.8 27.9% 
P2 965 17.5 521 251.6 24 .3% 
P 3 1168 11.1 403 194.6 18.8% 
P4 914 11.1 315 152.1 14.7% 
P 5 323 20.0 191 92.2 8.9% 
P 6 244 16.0 115 55.5 5.4% 

Tot al 1035 100.0% 

TABLE 3.1 2: Results of automated section estimation of Hearst Building 

3.3.5 Harmony Search optimization algorithm 

A complete Harmony Search Optimization is performed twice, with a varying weight distribution 

for calculating the fitness value: this was changed from 0.8 in the first run to 0.6 in the second . 

The settings and results for both optimization runs are shown in Figure 3.33 and Table 3.13. 

FICURE 3.33: Two facades of the best found salution during the first a.nd second optimiza.tion 
run 
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Optimization1 (w=0.8) Optimization2 (w=0.6) Original 

Corner Columns yes yes no 
Mid Columns no no no 
Mirror Y yes yes yes 
Horizontal Copy 5 3 3 
Vertical Sealing 1 3 4 
Spread 6 1 1 
Spread height 37 25 0 

Steel weight [ton] 789 848 1035 
Nr. of Nodes 632 472 438 
U/Umax 1.0173 0.99 0.99 

TABLE 3.13: Variables andresultsof best generation from Optimizationl, Optimization2 and 
the original topology 

3.3.6 Overview and conclusions 

An overview of the total steel weight for every structure is shown in Figure 3.34. 

69 

Both section estimations (manual and automated) of the original topology show the same result. 

This confirms that the automated section estimation is properly working. 

The resulting structures of the Harmony Search Optimization process are considerably lighter 

then the original structure. It could, however, already be expected that the inclusion of corner 

columns would have a great infiuence on the bending stiffness of the structure. 
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FIGURE 3.34: Overview of steel weights and number of nodes 
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3.4 Description of the program 

The program is developed in Microsoft Visual Basic Express Edition 2008. It contains five 

sections in a tabular layout (See Figure 3.35). Four tabs are used to setup the Harmony Search 

Optimization process and the last tab is used for generating one single structure based on user 

defined parameters. 

" .delE 
Open I 

I 
~ a-1 ... -Genera! menu 

.Pr.<:>.-~1 G_ ", I s-...1 GA lsr.g~e A..,I ... -Tabs for submenus 
P,eporelfiOdej -- =-
G._.s.ouodll 

l'lD Ouacb 1 hMig- f5G 

FloorW<V>t ~ l..iv<l.ood~ jkN/m2) i ~~'~~~ I 

"' MO>< homintal topäjt Hl ~ I 

W t-4.- rUntOI'ey ti'•t hl fiil3 I .. ... Submenu content 

l ... -Status bar 

FIGURE 3.35: Layout of the experimental optimization program 

The first section (Figure 3.35) contains the tools for preparing the wireframe model by gen

erating Quad elements and setting the values for generating the constraints and loads. The 

Geometry section (Figure 3.36:left) controls the boundaries of the search space. The third sec

tion (Figure 3.36:right) defines the section estimation process. The edge beam string should 

have the correct syntax as shown in the example, this is the same syntax as used by GSA. 

For the sections of columns and diagonals, an Excel vVorkbook conta.ining all sections have to 

be loaded. With the comboboxes, each Sheet from the Excel Workbook can be linked to the 

columns, diagonals or corner columns. 

The GA section (Figure 3.37: left) contains all settings for the Harmony Search Optimization 

process and a browser button to select an Excel template which stores all data: generation 

variables, CUlTent population and fitness values. 

The Single Run section (Figure 3.37: right) contains all controls to generate any structure based 

on user defined parameters. There are two generation possibilities: generate only the structure 

or execute one full run. In addition to the geometry generation, the full run a.!so executes the 

section estimation algorithm. 

The results of a Harmony Search Optimization are stored in Microsoft Excel during the opti

mization process (Figure 3.38). 
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3.5 Evaluation of the optimization experiment 

The idea of this first experimental optimization program, is to keep it simple and make the 

overall algorithm work. Later, the used algorithms can be replaced by better performing, but 

more complex algorithms. This has resulted in a basic geometry generation and optimization 

algorithm. However, the algorithm for estimating the section sizes was developed more complex 

then strictly needed. 

The basic geometry generation method is based on rectangular planes instead of curved surfaces, 

this substantially reduces the complexity and the ability to describe freeform structures. The real 

problem, however, is the fact that the number of faces determine the amount of viabie solution 

candidates the algorithm can generate (Figure 3.39). This algorithm, therefore, works best for 

rectangula.r structures. 

0880 00 faces faces faces 
s 

Solutions: 20,24,28, 
32,36,40, 
44,48,52, 
56,60,64, 
68,72,76, 

80 

Number: 16 

24,30,36, 
42,48,54, 
60,66,72, 

78 

10 

20,30,40, 
50,60,70, 

80 

7 

20,40,60, 
80 

4 

FtGURE 3.39: Viabie solutions for the number of isolines for different number of faces when 
the number of viabie columns is between 20 and 80. 

The developed algorithm for stiffness based section estimation works properly as tested with 

the 'Hearst Building case study' (Section 3.3.3). This method is aimed at producing the most 

accurate estimation of the section sizes. However, it would be better to find the correct balance 

between precision and speed. 

The used Harmony Search Algorithm is probably the most basic evolutionary algorithm, as it 

doesn't include ranking of the candidates in the population. The settings ('Harmony Select' 

& 'Pitch Adjust') gave enough control on exploring the search space and convergence. The 

problem, with any multi-objective optimization, is the use of a.n aggregation method for the 

fitness calculation. Th is factor inftuences the result of the optimization a.nd the correct value for 

the factor is generally unknown during the design phase. Therefor, it is preferred to remove the 

weight factor and use a Pareto method instead (See Section 1.3.4). 



Chapter 4 

Freeform High-Rise Optimization 

tooi 

This chapter discusses the final proposed optimization tooi, which is a continuation of the ex

perimental high-rise optimization tooi. The focus of the new tooi is movecl in the elireetion of 

conceptual design , instead of optimization. Together with the remarks on the first tooi, this has 

led to the following changes: 

Geometry generation Method which is better able to handle freeform structures, without 

reducing the search space (Section 4.1). 

Property groups The grouping of the properties is no Jonger pre-defined, but based on the 

forcesin the elements (Section 4.2.1) . 

Section size estimation Different stiffness based section estimation methocls are comparecl. 

Basecl on these results, a new section estimation method is implemented in the final algo

rithm. This new method linearly increases the section sizes of the strength based section 

estimation until all stiffness constraints are satisfied (Section 4.2 .2). 

Harmony Search Algorithm The evolutionary topology optimization is still based on the 

Harmony Search Algorithm, but instead of finding one solution, it aims at finding the 

Pareto Optima! Set (Section 1.3.4) . 

This changes are consecutively discussed in the following sections. 
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4.1 Model Generation 

The previous generation method (Section 3.1) is basedon straight lines. Refining the geometry to 

improve the approximated curves isn't possible, because every segment is treated as an individual 

part of the facade. The new model generation method treats the individual segments as a 

continuous facade . The position of the columns and diagonals are no Jonger bounded by the 

original nodes, but are interpolated on the lines of the total perimeter. This fixes the biggest 

drawback of the original method: limited search space when the number of segments increases 

(see Figure 3.39). 

Commonly used methods for describing freeform geometries, like NURBS (Section 1.4), are 

not used because of the difficult integration with GSA. Instead, a simple refinement method is 

integrated to increase the resolution of the approximation of the curves. 

The generation variables arealso changed compared to the previous method , resulting in a bigger 

and more continuous search space (Section 4.1.1). The flowchart of the new generation method 

is compared to the old method in Figure 4.1. 

The first difference is the composition of the reference geometry (Figure 4.1). The new reference 

geometry only consistsof the ftoor lines, insteadof ftoors lines, column and quad elements. This 

reduced the necessary steps for reading and preparing the reference geometry. 

The most important difference is the segmentation of the reference geometry basedon the number 

of isolines needed fora ca.ndidate solution. This is further discussed inSection 4.1.1.1. 
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FIGURE 4.1: Flowchart of old(left) and new(right) geometry generation method 
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4.1.1 Generation variables 

The generation variables have changed compared to the old method, to be able to generate a 

largerand more continuous search space. Instead ofBraceMatrix, the most important generation 

variabie became Nrofisolines. This variabie determines the number of segments in which the 

reference geometry is split. This has infiuence on both the density and the angle of the diagonals, 

comparable to the HorizontalCopy variabie from the old method. The method for generating 

the isolines is d iscussed in Section 4.1.1.1. 

An overview of similar parameters is shown in Table 4.1. 

Old method 

Brace Matrix 
Horizontal Copy 

Sealing 
Corner columns 

Mirror or regular copy 
Columns 

New Method 

Ratio 
Nr of isolines 

Torsion 
Diagonal Size 

always mirrored 
column step 

TABLE 4.1: Overview of the truss layout parameters of the old (Jeft) and new (right) method. 

Since the geometry is treated as a continuous facade, no corners and, therefore , no corner columns 

are present. 

4.1.1.1 Nr Of lsolines 

An isoline is a line connecting points of equal value, in this case this value is the relative position 

on the perimeter of the fioors. These lines are used as reference lines for generating the final 

structure: diagonals and columns. 

The goal of the isolines is to help generate a logica! structure and not to exactly describe the 

original geometry. Therefore, it is chosen to place the isolines at even distances, instead of 

varying them based on the curvature a.s normally done when segmenting a structure. 

Nrof i solines and Torsion are the only variables infiuencing the placement of the isolines and, 

therefore, the angle of the bracings. 

The method for generating the isolines is first explained in case of a single fioor and then extended 

to multiple fioors . 

Single Hoor level For a single fioor level, the nodes can be easily generated by splitting the 

perimeter in n equal parts, where n is the number of isolines. 

The perimeter is a closed geometry, thus it can be split in an infinite number of ways. It is 

therefor important that the split results in the best approximation of the original geometry. 

The position of the first node infiuences the position of all other nodes as shown in Figure 4.2. 

The default position of the first node is at the first node of the reference geometry, all other node 
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positions are based on the relative perimeter (0 to 1). When changing the position of this first 

node, all other nodes will move accordingly. 

Geomelry 
wilh first node 

P, .. = 0 

default star1 node 

P,.. = 1/12 

modified star1 node 

Equal node 
d1slribution 

P~- = 116 

Pre~=Oo P,.,=216 
---:~=5/6 

P,.. = 4/6 
P ... = 3/6 

FIGURE 4.2: Inftuence of first node on column placement 

Figure 4.3 shows a test geometry which is filled in with isoline points in Figure 4.4 and 4.5. The 

number of isolines is kept ( unrealistically) low to make the differences more visible. In Figure 4.4, 

the first node is placed at the default position and Figure 4.5 shows the optima! node positions. 

This optima! position is determined by iteratively changing the position of the first node and 

calculating the resulting perimeter. 

The node position which leads to the largest perimeter is defined as the best approximation of 

the original geometry. This can be explained by the fact that it's only possible to cut of corners 

when differentiating a curve. The new perimeter will, therefore, always be smaller then the 

original geometry. 

FIGURE 4.3: Floor plan control nodes and the refined geometry 

In the current situation, the distance between two points is measured from the perimeter of the 

original geometry and not by the actual distance in between these points. This can be iteratively 

solved, by moving the nodesin little steps, until the distances converge to one value. In genera!, 

it will only be a problem for structures with a very high level of curvature. This and the fact 

that it is an iterative (slow) procedure, are the arguments for ignoring this in the final algorithm. 
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FIGURE 4 .5 : Optima] column placement for n = 3 and n = 5 

Multiple floor levels Using the above described method for multiple ftoor levels needs some 

extra attention. It is not possible to use this method on every individual ftoor level and get a 

pleasing result. An overview of the developed strategy is shown in Figure 4.6. 

FIGURE 4.6: Strategy for pla.cing isoline 

First, the perimeter of every level has to be calculated. The level with the largest perimeter 

wil! be used to determine the optima! column positions. This level has the biggest distances 

between the isolines and, therefore, generally has the most difficulty to approximate the original 

geometry. 
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Next step is todetermine the handling order of the fioors . First the fioors below the level with the 

biggest perimeter are handled, then the fioors higher than the level with the biggest perimeter . 

Example: a building with 10 levels, where level 6 has the largest perimeter: 

6----+5----+4----+3----+2----+1----+7----+8----+9----+10 

Limitations The used generation method has limitations regarding the correct placement of 

the isolines. The isolines are always evenly distributed across the whole facade; no distinction 

is made in different areas of the facade. This can result in a non optima! placement of columns 

and diagonals depending on the number of splits as shown in Figure 4.7. 

DO 
8 pans 9 par1s 

FIGURE 4.7: Column placement for different number of isolines 

This makes the generation method less optima! for structures with more then one clea.rly defined 

corner. However, due to the nature of the isoline placement it will alwa.ys place one column 

correctly in the corner. 

An example fl.oor plan with two sharp corners is shown in Figure 4.8. It can be seen that the 

algorithm correctly places one column in the smallest corner, but the correct placement of a 

column in the other corner depends on the m1mber of isolines. 
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FJGURE 4.8: Column placement for different number of isolines 
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4.1.1.2 Torsion 

The position of the isolines is also determined by the amount of torsion. The torsion value can 

range from -1 to 1, for example: -1 wiJl rotate the tower 360 degrees in counterclockwise direction 

and 0.5 wil! rotate it 180 degrees in clockwise direction (some examples are shown in Figure 4.9). 

The rotation is executed by changing the relative position of the target node by the rotation as 

shown in Equation 4.6. 

Torsion value 
Relpos(n) = Relpos(O) + N f fl · llvl(n)- lvl(O)I 

T o oors 
( 4.1) 

I I 

Torsion = 0 Torsion = 0.25 Torsion = 0.5 Torsion = 1 

FIGURE 4.9: Top view of isolines with different torsion value 

4.1.1.3 Itatio 

The most important change compared to the older generation method is the absence of the brace 

matrix which determined the basic grid layout. This matrix is now replaced by a single value: 

ratio. During the actua.l generation, the ratio is transla.ted toa brace matrix (See Figure 4.10). 

This allows for multiple configurations of BraceMatrix without the chance of generating discon

tinuous bracing pa.tterns. 

-2 0 

FIGURE 4.10: Brace matrix generated from ratio value 

The ratio defines the number of diagenals running in each direction ( clockwise or counterclock

wise). The number of diagenals is even when this value is 0 (range = -5 to 5). A number of 

examples are shown in Figure 4.11. 
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Ratio= -1 Ratio= 0 Ratio= 1 

FIGURE 4.11: Top view of diagonals for different ratio values 

4.1.1.4 Diagonal size 

The diagonal size defines the number of fioors a single diagonal spans. This also infiuences the 

density of the grid layout(Figure 4.12). 

FIGURE 4.12: Effect of 'Diagonal Size' variable: var=1 (left), var=2 (middle), var=4 (right) 

4.1.1.5 Column step 

On default (step=1), the columns are generated on all isolines. It is, however, possible to skip 

isolines by changing the step size (Figure 4.13). The step size can be varied between 1 and 10, 

the value of 10 is programwed to generate no column at all. 

FIGURE 4.13: Effect of 'Column step' variable: var=1(left), var=2(middle), var=4(right) 
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4.1.2 Reading the geometry 

The reference geometry only contains floor lines, instead of floor lines, vertical lines and Quad 

elements like the previous method. This geometry is optionally refined using a refinement algo

rithm. This section successively discusses: 

1. Sorting the nodes 

2. Refining the geometry 

4.1.2.1 Sort the nodes 

.Just like the previous method, the geometrical data is stored in two arrays: 

Node{x, y, z} 

Elem{property, node 1, node 2, group} 

The nodes are sorted in the rNodes (reference nodes) array, containing the nodes of every floor 

in the correct order: 

rNodes{coordinate(O=x,1=y,2=z) ,floor level,position} 

First step is to re-dimension the array to the correct size by determining the number of floor 

levels and the maximum number of nodes at a level. Then all nodes from the first level are loaded 

in the memory and the node with the lowest node number is selected to become the first node 

of rNodes. Consecutively the two connecting nodes are found by looping through Elem. F'rom 

these two nodes the first node is selected to become the second node in rNodes . This process is 

repeated for every node until all nodes at the floor are sorted. This process is repeated for all 

other levels , until rNodes is filled completely. 

The first two nodes of every floor determine the starting position and the direction ( clockwise or 

counterclockwise) of the reference nodes for each floor. It is, therefore, important that the start 

position and direction are equal at every floor level. 

4.1.2.2 Refining the geometry 

Geometry refinement is an optional tooi, which can be used according to the preferences of 

the user. This tooi enables the user to create smooth geometries with a very simple reference 

geometry, containing only a couple of control points per level. 

The implemented refinement algorithm is based on the Chaikin algorithm (Section 1.4.2), only 

the position where the corners are cut (0.25L) can be varied by the user. 

The algorithm copies rNodes to a temporary array oldNodes and rNodes is cleared and re

dimensioned to hold double the number of nodes. This is needed, because at every refinement, 
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the number of nodes is doubled. Consecutively rNodes is filled with values by looping through 

all nodes (NP) and levels (l) in oldNodes according to Equation 4.2 and 4.3 . 

2p 3 p 1 p-1 rNades = -N + -N 
l 4 l 4 l 

(4.2) 

N d 2p+l- 3NP + 1Np+l 
r o es - 4 l 4 l (4.3) 

When multiple refinement are needed, the algorithm can simply be looped the needed number 

of times. The result for different settings are shown in Figure 4.14. 

0 0.1 0.25 0.3 0.45 value 

0 

1 

4 

FJGURE 4.14: Results for different settings of the Chaikin algorithm: corner cut position(value) 
and number of iterations(steps). 

4.1.3 Generating the geometry 

All geometrical data needed for the generation is stored in rNodes. The most important and 

diffi.cult part of the generation process is the generation of the isolines as shown in Figure 4.6. 

The points of the isolines are used for the generation of columns and diagona.ls, which make this 

a straightforward procedure. 

The generation of isolines, columns and diagona.ls is discussed in detail in the Section. 

4.1.3.1 Generating the Isolines 

The procedure starts by filling two arrays: Peri and RelPeri containing the position and relative 

position on the perimeter of each node in rNodes. By interpolating between the nodes based on 

the values of RelPeri a node can be generated at any position on the perimeter(See example at 

Figure 4.15 and Equation 4.4)). Node n is found by looping through RelPeri and is the first 

node with a relative position larger then the needed relative position. 
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Pn-1 

Pn 
R = 0.55 

FTGURE 4.15: Positioning a node on the perimeter, Pare coordinates from rNodes a.nd Rare 
the relative positions from RelPeri 

Pn- Po.5 + Pn Po.5 - Pn-l 
Po.5 = Pn-l P _ P 

n n-1 Pn - Pn-1 
(4.4) 

The nodes can be generated at any relative position of the perimeter. Only the values for the 

relative positions should be determined depending on the number of nodes and the start position. 

lf n isolines should be generated and the start position is equal to 0, the relative positions are 

Posi(O ton) = *· The start position (StartPos) is varied between 0 and ~ to find the optima! 

position resulting in Equation 4.5. 

i 
Posi(O ton) = StartPos +

n 
(4.5) 

For the first level, the optima! start position is calculated by varying StartPos 50 times between 

0 and ~ and selecting the start position which results in largest perimeter. 

The positioning of the isolines on all other levels have the same initia! start position, but it can 

be modified with the Torsion (T,O to 1) constant. The change in start position can be calculated 

with Equation 4.6. 

T 
Poso = N f l l · !lvl - Start level! 

r o eve s 
( 4.6) 

4.1.3.2 Generating the structure 

All coordinates of the IsoLines are stored in : 

IsoLines{coordinate(O=x,1=y,2=z) ,floor level,position}. 

It is needed to export the coordinates as Nodes in GSA and conneet the correct points with 

Beam Elements. 

There are three types of elements: fioor beams, diagonals and columns. Based on the generation 

variables (Section 4.1.1) the fa.ces are filled with diagonal and columns. Each face isn't seg

mented like the old generation method (Figure 3.19), but only contains one (I or \) or a double 

diagonal (X) . Only the original points from IsoLines are used, which makes this procedure very 

straightforward. 
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The generation variables are translated to a BraceMatrix{l vl, p}, this matrix contains only one 

variabie for every single segment, which is either 0, 1, 2 or 3 (See Figure 3.2) . For each value of 

BraceMatrix{lvl,p}, the conesponding diagonal can be generated by creating a Beam element 

in GSA with Node 1 and 2 equal toNode A and Node C (value = 1 or 3) or Node D with 

Node B (value = 2 or 3)(See Figure 4.16). 

Columns and floor beams can be generated by cmmecting either horizontally or vertically. 

B c 
lsoline(lvl+1 ,p) lsoline(lvl+1 ,p+1) 

·------------------------· 
' ' 

Ae------------------------e D 
lsoline(lvl,p) lsoline(lvl,p+1) 

FIGURE 4.16: Node numbering of the faces 

4.1.4 Pre-processing 

This section discusses the new load generation method and the new floor diaphragm modeling 

options. 

4.1.4.1 Load generation 

The generation of loads is changed in multiple aspects. Most important is the increase of the 

number of wind directions from 2 to 8. This is obtained by defining 4 load cases, which are 

combined in positive or negative direction in the load combinations (Figure 4.17). An overview 

of allload cases and combinations is shown in Figure 4.17 and Appendix F. 

A3:+Wind1 

-Wind4 A4 :+Wind2 

Lx -Wind3 AS:+Wind3 

-Wind2 A6:+Wind4 

-Wind2 

FrGURE 4.17: Wind directions 

The second difference compared to the experimental generation is the method for calculating the 

dead and variabie loads. Just like the previous method, the loads are calculated by dividing the 

floor area by the perimeter. However, the area is not calculated within the program, but within 

GSA. This solves the problem of concave floor plans as shown in Figure 3.17. 
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Both the area and perimeter can change slightly when the number of isolines is changed. It is, 

however, important that every structure is toaded equally. This is accomplished by calculating 

the area based on the original reference geometry and the perimeter based on every individual 

structure. 

4.1.4.2 Floor diaphragms 

The new generation method has the option to model the ftoor diaphragms as rigid constraints or 

as a number of beam elements. The second method allows relative node displacements within a 

single ftoor level. This results in axial forces in the edge beams, which are necessary to properly 

estimate the section sizes of these elements. 

The results for three different models are shown in Figure 4.18. The difference in horizontal 

translation is very smal! , only the model without any ftoor diaphragm shows a more deformed 

ftoor plan. 

Modeling the ftoor diaphragm with rigid constraints or beam element can both be seen as a 

proper method when the objective of the user is to analyze the top and inter storey drifts. 

When using rigid constraints, the number of elements is reduced considerably, which makes the 

analysis faster. When axial forces in the edge beams are important, modeling the ftoor with 

beam elements is the better option. 

Modeling the ftoor with 2D elements is not considered a proper solution, because it increases the 

complexity ( and the calculation time) of the model without ad ding any addition information. 

ResolvE:d floii'<Sioltion . IUI : 800 .0 mmlpio.cm 

133.1 mm 

132.5 mm 

131-lllmm 

131.3 mm 

130.7 mm 

130.1 mm 

12'13.:5 mm 

128.9 mm 

Co1~t: C:5: SLS t- Wind4 

FIGURE 4.18: Node transla.tions with the rigid floor diaphragm modeled respectively: with 
bea.m elements (left), with rigid constraints (middle), without any floor diaphragm (right) 

To properly model the ftoor with a number of beam elements, an estimation for the stiffness of 

the ftoor is needed. Before doing an estimation, the inftuence of this stiffness is analyzed. The 

ftoor is, therefore, modeled without any stiffness , with HEAlOO, HEA300 and HEAlOOO sections. 

For each of these cases, the variation in top deformation and axial forces in the ftoor and edge 

beam are analyzed ( Table 4.2). 

It can be concluded that a smal! element stiffness is enough to prevent deformation of the ftoor. 

The estimation of the ftoor stiffness is difficult because it's hard to determine what results in a 

safe approximation; low stiffness results in bigger absolute axial forces, but higher stiffness result 

in higher compression which can result in instability. 
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The forces in the floor elements are mainly tensional. The stiffness of the floor is, therefore, 

defined by the reinforcement of the concrete. Additionally, the size of the section is also related 

to the perimeter and the number of isolines. This should result in an equal stiffness for the floor, 

independent of the number of isolines. 

Deformation top [mm] Axial forces edge beam[kN] 

Floor Min Max dif Min Max Max force in ftoor [kN] 

none 
HEA100 
HEA300 
HEA1000 

93.56 
93.79 
93.65 
93.48 

98.57 
96.03 
95.91 
95.72 

5.01 0 
2.24 -65.6 
2.26 -88.6 
2.24 -98.7 

212.3 
131.3 21.3 
105.7 39.6 
94.5 48.25 

TABLE 4.2: Inftuence of the ftoor stiffness on the forces and deformations for load combination 
C2. 

In the final algorithm, it's chosen to calculate the section sizes only once, based on the first 

floor level. The chosen reinforcement is equal to 10x010jm = Jr * 0.052 * 10 = 7.854e- 4m 2 jm = 

8e-4m 2 jm. The average distance between the elementsis equal tod= ~ ~ (P=perimeter, n = 
number of isolines). The dimensions (d) of the rectangular section profilecanthen be calculated 

with Equation 4.7. 

(4.7) 

For the tower structure of Table 4.2, this results in a section of 43x43mm2 , with an almost 

identical results as the HEA100 section. 

4.1.4.3 Element properties 

For the new optimization method, elements are no Jonger sorted in pre-defined groups. Instead, 

the properties are assigned based on the axial forces in the element. It takes a couple of iterations 

before the final property distribution is found. The floor beams are always assigned to property 

number 1. 

Since this process takes place during the section optimization, it's further discussed in Sec

tion 4.2.2.1. 

4.1.5 Conclusions 

The new generation method doesn't have the problem of a reduced search spa.ce when the number 

of faces are increased (See Section 3.5). The overall search space itself is also increased due to the 

more continuous search space. The continuity could, however, be further increased by changing 

the generation variables ('Nr oflsolines','Index' etc.) to 'Nr of columns', 'Nr of diagonals to left', 

'Nr of diagonals to right' etc. 
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Due to the increase number of load cases, it's no Jonger needeel to align the principle rotation 

axis of the structures with the global X- and Y-ax is. 

Compared to the old generation method, an option is inclucled to model the floor diaphragms 

with beam elements. This allows the generation of axialload in the edge beams, making a correct 

estimation of the minimal needeel section size possible. 
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4.2 Section Estimation 

As already mentioned inSection 4.1.4, the element properties are no Jongerbasedon pre-defined 

groups (e.g. columns, diagonals, corner columns) in a coup ie of steps over the height of the 

tower. The influence of this impravement and a couple of other differences of the strength based 

section estimation are discussed in Section 4.2.1. 

For the stiffness based section estimation, more simple and faster methods are compared to the 

original method as discussed in Section 3.2.2. 

A change, which has influence on both the strength and stiffness based section estimation, is 

the replacement of the Excel section library by two formulas for respectively an I-section and a 

CHS-section. This has a couple of benefits: 

1. No section library needed: Wrong configuration of the section library in Excel can cause 

errors. 

2. No limitations: The formulas have no upper limit for the size of the sections, this allows 

for custom section sizes which are not availa.ble in the section library. 

3. Faster: No Jonger needed to open and read the Excel file. No Jonger needed to loop through 

the database to find the optima! section. 

4. Continuous: The formulas are continuous in comparison to the discontinuous section li

brary. This prevent that certain topologies are more optima! because of differences between 

the optima! profile size and the profile size from the section library. 

There is, however, also one obvious disadvantage. The formulas generate profiles which are non

standard. However, the philosophy of the program is to get an accurate estimation of the total 

steel tonnage needed for a certain structure and not to determine the final section sizes. 

All sizes ofthe sections are clerived from the eliameter (CHS) or height (I) as shown in Figure 4.20. 

FIGURE 4.19: Dimensioning of the sections 

4.2.1 Strength based section estimation 

The section size is still determined by checking the elements on buckling and axia.l stress as 

discussed in Chapter 3.2.1. The difference, however, is the changing section property distribution 
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during each iteration based on the new axial forces (Figure 4.20). An example of the resulting 

section distribution is shown in Figure 4.21. 

All element have Analyze Sart element in 
same property r-T and export the f---+ groups based on 

number. axial farces. loads 

' 
Do until ' ~ ' 

' converged: 
Export Calculate 

' "-- new sections ~ sectien size of 
toGSA each group 

FIGURE 4.20: Flowchart for new strength based section estimation method 

C J 

- ·' 

·L::~ 
.......... r.,.,. 

c:-·::~.., 

P1 P2 P3 P4 PS P6 P7 P8 pg 

FIGURE 4.21: Section distribution based on strength 

Another difference compared to the strength based section estimation is the automated section 

estimation for edge beams. These beams are checked on strength and stiffness as discussed in 

Section 4.2.1.1. 

4.2.1.1 Edge beam utilization 

For estimating the section sizes for the edge beams, the beams are simplified to a straight beam 

hinged connected at both ends. The utilization of the edge beam is based on three checks: 

1. Deformation: The maximum vertical deformation of the edge beam is limited to l/400. 

2. Stress: The stress is calculated based on the bending moment and axial forces. The 

moment is calculated in the program based on the shear loads, the axial force is exported 

from GSA. It should be noted that the axial forces don't occur when the fioor is modeled 

as rigid constraint, so the 'rigid constraint checkbox' should be unmarked (Figure 4.33). 

3. Stability: The beam is assumed straight and supported in the horizontal plane. Out of 

the plane, the initia! deformation is caused by the fioor load, instability occurs due to the 

axial forces in the beam. 
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The maximum allowed axial force can be calculated with Merchant-Rankin: 

with: 

!Vfd :::; JÎ!lp,red, instable when: 

results in: 

with: 

1 2 n 
M d = -ql + F · wo · --p,re. 8 n- 1 

1\1p,red - iql 2 n - 1 
F- ·--
P- wo n 

Mp,red = reduced plastic moment capacity 

Fk 
n=-

Fd 

The buckling length is set equal to the system length (safe approximation). 
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(4.8) 

( 4.9) 

(4.10) 

( 4.11) 

The influence of the web on the plastic moment capacity is neglected. However, the thickness of 

the flanges is reduced if the capacity of the web is reached. The Bange thickness for calculating 

the moment capacity should be reduced if F > Jy,dtw(h- 2tt)· The reduced Bange thickness 

can then be calculated: 
N- Jy,dtw(h- 2tt) 

fJ,red=tt- J b 
y,d 

And the reduced plastic moment capacity can be calculated with: 

with: 

fÎifp,red = 2 · A · C · Jy,d 

A=tf,red·b 

1 1 
C = -h- -t/Ted 2 2 ' 

( 4.12) 

( 4.13) 

(4.14) 

(4.15) 
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results in : 

1 1 
Mp,red = 2 · tf,red · b · ( 2,h- 2,tf,red) · Jy,d 

= tf,redbJy,d(h- tj ,red ) 

4.2.2 Stiffness based section estimation 

( 4.16) 

( 4.17) 

This chapter discusses the section estimation methods which are available in the program. In

stead of offering one method, the new program offers five different methods. The main reason 

for including these five methods, was the possibility to make quick camparisans between these 

methods. The overview of the methods is shown in Figure 4.22. 

Strength 
Delermine seclion 
sizes by linearly 

increase the area of 
the strength based 

sections. 

laster 

Force 
lncrease profile size 
based on distribution 

of axial lorces 

OR 

Strain energy 
lncrease profile size 
based on distribution 

of strain energy. 

slower 

Slnge Sensitivity 
analysis 

One sensitivity 
analysis is executed. 

This is used to 
calculate the most 
effective section to 

increase. 

Multiple Sensitivity 
analysis 

Same methods as 
discussed in part I. 

FtGURE 4.22: Estimation of the speed of different stiffness based section estimation methods 

The 'multiple sensitivity analysis' is the methad as described in Chapter 3.2.3 and is nat discussed 

in this chapter. All other methods are shortly discussed in Section 4.2.2.1. 

The 'multiple sensitivity analysis' methad was developed to return the most precise estimation 

of the minimal needed section sizes, but as shown it's also the slowest methad available. It is , 

therefore, used a.s reference when camparing the other section estimation methods. 

4.2.2.1 Section estimation methods 

Strength With this method, the section sizes resulting from the strength based section es

timation are multiplied by the highest utilization of the stiffness constraints. The structure is 

calculated once more in GSA to find the new utilization. This utilization will generally be just 

above one (nat satisfied). 

This simple operation (modifY section + one FEA run) makes it very fast compared to the other 

methods. 

Force / Strain energy These two methods are exactly the same, only the reference code 

for exporting data from GSA is either refereing to the 'Axial Farces' or the 'Strain Energy'. 

Compared to the 'Strength method ', the sections are nat equally increased. This makes it 
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harder to accomplish a precise estimation of the new deformations. It is, therefore, needed to 

iteratively execute Finite Element Analysis until all constraints are satisfied. 

There are two reasons why this method is slower then the previous: Multiple Finite Element 

Analysis and the exportation of the axial forces after each calculation. Exporting data ( defor

mation and forces) from GSA to the optimization program is relatively slow due to the use of a 

COM interface. 

Single sensitivity analysis A single sensitivity analysis is executed at the beginning of the 

section estimation. This is done by iteratively doubletheE-modulus of every property group and 

exporting the deformations. The influence of every property group on the deformations can then 

be calculated. Based on these values, the section properties are increased until all constraints 

are satisfied. 

There is an iteration only for checking the deformations and recalculating the utilization. The 

iteration doesn't include the sensitivity analysis itself, in contrast to the 'multiple sensitivity 

analysis' discussed in Chapter 3.2.3. 

The sensitivity analysis makes this method relatively slow. For ea.ch property group, a. Finite 

Element Ana.lysis needs to be executed and the deforma.tions have to be exported from GSA. 

4.2.2.2 Section estimation results 

The section estima.tion methods are compa.red in two different structures ba.sed on the reference 

geometry shown in Figure 4.21. The results of the first topology (isolines = 50; dia.gona.l size = 
4, column step = 4) is shown in Ta.ble 4.3. 

Method Deforma.tion[mm] Weight[ton] Weight corrected[ton] Weight[%] 

Strength 534.0 92.6 

Strength ba.sed 138.60 370.5 389.0 100 
Force 131.80 393.6 393.6 101.2 
Stra.in energy 130.70 400.4 396.4 101.9 
Single Sen.Analysis 131.4 387.8 386.0 99.2 
Multiple Sen.Ana.lysis 132.0 385.0 384.9 98.9 

TABLE 4.3: Results with difference stiffness based section estima.tion methods (first topology) 

The resulting steel tonnage of ea.ch section estima.tion method is very compara.ble, with a. max

imum va.ria.tion of only 2%. Especia.lly the strength ba.sed section estima.tion method performs 

rea.lly well when accounting the speed of this a.lgorithm. 

The difference in results for the second topology (isolines = 42; dia.gona.l size = 3, column step 

= 2) are bigger as shown in Ta.ble 4.4, but the strength based section estima.tion method still 

shows good performance. 

Based on these results, the strength based section estima.tion shows the highest performance 

( combination of a.ccura.cy a.nd speed). To verify these results, four more tests with different 
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Method Deformation [ mm] Weight[ton] Weight corrected [ton] Weight[%] 

Strength 497.0 97.1 

Strength based 136.1 364.3 375.6 100 
Force 131.8 417.1 416.5 110.9 
Stra.in energy 131.5 408.1 406.6 108.3 
Single Sen.Analysis 131.8 373.9 370.9 99.4 
Multiple Sen.Analysis 131.2 373.2 370.9 98.8 

TABLE 4.4: Results with difference stiffness based section estimation methods (second topol
ogy) 

geometries are executed. However, only the 'strength based section estimation method' and the 

'multiple sensitivity analysis method' are compared (Section 4.2.2.3). 

4.2.2.3 Section estimation results verification 

The performance of the section estimation algorithms is analyzed in four more geometries, each 

50 storeys (150m) high: 

• Geometry 1: Circular fioor plan, small diameter. 

• Geometry 2: Circular fioor plan, big diameter. 

• Geometry 3: Elliptica.l fioor plan. 

• Geometry 4: Circula.r tapering fioor plan. 

FIGURE 4.23: Unrefined geometriesof Geometry 1 to 4 

The horizontal top drift should be limited to ~~~;;' = 200mm. The reEerenee method (Table 4.5) is 

the 'multiple sensitivity analysis method'. The results of the 'strength based estimation methocl' 

are less optima! compa.red to the results found in Ta.ble 4.3 a.nd 4.4, but with a maximum 

va.ria.tion below 10%, the strength ba.sed section estima.tion method ca.n be seen as a. proper 

method for fast section estimation. 
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Strength based method Reference method 

Geometry Def[mm] W[ton] W corrected [ton] Def[mm] W[ton] Weight[%] 

1 226.5 2092.5 2369.8 199.5 2336.6 101.4 
2 205.9 1648.0 1696.6 199.3 1615.9 105.0 
3 206.5 4921.5 5081.4 199.8 4689.7 108.4 
4 201.7 783.5 790.1 199.9 7 770.8 102.5 

TABLE 4.5: Strength based section estimation compared to reference section estimation 
method 

4.2.3 Conclusions 

97 

The section estimation method changed on multiple aspects. Important for the quality of all 

estimation is the ability to dimension the edge beams . This makesaneven comparison between 

towers with small and large column distances possible. 

The preferred section estimation method is the strength based method, which linearly increases 

the area of all section until the deformation constraints are satisfied. The performance of the 

algorithm depends on the geometry. It is, therefore, important to test the performance of the 

new 'Strength based' sectien estimation method, compared to the 'Multi-sensitivity analysis' 

method to validate the accurancy. For single generation, where speed isn't very important, it is 

still recommended to use the 'Multi sensitivity analysis' method. 
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4.3 Optimization Algorithm 

The new program uses a different optimization a.!gorithm, compared to the experimental pro

gram. The first idea was the use of the Pareto Optimization method, to be able to find a set of 

non-dominated (Pareto) solution. 

The problem with the Pareto method is the ranking system, this is generally based on counting 

the number of solutions that are dominated by the current selected solution. This can lead to 

unfair fitness values if one solution dominates a cluster of other solution. Because we are not 

dealing with a real multi-objective problem, just double objective (weight + nodes), it's chosen 

to use a more controlled method to find the Pareto front. This method is based on multiple 

populations. 

4.3.1 New optimization algorithm 

The new optimization method for finding a Pareto front has a very simple concept: Instead 

of using one population, there are multiple populations, each with their own weight value for 

calculating the fitness. The weight value of every population is evenly chosen within a range 

defined by the user. Each population, therefore, focuses on one part of the search space and one 

part of the Pareto front. 

During the generation of a new individual, variables are chosen randomly from individuals in 

all populations. The generation process is still based on the Harmony Search Algorithm. The 

difference, however, is the lack of pitch adjustment (moving towards the best node). This is 

excluded, because it's not strictly needed for convergence and there is generally not one single 

solution which dominates all other solutions. 

During the optimization process, solutions are stored in Microsoft Excel. At the end, this data is 

analyzed to find all dominating solutions of the Pareto Optima! Set. The algorithm stops when 

all populations are converged or when the maximum number of iterations (1000) is reached. 

4.3.1.1 Tower geometry 1 

This tower is basedon the the geometry from Figure 4.10 and 4.21. This geometry is 99m high 

( 33 storeys of 3m). 

The optimization algorithm is executed twice; once with floors modeled as rigid constraints (run1) 

and once modeled with bea.m elements (run2). The most important settings of the Harmony 

Search Algorithm are shown in Table 4.6. 

Results of run 1 This optimiza.tion process was manually stopped after 368 generations. The 

total runtime was equal to 191 minutes, which equals 1.93 generation per minute. A lot faster 

then the previous optimization method, which used the sensitivity analysis to estimate the steel 

weight. 
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Generale n random 
individuals 

~ 
Copy these 

individuals to all 
populations. 

l 
Create new 

individual based on 
all populations 

I 
For each population 

I 
I 
I 

~-------- :t ______ --1 

: Calculate the fitness : 
1 of the new individual 1 
I I 
I I .. --------.-------- .. 

I 
I 

r _______ y ________ , 
Add this individual to : 

the population if it 
has higher fitness. 

~------- --------~ 

Do until the 
populations are 

converged 

FJGURE 4.24: New multi popula.tion optimization a.lgorithm 

Parameter 

Nr of populations 
Population size 
Memory select ratio 
Fitness weight Population 1 
Fitness weight Population 2 
Fitness weight Population 3 

Value 

3 
10 

0.75 
1.00 
0.75 
0.50 

TABLE 4.6: Setup of the optimiza.tion a.lgorithm 

99 

Due to the early termination of the optimization algorithm, it is not very likely that the real 

Pareto front is found (Figure 4.25). The result shows two asymptotes parallel to the x- and 

y-axis, which in theory mea.ns that the lightest structure needs an infinite number of element 

and the structure with the minimum number of elements has an infinite steel weight. The curved 

part of the graph, near the origin, contains the best balance between number of elements and 

steel weight. 

Results of run 2 The total runtime was 527 minutes for a total of 1010 generations, which 

equals 1.92 generations per minute. It was expected that this genera.tions would be slower, 

because of the increased number of elements in the floor, but this seems to be negligible. 
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FIGURE 4.25: Results from optimization run 1 for tower 1 
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FIGURE 4 .26: Results from optimization run 2 for tower 1 
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4.3.1.2 Tower geometry 2 

The geometry of tower 2 is based on the same geometry as tower 1, but iss extended to 50 

floors (150m). Both bottorn and top are wider then the middle part, like the Guangzhou TV

tower [Information Based Architecture, Arup], which makes this tower very slender. An example 

structure is shown in Figure 4.27. 

The settings of the Harmony Search Algorithm are equal to those used for the optimization of 

tower 1 (Tab Ie 4.6). The optimization is again run twice; floor diaphragm modeled with rigid 

constraints and with beam elements. 

FIGURE 4.27: Tower 2 example structure 

Results of run 1 This optimization run shows a limited exploration of the search space for 

structures with a high number of elements (horizontal asymptote), see Figure 4.28. There are 

two possible causes for this: 

1. Fast convergence of population 1, which should explore the horizontal asymptote. 

2. Initia! population only contains structures with a low number of elements. 

When analyzing the development of the population (Figure 4.29), there are no clear signs that 

the initia! population and early generation have caused the algorithm in the direct of low element 

solutions. The low number of structures with a high number of elements is, therefore, likely the 

result of early convergence of population 1. 

Due to the increased size of the structure, the runtime of the optimization is longer than the 

optimization of tower 1. 1010 generations were executed in 644 minutes, which equals 1.57 

generations per minute. 
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FIGURE 4.28: Results from optimization run 1 for tower 2 
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Results of run 2 This generation shows a better variety of results; none of the three pop

ulations converged to one salution (Figure 4.30). The runtime of this optimization equals 825 

minutes or 1.22 generation per minute. 
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FIGURE 4.30: Results from optimization run 2 for tower 2 

4.3.1.3 Overview and conclusions 

The Pareto optima! set of all runs are exported to generate the Pareto fronts which are shown 

in Figure 4.31 and Figure 4.32. 

A number of solutions aren't visible in Figure 4.31 and 4.32, due to the extreme high steel 

weight of these solutions coupled with a low number of elements. These and all other salution 

close to the horizontal or vertical asymptote cannot be seen as viabie options, since the tradeoff 

between weight and number of elements is very inefficient. The solutions with the best tradeoff 

are located at the curved part close to the origin. It is, therefore, especiaJly unsatisfactory that 

this part is limitedly explored for the first run of tower one, which only ran for 368 iterations 

compared to the 1000 iterations of the other runs . An overview of all Pareto solutions can be 

found in Appendix H. 

Based on the results of tower 1, we can conclude that the 'multi-population' Harmony Search 

Algorithm is a good search methad for finding the Pareto set. 

For tower 2, the Pareto front is limited to structures with a relatively low number of elements 

only. The horizontal asymptote (structure with high number of elements) can be explored by 

reducing the importance of the number of nodes on the fitness value. This can be obtained by 

changing the weight value of the three populations from 0.5, 0.75 and 1.0 to 0.7, 0.85 and l.O. 



104 

.c 

.2' 
~ 
"ji 
iii 

5000000 

4500000 

4000000 

3500000 • 

~ 3000000 .. 
~ 2500000 
"ji 
ëi) 2000000 

1500000 1 
1000000 

500000 ~ 

Chapter 4 Freeform High-Rise Optimization tooi 

-+--Run 2: Floer modeled with beam elements -• - Run 1: Floor modeled wilh rigtd consiramis 

0 ---------~---------------

>oo 400 600 800 1000 1200 1400 

Numbor of elements 

FlGURE 4.31: Pareto fronts for tower 1 

10000000 
-+-- Run2: Floor modeled with beam elements - A - Run1: Floer modeled Wllh ngtd constraints 

9000000 

8000000 

7000000 

6000000 

5000000 

4000000 

3000000 

2000000 

500 700 900 1100 1300 1500 1700 1900 2100 2300 

Number of etements 

F!GURE 4.32: Pa.reto fronts for tower 2 



Chapter 4 Freeform High-Rise Optimization tool 105 

4.4 Description of the program 

The program is simplified, compared to the old program (Section 3.4). The new program only 

contains one form with all controls needed to generate a single structure (Figure 4.33:left). A 

pop-up menu contains all settings of an evolutionary optimization process (Figure 4.33:right). 

The refinement group contains settings for refining the geometry as discussed inSection 4.1.2.2. 

The number of refinement steps can be set to zero to bypass this procedure. 

There are a couple of options for modeling the finite element model (FElVI): hinges can be created 

by generating releases at the end of diagenals and/or columns and there are two possibilities for 

modeling the fioors. If the checkbox 'rigid fioors' is checked, the fioor planes are modeled with 

rigid constraints in the XY-plane. If it is unchecked, the fioor planes are modeled as horizontal 

beams as described in Section 4.1.4.2. 
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FIGURE 4 .33: Layout of the new optimization program(left) and the pop-up menu for running 
a topology optimization process(right) 

All section estimation algorithms, discussed in Section 4.2, can be selected with a combobox 

(Figure 4.34). 
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FIGURE 4.34: Combobox for selecting the section estimation algorithm 
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4.5 Evaluation of the optimization program 

The goal of this new tooi is to move from an optimization tooi in the direction of a design 

tooi, making it more usabie in the early design stage. The proposed modifications (Introduction 

Chapter 4) made this possible: 

Generation method The new generation method doesn't have the problem of a reduced search 

space when the number of faces are increased (Section 3.5). The overall search space itself 

is also increased due to the more continuous search space. 

Property groups This modification doesn't make the tooi more suitable for the design face. 

The method, however, is more conceptual and gives more insight in the behavior of the 

structure. 

Section size estimation Multiple section size estimation method are included in the new de

sign tooi. It is, however, recommended for the conceptual design phase to use the 'Strength 

based' section estimation method. This is the fastest of the compared methods (Fig

ure 4.22), but still produces a satisfying estimation of the steel weight. The reduced com

putation time of this method increases the usability of the tooi during the design phase. 

For special structures, which are likely to behave very non-linear, it 's best to compare the 

performance of this method to the 'Multi Sensitivity Analysis' method and decide if this 

method is adequate. If the estimations are unsatisfactory, the 'Multi Sensitivity Analysis' 

can be used to do a more correct estimation. The calculation time, however, wil! increase 

significantly. 

Harmony search Algorithm The goal of the new tooi was to show a range of possible solu

tions. From this set of solutions the user can select the most suited solution. This set is 

defined as the Pareto Optima! Set, which also eliminated the necessity to define the weight 

va.lue(s) for the aggregation method. The used method, with multiple populations, does 

create a satisfying Pareto Optima! Set, but during some optimizations, one part of the 

search space is only limitedly explored. This algorithm needs further research to make the 

quality of the results more consistent. 

The largest complaint of this a.lgorithm is the definition of the search space. The way it is 

developed (as described inSection 4.1), is from a programmer's points of view. The variables ('Nr 

of Isolines', 'lndex ' etc) are directly derived from the generation method. It would, however, be 

more logica! to define the variables like: 'Nr of columns', 'Nr of diagonals to left' , 'Nr of diagonals 

to right' etc. In addition to making it more logica!, this also results in a more continuous search 

space, with more possible solutions. A more continuous search space is also important for the 

convergence of the solutions. 



Conclusions 

The objective of this research is to develop a tooi which supports architects and engineers during 

the design process by finding the optimallayout of truss facade structures for high-rise buildings. 

The developed tooi has two options to reach this objective: 

1. Creation and evaluation of different structural solutions 

2. Harmony Search Optimization process 

The first option enables the user to quickly eva.luate a couple of alternative structures, helping 

the user to make a carefut assessed choice between multiple solution. The available modeling 

and algorithm options, make the tooi very versatile. The user should, however, be aware of the 

limitation of the generation metbod and the different section estimation methods when drawing 

his conclusions based on the results of this tooi. 

The second option starts an Harmony Search Optimization process, which searches for the Pareto 

Optima! set. This set contains all solutions with an optima! 'weight + number of elements'. This 

set of solutions can be used during the early design phase to get an overview of the qua.lities of 

different solutions. A design can be directly chosen from this set of solutions or the set can be 

used as inspiration for the final design. Again, just like the generation and section estimation 

method, the user should be aware of the limitations. Especially of the beuristic search method. 

The returned optima! solution is generally never the exact optima!, but can only be considered 

as a good solution. However, the new algorithm, which doesn't optimize to one solution, but 

instead tries to find the Pareto Optima! Set, is very likely to present only a estimation of the 

optima! solutions at best. 

The above described problems with the algorithms can be solved. A more conceptual problem, 

with this tooi and these kind of tools in genera!, is the geometry generation method. Both 

the shape and truss facade system are closely related to the design concept. The developed 

generation method, however, doesn't always unite wel! with the designers concept. These tools, 

therefore, generally require some project based progra.mming to handle the exceptions of the 

geometry and unite with the architectmal or structural concept. Another option would be to 

develop a set of tools which can be reused every project. 
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Recommendations 

This project can be seen as a compilation of multiple techniques, but due to the limited time, 

there was no time for extensive research on theseparate parts. There are two topics which would 

be interesting for further research. 

• Stiffness based section estimation: Multiple stiffness based section estimation methods 

(Section 4.2.2.1) are already discussed in this thesis, but their use is limited to high-rise 

structures only. These methods only include the section area (A), since only this and the 

material (E) infiuence the overall stiffness of high-rise buildings. For roof structures, how

ever, the bending and torsional stiffness also infiuence the overall stiffness of the structure. 

This increases the complexity of the problem, making it an interesting topic for further 

research. 

• Geometry generation: The most difficult part of this research project is proba.bly the 

generation method. This method should be able to describe a wide range of geometries, 

without becoming cumhersome to use. There are two interesting problems for further 

research: 

Handling exceptions (holes, joining facades) in the geometry. 

Integrating a design concept in the generation method. 

The third technique used in this thesis is the optimization algorithm. These, however , are 

more general and not very related to structural design. These techniques are already researched 

thoroughly by scientists in artificial intelligence and, therefore, recommended for further research. 
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Evaluation 

The objective of this thesis was ambitious relating to my limited knowledge of programming 

and optimization techniques. In the beginning it was, therefore, unknown if the objective could 

be reached . To control this risk , a simple experimental program would be developed, which 

could later be extended with better algorithms. During the development of this experimental 

program, however, unnecessary complexity was introduced to both the generation and the section 

estimation algorithm. This complexity wasn't needed, but was created due to enthusiasm on 

this subject. This has caused some delay. 

The ex perimental program itself was very useful, it helped better understand the architecture of 

the computer program. The improved program could , therefore, be developed with little effort 

and much more efficient. The resulting code of the second program is shorter then the first 

program, while dealing with more complex algorithms. 

One criticism on the subject of this project, is the very broad range of topics included. This 

limited the available time to investigate each topic: optimization, section estimation, generation 

and high-rise buildings. I would, therefore, suggest, for similar graduation projects, to select 

either one or two of this topics. Another option is to create a simple program first and select 

only one topic to go on with. 

Overall, the graduation project was very informative. I became familiar with several optimization 

techniques, both structural optimization techniques and heuristic search methods. 
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Appendix A 

Strain energy 

The strain energy is the energy absorbed by a beam as a result of it's deformation under loading, 

this energy can be seen as a value for the amount of deformation of the element . The general 

formula for stra.in energy: 

(A.1) 

with: 

1 
éx = E [a x- v(ay + a 2 )] 

2(1 + v) 
{xy = E a xy 

1 
éy = E [ay- v(ax + a 2 )] 

2(1 + v) 
/yz = E ayz 

1 
éz = E [az- v(ax + ay)] 

2(1 + v) 
lxz = E axz 

For our pa.rticula.r case we are only interested in the calculation of strain energy for beam elements 

with a uniform section(A) along the length(L) of the beam. The stra.in energy for beams under 

compression and tension can be ca.lcula.ted as follows: 

results in: 

(A.2) 
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And for bending: 

with: 

M 
Gx = J . Z 

ax M z 
éx = E =EI 

Tesults in: 

with: 

Tesults in: 

U=;· M
2
dx 

2EI 
L 

Appendix A Strain energy 

(A.3) 

As can be seen from equation A.2 and A.3, the strain energy is quadratic dependant on the 

force or moment. Therefor it 's important to realize that the strain energy of an element with 

multiple loads is not equal to the sum of strain energy for each separate load, so the superposition 

principle cannot be used. 



Appendix B 

Influence estimation 

B.l Case I: lD Column 

Introduetion 

The most simplified representation for a high-rise structure: a single vertical element with 3 

different sections along the height of the tower. The 30m long element is loaded with a uniform 

load over the height of the structure equal to 10 kN /m( Figure B.l). 

Analytica! method 

.... -30m .... .... .... Part 3 .... .... .... 20m .... 
q = 10 kNJm+ .... Part 2 .... .... .... 10m .... .... .... Part 1 .... .... 

_Om 

0 
kNm 

500 
kNm 

2000 
kNm 

4500 
kNm 

l 

M 

FIGURE B.l: lD column, loading and moments 

The horizontal displacement(y) and rotation(<p) can be calculated according to equation B.l and 

B.2, see Figure B.2. 

Ml ql4 Fl 3 

y = 2EI + 8EI + 3EI (B.l) 
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Appendi.Y B Influence estimation 

FIGURE B.2: Forces, moments and deformations a column structure 

Ml ql3 Fl 2 

cp = EI + 6EI + 2EI (B.2) 

The infiuence of every part of the structure can be calculated with equation B.3 to B.5 (see 

Figure B.3). 
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FIGURE B.3: Forces and moments on every particular part of the structure 

Ipr = Ypl + C{'pl · 20m 

j\/Jl 2 ql4 Fl 3 Ml ql 3 Fl 2 

= 2EI + 8EI + 3EI + (EI+ 6EI + 2EI). 20m 

- 2000. 102 10. 104 200. 103 
( 2000. 10 10 . 103 200 . 102

) . 

- 2EI + 8EI + 3EI + EI + 6EI + 2EI 20m 
812500 

EI 

Ip2 = Yp2 + C{'p2 · lOm 

Ml 2 ql 4 Fl3 Ml ql3 Fl 2 

= 2EI + 8EI + 3EI +(EI+ 6EI + 2EI) ·lOm 

500. 102 10. 104 100. 103 ( 500. 10 10. 103 100. 102 ) 

= 2EI + 8EI + 3EI + EI + 6EI + 2EI . lOm 
187500 

EI 

(B.3) 

(B.4) 
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Iv3 = Yv3 

ql4 

8EI 
10. 104 

8EI 
12500 

EI 

vVith a uniform section over the height of the tower, the top deformation wil! be equal to: 

812500 + 187500 + 12500 
EI 

1012500 

EI 

The correctness can be checked with: 

ql4 
Ytop = 8EI 

10. 304 

8EI 
1012500 

EI 

The infiuence of every part on the top deformation can now be calculated: 

812500 
Ipl = 1012500 = 80.25% 

Iv2 = 187500 = 18.52o/c 
1012500 ° 

12500 (); 
Iv3 = 1012500 = 1.2370 

Strain energy metbod 
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(B.5) 

The average beam strain energy density can be exported from GSA or it can be calculated using 

differential equations. In this case only bending moments cause strain energy. The bending 

moment at position x can be calculated using equation B.6. 
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FIGURE B.4: Forces a.nd moments on every pa.rticular part of the structure 
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1 2 
Mx = - qx 

2 

The formula for calculating the strain energy as derived in Section 3.2.2.1: 

U = lb JvJ2dx 
b 2El 

a 

= rb ( ~qx2fdx 
.fa 2EI 

- 100q41b 4 
- 8EI ::r: dx 

a 

= 100q4 [ ~ 5lb 
8EI 5x a 

(B .6) 

This results inastrain energy for part 1 to 3 of: E = 2.05 · 108 kN/ m I= 1/12bh3 = 1/ 12m4 

1 00 . 104 1 5 30 100 . 104 1 5 1 5 
·Upar tl = 8EI [5x h o= 8EI · (5 · 30 - 5 · 20) = 30878 

u = 100 . 104 [~ 5]20 = 100 . 104 . (~ . 205- ~ . 105) = 536 
part2 8EI 5 x 10 8EI 5 5 4 

100 . 104 1 5 20 100 . 104 1 5 1 5 
U part3= 8EI [5x ]w= 8EI ·(5·20 -5·10)=146 

The strain energy is also exported from GSA. The results are shown in table B.l. 

GSA: Strain Energy Density[Jj m 3] 

GSA:% 
Analytica!: Strain Energy [kNm] 
Ana.lytical: % [kNm] 

Influence on deformation 

Part 1 Part 2 Part 3 

312.2 
86 .6% 
30878 
86.8% 

46 .61 
12.9% 
4536 

12.8% 

1.641 
0.5% 
146 

0.41% 

TABLE B . 1: Inftuence on deforma.tions using Stra.in Energy method 

Partial increased E method 

The partial increased E method is used for determining the contri bution of every part on the total 

deformation. This is done by doubling the E-modulus of every separate part of the structure. 

The results are exported from GSA and shown in table B .2. 
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Deformation[mm] Reduction[mm] Deflection Component % 

Initia! 59.34 
Part 1 
Part 2 
Part 3 

35.54 
53.84 
58.97 

23.80 
5.50 
0.37 

47.60 
11.00 
0.74 

59.34 

TABLE B.2: Influence on deformations using PIE method 

B.2 Case 11: 2D Trussed Frame 

Introduetion 

80.2% 
18.6% 
1.25% 

100% 
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This example is based on a. single bay diagonal N-bracing truss(Figure B.5). The truss is loa.ded 

with an uniform load of 10 kN jm. The sectionat areas of the columns, beams and diagonals 

remain uniform over the height of the frame. 

FIGURE B.5: Single bay N-bracing truss 

Analytica! method 

For the analytica! method, the ra.cking stiffness can be calculated with equa.tion B. 7 [16]. b Is 

the width of the truss, h is the storey height and d is the length of the diagonal. 

(B.7) 
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The horizontal deftection due to bending is calculated with equation B.8 [16]. 

(B.8) 

This equation can be split in deformations caused by strain in the diagonals, beams and columns 

[16]: 

qh4 
Yc = 4a2AcE 

qH2d3 

Yd = 2ha2 AdE 
qH2a3 

Yb= 2ha2 AbE 

For this particular case it results in: 

10. 554 915063 10.552
. vtsO 42780 10.552

. 53 15125 
Yc = 4 · 52 AcE = AcE Yd = 2 · 5 · 52 AbE = AdE Yb = 2 · 53 AbE = AbE 

(B.9a) 

(B.9b) 

(B.9c) 

The relative inftuence of every structural part on the total deformation when Ac = Ad = Ab can 

now be calculated: 

= 915063 = 94 0():; = 42780 = 4 = 15125 = 1 6 
Yc 97268 · %yd 97268 .4%yb 97268 . % 

Strain Energy Method 

For this calculation a finite element model is created in GSA[34]. The total strain energy of 

every member can be exported from GSA. Dividing the sum of strain energies of a particular 

part of the structure by the strain energy of the total building results in the relative inftuence of 

that particular part of the structure on the total deformation. The columns and diagenals are 

clustered in two partsover the building height: higher part (P1 & P3) and lower part(P2 & P4). 

Description Strain Energy 

Part Properties in GSA (KJ) (%) 

Columns P1 & P2 1483 93.1% 
Diagonals P3 & P4 79 5.0% 
Beams P5 30 1.9% 

Tot al P1 to P5 1592 100% 

TABLE B.3: Strain Energy of single bay truss structure 
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Partial Increased E Method 

For this method a simpte program was written which interactively changes the E-modulus of 

every part of the structure in GSA, runs a calculation and exports the top deformation to 

lVIicrosoft Excel. The results of this experiment can be found in Figure B.6. The results are 

calculated with a step size of 10% within the range of 100% to 300%. The x-axis contains the 

relative increase of the E-modulus. 

B.3 

500 

-400 
E .s 
::J 300 . 

200 . 

100 

O L-------~-- ----~---------------------------
0 0.5 1.5 2 2.5 

Ef/E 

FIGURE B.6: Deformation with increased E of pa.rtial structure 

Case 111: 3D Tower 

A 3D model was made to measure the performance of these methods for more complex structures. 

The high-rise tower was inspired by the SwissRe building at 30th St.Mary in London. 

All floors are modeled as rigid floor diaphragms by using constraint equations. This ensure all 

nodes at a floor level move as one rigid body in the XY-plane. All diagonals are hinged connected 

at both ends, by releasing the rotational restraints around the local y and z-axis. A nodal load 

of 1 kN in x-direction and 5 kN in z-direction is applied at all nodes. 

This case doesn't include an analysis with the analytica! method, because that method could 

only be executed with a very simplified model, which is not sufficient for this comparison. 

The building is clustered in nine parts over the height , with the lowest part being part 1 and the 

highest part being part 9. The increased influence of part 9 for the strain energy method can be 

explained by the fact that part 9 covers more floors then the other parts. 
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FIGURE B.7: Geometry of the SwissRe high rise structure 

40% 

0 lncreased E-modulus 
34% 

•strain Energy Methad 

23% 

21% 

14% 

!)9,410% 

P1 P2 P3 ?4 

FIGURE B.8: Comparison of sensitivity analysis for the highrise structure 
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Sectio11 Estimation Algorithm 

1. Create a neY material Yith E-modulus and weight twice that of steel 

2. Grab the current proparty index cProp(O, prop) from GSA and the length in cProp(2,prop) 

3. Re-dimension the array that stores all information about the different properties and deformations: 

- Determine the number of normal constraints 

- Determine the number of relativa constraints 

4. Read all normal and relativa constraints into the memory. 

5. Start external Loop: 

- Delete results from GSA 

- Analyze model in GSA 

-Check if constraints are satisfied: 

- For each constraints: 

if eenstraint is satisfied then satisfied 

- Next constraint 

- If satisfied = false then Exit Sub 

- Delete results from GSA 

true 

- Change all properties material to twice the E-modulus and weight of steel 

- Analyze model in GSA 

- Export deformation from GSA and calculate the influence correction factor. 

- Delete results from GSA 

-Change all properties material backtoE-modulus and weight of steel. 

- Get the deformation for every eenstraint when every separate proparty is increased: 

- For each property: 

- Change proparty E-modulus to twice theE-modulus and weight of steel. 

- Export deformations for each constraints 

- Analyze model in GSA 

- Export deformation for each constraints 

- Delets results from GSA 

- Next proparty 

- Calculate the goal for every constraints: 

- For each constraint: 

- If eenstraint is not satisfied: 

- calculate defGoal(property) 

- end if 

- Next for 

123 
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- Set nr. of internal iteration to zero. 

5.1 Start the internal Loop: 

- Calculate the influence of every property: 

- For each property 

- Set property influence to 0 

- For each eenstraint 

- if eenstraint is not satisfied then 

- calculate total mass of the property(Mass) 

- calculate difference in deformation causes by property(Dif) 

- calculate influence(prop) = influence(prop) + Dif/Mass 

- Next constraints 

- Next property 

- Increase the property with the highest influence 

- Change new deformations due to increased sectien property: 

- For each eenstraint 

- Calculate deformation difference for this constraint(dDef). 

- Subtract dDef from initial deformation. 

- For each property 

- Subtract dDef from deformation results from 

partly increased E-modulus calculation. 

- Next property 

- Next eenstraint 

- Increase sectien in property array. 

- increase number of internal iteration by 1. 

- If all constraints are Satisfied Then 

- Exit Internal Loop 

- End if 

- End of Internal Loop 

- Delete results from GSA 

- Export all new properties to GSA 

- Analyze model in GSA 

- End of External Loop 

6. Export the weight to Microsoft Excel 

7. Export nr of nodes and elements to Microsoft Excel 

LISTING C.l: Pseudocode for stiffness based section estimation based on the PIE method 
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Experimental results 

D.l Optimization progress 
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FIGURE D.l: Progressof the optimization of GSA2 
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FIGURE D.2: Progressof the optimization of GSA3 
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D.2 Section Sizes GSA1,2,3 

GSA1 (15x15m) GSA2 (22.5x22.5m) 

Sec ti on weight [kg] weight% Sec ti on weight [kg] weight% 

Diagonal 1 CHS244x8.0 31870 13.8% LCHS457x14.3 116700 37.1% 
Diagonal 2 CHS219x8.0 28440 12.3% LCHS762x6.4 89120 28.4% 
Diagonal 3 CHS193x6.3 22710 9.83% CHS355x10.0 73040 23.2% 
Diagonal 4 CHS193x5.0 18120 7.85% CHS273x6.3 35380 11 .3% 

Cor. col. 1 LCHS1270x22.2 61190 26 .5% 0 0% 
Cor. co l. 2 LCHS762x25.4 41360 17.9% 0 0% 
Cor. co l. 3 LCHS1016x7.9 20100 8.71% 0 0% 
Cor. co l. 4 CHS355x8.0 7026 3.04% 0 0% 

Tot al 230816 100% 314240 100% 

TABLE D.l: Section properties and weights of best generation for GSAl and GSA2 

GSA1 nodes = 30% GSA1 nodes = 50% 

432 nodes 184 nodes 
Section weight [kg] weight% Section weight [kg] weight% 

1 CHS323x6.3 18970 4.1% LCHS1270x11.9 208500 45.0% 
Diagonal 2 CHS244x6.3 12600 2.7% LCHS1016x9.5 130600 28.2% 
Diagonal 3 CHS219x6.3 11050 2.4% LCHS559x10.3 88440 19.1% 
Diagonal 4 CHS168x5.0 5672 1.2% CHS244x10.0 36190 7.8% 

Cor. co l. 1 CHS457x25.0 24210 5.2% 
Cor. col. 2 LCHS864x8.7 16710 3.6% 
Cor. co l. 3 LCHS457x9.5 10940 2.4% 
Cor. col. 4 CHS273x6.3 4310 0.9% 

Column 1 LCHS1219x11.9 160300 34.5% 
Column 2 LCHS508x19.14 104100 22.4% 
Column 3 CHS355x16.0 69380 14.9% 
Column 4 CHS273x8.0 27020 5.8% 

Tot al 465262.6 100% 463703.2 100% 

TABLE D.2: Section properties and weights of bestand second best generation for GSA3 
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D.3 N r Of Property Groups 

N umber of splits 

1 2 3 4 5 6 10 15 

Floor 181600 181600 181600 181600 181600 181600 181600 181600 
p2 200700 91200 38070 26660 24280 20350 12220 8855 
p3 110900 38560 30830 25010 21440 17870 10730 7618 
p4 74760 25710 22710 17030 15420 10720 7152 
p5 29840 68730 18120 14730 12660 10720 7149 
p6 34360 51770 11800 12280 9250 7147 
p7 12960 34610 47330 8110 9249 6442 
p8 19850 32370 41500 8515 6442 
p9 7026 18090 29040 5899 6166 
p10 9767 20450 5899 5677 
p11 3479 12310 4866 4912 
p12 6280 26530 4529 
p13 2899 20890 4529 
p14 16550 3932 
p15 14500 3932 
p16 11240 3244 
p17 8079 18150 
p18 4702 15350 
p19 3647 13340 
p20 1592 12020 
p21 774.7 10470 
p22 9083 
p23 7858 
p24 6551 
p25 5124 
p26 3718 
p27 2432 
p28 1596 
p29 938.5 
p30 426 
p31 251.2 

Tot al 311600 234360 210660 205756 200316 199169 196572.7 195033.7 

Decrease 0 77.24 100.94 105.844 111.284 112.431 115.0273 116.5663 

TABLE D.3: Total weight of every section property for multi nr of splits 
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Stiffness calculation 

E.l Derivation GA 
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FIGURE E.l : Derivation of GA 

1 d Fd 
Fd = -F·- =-

2 b 2b 

pythagaras : 

( ~b- u)2 = (d- ~d) 2 - h2 

u 

~b2 
- bu + u 2 = d2 

- 2d~d + ~~ - h2 

4 

129 



130 

with: 

h2 = d2- ~b2 
4 

results in: 

Appendix E Stiffness calculation 

12 2 2 2 2 1 2 
4.b - bu +u = d - 2db.d + b.d- d + 4b 

-bu + u 2 = d2
- 2db.d + 6.~ - d2 

with: 

-bu = -2db.d 

-2db.d 
U= 

-b 
2db.d 

u=--
b 

results in: 

Fh 
U= GA 

2db.d Fh 
-- --

b GA 

GA= Fhb 
2db.d 

with: 

6. _ Fdld 
d- EAd 

results in : 

~F~ · d 
E Ad 
Fd2 

2bEAd 



Appendix E Stiffness calculation 

E.2 Derivation equivalent column area 
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FIGURE E.2: Derivation of diagonal effective area 

d 
F.d=F·-. h 

~ _ Fdd 
d- EA 

d 

F!i.d 
- h 
- EAd 

Fd2 

= 

(h- u) 2 = (d- ~d) 2 - (~b) 2 
2 

h2
- 2uh + u 2 = d2

- 2d~d + ~~ - ~b2 
4 

with: 

h2 = d2- ~b2 
4 

2 12 2 2 2 12 d - 4b - 2uh +u = d - 2d~d + ~d - 4b 

-2uh + u 2 = -2d~d + ~~ 
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with: 

- 2uh = - 2d!J.d 

2d!J.d 
U=--

2h 
d!J.d 

U=--
h 

results in: 

Fh Fd3 

EAequ h2 EAd 

h d3 

Aequ h2 Ad 
3 3 hAd= d Aequ 

Appendix E Stiffness calculation 

(E.l) 

(E.2) 
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Laad Cases and Combinations 

Case I Name Description 

Ll Dead load 
L2 Live load 
L3 Win dl 
L4 Wind2 
L5 Wind3 
L6 Wind4 

Cl SLS- Live Ll + L2 
C2 SLS + Windl Ll + L2 + L3 
C3 SLS + Wind2 Ll + L2 + L4 
C4 SLS + Wind3 Ll + L2 + L5 
C5 SLS + Wind4 Ll + L2 + L6 
C6 SLS- Windl Ll + L2- L3 
C7 SLS- Wind2 Ll + L2- L4 
C8 SLS- Wind3 Ll + L2- L5 
C9 SLS- Wind4 Ll + L2- L6 

ClO ULS +Live 1.2Ll + 1.5L2 
Cll ULS + Windl 1.2Ll + 0.3L2 + 1.5L3 
Cl2 ULS + Wind2 1.2Ll + 0.3L2 + 1.5L4 
Cl3 ULS + Wind3 1.2Ll + 0.3L2 + 1.5L5 
Cl4 ULS + Wind4 1.2Ll + 0.3L2 + 1.5L6 
Cl5 ULS- Windl 1.2Ll + 0.3L2 - 1.5L3 
Cl6 ULS- Wind2 1.2Ll + 0.3L2 - 1.5L4 
Cl7 ULS- Wind3 1.2Ll + 0.3L2 - 1.5L5 
Cl8 U1S- Wind4 1.211 + 0.312 - 1.5L6 
Cl9 to C25 Same at ClO to Cl 8, but 1.5 · 12 and 0.3 · windload 

C27 I Envelope Cll to C26 
C28 EnvelopeMax C27abs 

TABLE F .1: Description of load cases a.nd combination 
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Comparison optimization 

methods 

G.l Results topology 1 

Strength Stength based Force Based 

File name GSA-gen153 GSA-gen154 GSA-gen155 
Section 1 I270x300x7 .4x13.8 I270x300x7.4x13.8 I270x300x7 .4x13.8 
Section 2 CHS230x9.2 CHS460x18.4 CHS500x20 
Section 3 CHS220x8.8 CHS440x17.6 CHS480x19.2 
Section 4 CHS210x8.4 CHS420x16.8 CHS450x18 
Section 5 CHS190x7.6 CHS380x15.2 CHS420x16.8 
Section 6 CHS180x7.2 CHS360x14.4 CHS380x15.2 
Section 7 CHS160x6.4 CHS320xl2.8 CHS340x13.6 
Section 8 CHS150x6 CHS300x12 CHS290x11.6 
Section 9 CHS130x5.2 CHS260x10.4 CHS240x9.6 

Section 10 CHS100x4 CHS200x8 CHS150x6 

Weight sec. 1 excluded excluded excluded 
Weight sec. 2 7322 29290 34600 
Weight sec. 3 11380 45520 54170 
Weight sec. 4 10530 42110 48340 
Weight sec. 5 12620 50500 61690 
Weight sec. 6 12450 49800 55490 
Weight sec. 7 10900 43600 49230 
Weight sec. 8 12570 50290 46990 
Weight sec. 9 8858 35430 30190 
Weight sec. 10 5984 23940 13460 

Total weight 92614 370480 394160 
Deformation 497 136.1 131.8 

Weight * Def.[%] 100% 111% 

TABLE G .1: Comparison between optimization methods: topology 1 part 1 
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Energy Based 

GSA-gen156 
I270x300x7.4x13.8 

CHS460x18.4 
CHS420x16.8 
CHS410x16.4 
CHS380x15.2 
CHS370x14.8 
CHS370x14.8 
CHS340x13.6 
CHS290x11.6 
CHS180x7.2 

excluded 
29290 
41470 
40120 
50500 
52610 
58300 
64590 
44080 
19390 

400350 
131.5 
108% 
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Sensitivity analysis Sensitivity analysis Sensitivity analysis 
(single) (multi , 75%) multi, 50%) 

File name GSA-gen158 GSA-gen160 GSA-gen161 

Section 1 I270x300x7.4x13.8 I270x300x7.4x13 .8 I270x300x7 .4x13.8 
Section 2 CHS540x21.6 CHS530x21 .2 CHS530x21. 2 
Section 3 CHS460x18 .4 CHS470x18 .8 CHS470x18.8 
Section 4 CHS400x16 CHS390x15.6 CHS390x15.6 
Section 5 CHS380x15 .2 CHS390x15 .6 CHS390x15.6 
Section 6 CHS350x14 CHS360x14.4 CHS360x14.4 
Section 7 CHS330x13 .2 CHS330x13.2 CHS330x13.2 
Section 8 CHS310x12.4 CHS310x12.4 CHS310x12.4 
Section 9 CHS260x10.4 CHS260x10.4 CHS260x10.4 
Section 10 CHS210x8.4 CHS180x7.2 CHS180x7.2 

Weight sec. 1 excluded excluded excluded 
Weight sec. 2 40360 38880 38880 
Weight sec. 3 49750 51940 51940 
Weight sec. 4 38190 36310 36310 
Weight sec. 5 50500 53190 53190 
Weight sec. 6 47070 49800 49800 
Weight sec. 7 46370 46370 46370 
Weight sec. 8 53700 53700 53700 
Weight sec. 9 35430 35430 35430 

Weight sec. 10 26390 19390 19390 

Total weight 387760 385010 385010 
Deformation 131.8 131.2 131.2 

Weight * Def.[%] 99.2% 98.9% 98.9% 

TABLE G.2: Comparison between optimization methods: topology 1 part 2 
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G.2 Results topology 2 

Strength Stength based Force Based Energy Based 
File name GSA-gen148 GSA-gen149 GSA-gen150 GSA-gen151 

Section 1 I260x300x7.2x13.4 I260x300x7 .2x13.4 I260x300x7 .2x13.4 I260x300x7.2x13.4 
Section 2 CHS230x9.2 CHS450x18 CHS570x22.8 CHS390x15.6 
Section 3 CHS210x8.4 CHS410x16.4 CHS580x23.2 CHS350x14 
Section 4 CHS190x7.6 CHS370x14.8 CHS530x21.2 CHS360x14.4 
Section 5 CHS180x7.2 CHS350x14 CHS490x19.6 CHS350x14 
Section 6 CHS170x6.8 CHS330x13.2 CHS450x18 CHS360x14.4 
Section 7 CHS160x6.4 CHS310x12.4 CHS400x16 CHS360x14.4 
Section 8 CHS140x5.6 CHS270xl0.8 CHS340x13.6 CHS340x13.6 
Section 9 CHS120x4.8 CHS230x9.2 CHS270x10.8 CHS280x11.2 
Section 10 CHS100x4 CHS190x7.6 CHS180x7.2 CHS170x6.8 

Weight sec. 1 excluded excluded excluded excluded 
Weight sec. 2 8837 33830 30660 25410 
Weight sec. 3 8822 33630 56270 24500 
Weight sec. 4 10550 40020 64770 37880 
Weight sec. 5 13490 51020 55860 51020 
Weight sec. 6 14120 53200 57770 63320 
Weight sec. 7 12500 46930 52890 63300 
Weight sec. 8 12190 45330 47420 71880 
Weight sec. 9 8998 33060 34920 48990 
Weight sec. 10 7552 27260 16550 21830 

Total weight 97059 364280 417110 408130 
Deformation 136.1 131.8 131.5 

vVeight * Def.[%] 100% 111% 108% 

TABLE G.3: Comparison between optimization methods: topology 2 part 1 
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Sensitivity analysis Sensitivity analysis Sensitivity analysis 
(single) (rnulti, 75%) multi, 50%) 

File name GSA-genl58 GSA-genl60 GSA-gen161 

Section 1 1260x300x7.2x13.4 1260x300x7.2x13.4 1260x300x7. 2x 13.4 
Section 2 CHS510x20.4 CHS510x20.4 CHS510x20.4 
Section 3 CHS440x17.6 CHS440x17.6 CHS440x17.6 
Section 4 CHS360x14.4 CHS350x14 CHS350x14 
Section 5 CHS350x14 CHS360x14.4 CHS360x14.4 
Section 6 CHS330x13.2 CHS330x13.2 CHS330xl3.2 
Section 7 CHS300x12 CHS300x12 CHS300x12 
Section 8 CHS270xl0.8 CHS280x11.2 CHS280x11.2 
Section 9 CHS230x9 .2 CHS240x9.6 CHS240x9.6 
Section 10 CHS190x7.6 CHS160x6.4 CHS160x6.4 

Weight sec. 1 excluded excluded excluded 
Weight sec. 2 43450 43450 43450 
Weight sec. 3 38730 38730 38730 
Weight sec. 4 37880 35810 35810 
Weight sec. 5 51020 53980 53980 
Weight sec. 6 53200 53200 53200 
Weight sec. 7 43960 43960 43960 
Weight sec. 8 45330 48750 48750 
Weight sec. 9 33060 35990 35990 

Weight sec. 10 27260 19330 19330 

Total weight 373890 373200 373200 
Deformation 131.8 131.2 131.2 

Weight * Def.[%] 99.4% 98.8% 98.8% 

TABLE G.4: Compa.rison between optimization methods: topology 2 part 2 
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Freeform Pareto Optimization 

Results 

Results Tower 1 run 1 

Nr Filename lsolines Torsion Si ze Ratio Column N r of elements 

1 GSA-gen42.gwb 22 0.17 8 0 10 198 
2 GSA-gen135 .gwb 32 -0.16 5 -1 10 297 
3 GSA-gen58.gwb 32 0.13 8 2 4 330 
4 GSA-gen111.gwb 24 0.17 5 -1 4 363 
5 GSA-gen49.gwb 29 0.13 6 -1 3 462 
6 GSA-gen235.gwb 31 0.13 5 -2 4 495 
7 GSA-gen221.gwb 32 0.19 5 -1 4 528 
8 GSA-gen188.gwb 21 0.13 3 0 6 561 
9 GSA-gen99.gwb 29 -0.11 3 -2 4 594 

10 GSA-gen333.gwb 31 0.13 4 0 9 627 
11 GSA-gen278.gwb 23 0.13 2 -1 9 660 
12 GSA-gen153.gwb 32 0.30 3 -1 4 726 
13 GSA-gen275.gwb 32 0.11 2 -1 3 1122 

TABLE H.l: Settings and results of the Pa.reto set, sorted on number of nodes/ steel weight 
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Weight [ton] 

63348802 
69686 
19950 
1738 
1398 
738 
632 
626 
589 
566 
506 
500 
434 
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Results Tower 1 run 2 

Nr Filename Isolines Torsion Size Ratio Column Nr of elements Weight [ton] 

1 GSA-gen458.gwb 22 -0.21 8 -1 9 132 3.66E+17 
2 GSA-gen71.gwb 24 0.02 6 -2 9 198 6.79E+08 
3 GSA-gen11 .gwb 26 0.02 7 2 7 231 342802 
4 GSA-gen242 .gwb 24 -0.16 6 0 10 264 19831 
5 GSA-gen202.gwb 28 -0.16 5 -1 10 297 8872 
6 GSA-gen228.gwb 27 -0.06 5 0 10 330 3901 
7 GSA-gen30.gwb 22 0.02 7 2 3 363 2756 
8 GSA-gen285.gwb 45 -0.16 8 0 10 396 2166 
9 GSA-gen816.gwb 32 -0.21 5 2 5 462 1159 
10 GSA-gen431.gwb 29 0.15 5 1 5 495 959 
11 GSA-gen437.gwb 45 -0.25 7 2 5 528 777 
12 GSA-gen538.gwb 45 -0.21 7 1 5 561 710 
13 GSA-gen957.gwb 32 -0.23 4 2 5 627 614 
14 GSA-gen487.gwb 34 -0.17 3 2 7 693 599 
15 GSA-gen711.gwb 45 -0.16 4 2 7 726 575 
16 GSA-gen776.gwb 54 -0.16 5 1 6 759 571 
17 GSA-gen780.gwb 45 -0.16 4 1 7 792 550 
18 GSA-gen46l.gwb 45 -0.29 3 2 7 858 531 
19 GSA-gen290.gwb 45 -0.29 3 2 5 957 514 
20 GSA-gen644.gwb 45 -0.29 2 1 10 1089 483 
21 GSA-gen520.gwb 25 -0.13 3 1 1 1188 449 

TABLE H.2: Settings and results of the Pareto set, sorted on nwnber of nodes/steel weight 
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FIGURE H.2 : Visual representation of the Pa reto set , sorted on number of nocles/steel weight 
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Results Tower 2 run 1 

Nr Filename IsoJin es Torsion Size Ratio Column Nr of elements Weight [ton] 

1 GSA-gen564.gwb 26 0.02 7 2 8 300 1.03E+12 
2 GSA-gen975.gwb 26 0.02 7 -2 6 350 2396591 
3 GSA-gen955.gwb 26 0.02 7 -2 5 400 336179 
4 GSA-gen548.gwb 26 0.12 7 -2 4 450 22416 
5 GSA-gen994.gwb 22 0.02 7 0 4 550 9515 
6 GSA-gen259.gwb 26 0.29 4 -1 6 650 3782 
7 GSA-gen960.gwb 26 0.28 4 -2 4 700 3467 
8 GSA-gen453.gwb 26 -0.03 4 -1 4 750 2648 
9 GSA-gen663 .gwb 26 0.18 4 1 3 850 2575 

10 GSA-gen936.gwb 30 0.10 4 -1 5 900 2565 
11 GSA-gen894.gwb 29 0.02 4 0 5 950 2492 
12 GSA-gen187.gwb 26 0.09 4 1 2 1050 2485 
13 GSA-gen337.gwb 26 0.02 5 0 2 1100 2367 
14 GSA-gen95l.gwb 26 0.28 7 -2 1 1250 2175 
15 GSA-gen1009.gwb 25 0.28 5 -1 1 1300 2159 
16 GSA-gen7 45.gwb 26 0.02 8 0 1 1500 2136 
17 GSA-gen430 .gwb 26 0.02 6 0 1 1600 2106 

TABLE H .3: Settings a.nd results of the Pru·eto set , sorted on number of nodes j steel weight 
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FIGURE H .. 3: Visual representation of the Pareto set, sorted on number of nodes/steel weight 
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Results Tower 2 run 2 

Nr Filename Isolines Torsion Size Ratio Column N r of elements Weight [ton] 

1 GSA-gen405 .gwb 20 0.27 7 -1 5 250 8.85429E+ 18 
2 GSA-gen463.gwb 28 -0.30 7 -1 10 300 5.62271E+13 
3 GSA-gen984.gw b 20 0.05 7 -2 5 400 84865 
4 GSA-gen864.gwb 36 -0.08 7 0 10 500 21521 
5 GSA-gen732.gwb 22 0.07 7 0 4 550 8121 
6 GSA-gen960.gwb 20 -0.02 5 0 5 600 5832 
7 GSA-gen956 .gwb 24 -0.02 5 0 5 750 3066 
8 GSA-gen685 .gwb 44 -0.02 7 0 6 950 2839 
9 GSA-gen640.gw b 44 -0.04 6 0 5 1100 2665 
10 GSA-gen968.gwb 20 0.05 7 -2 1 1250 2591 
11 GSA-gen98l.gwb 24 -0.13 5 1 1 1300 2405 
12 GSA-gen898.gwb 20 0.05 7 0 1 1350 2398 
13 GSA-gen963.gwb 24 0.02 5 0 1 1750 2252 
14 GSA-gen725 .gwb 28 -0.02 4 0 1 2100 2251 

TABLE H.4: Settings and results of the Pareto set , sorted on number of nodes/steel weight 
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