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ABSTRACT

Arch shape is one of the oldest used in architecture and structural engineering, but thanks to its efficiency
it is still frequently used, specially, for long span bridges. The shape of an arch is reached at the
conceptual design stage, usually resulting in one of three idealized configurations: circular, parabolic or
catenary. These forms become bending-less arches under certain fixed load conditions. Although the real
structural elements are subjected to a huge number of possible load combinations, there is an only one
“bending-less” configuration that is possible, while the safety evaluation must be conducted for each
possible load configurations, that means considering static coupling effects of bending and shear
actioning on each arch sections.

In this paper is evaluated an optimal configuration of a circular arch, subjected to different vertical load
combinations, evaluating the height to span ratio, the cross section (hypothesized constant along the arch)
and the inertia modulus, as the main representative parameters to be considered. The analysis is
performed with the aim to evaluate the optimal configuration able to minimize the self-weight of the arch,
not only to limit the materials but also to find solutions for the constructive stages.
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The analysis is performed using a humerical solution of circular arches equations neglecting shear and
axial deformations and considering a homogeneous material. The objective function considered is the
total arch weight, while the load is applied in symmetrical and antisymmetrical configurations.
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1. Contemporaneity and architectural design
1.1 Analytical process for evaluation of the highlights of the architectural composition
Shape
- Shape of the structure(own and of
the spaces it indicates)
-Shape for the destination function
- Shape as an architecural language
Architecture
Structure Site
- Structural safety (identity)
- Structural efficiency -Landscape, nature, environment
- Structural optimization - Political and economic characteristics
- Social needs
- Materials

- Collective memory, historicity
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1. Contemporaneity and architectural design
1.1 Analytical process for evaluation of the highlights of the architectural composition
Analytical Process
v v
Shape Structure 'dSI:?t
Structural safety Land G i? ity) i} ¢
- Shape of the structure(om and of the  Structural efficiency LGRS, teture eiroment |
spaces it indicates) Structural optimization -
- - - - Social needs
Shape for the destination function _ Vaterials
Shape as an architecural language l - Collective memory, historicity

Architectures Characterized by Large Span

|

A better resistance to bending and shear
stresses is given by the weight reduction,
by the lightness of the structure.

Structural Optimization
(the small amount of material used must be
compensated with the exact placement in the
space)
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1. Contemporaneity and architectural design
1.2 Introduction to“raziocinio integral” of Escola Paulista

Fig. 2. The
“Raziocionio
Integral” in the
Paulista School

The Architecture of the «Escola
Paulista»

|

¢ Shape Clarity

e Structural Rigor

* Rejection of Superfluous
¢ Decrease of Structural Elements

e Moral Consinstency
* Uso di materiali privi di rifiniture
* Riduzione elementi
architettonici

* Use of large span structure
* Spatial continuity
(spaces for collectivity)

‘Raziocinio Integral’

The project, result of
the perfect fusion of its
“pedacos”, is compared to
the integral calculation:
many small parts define
one single and continuous
element.
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Reconstructions of Examples of the Architecture from Escola Paulista*

Garagem de Barcos Santa Paula Iate Clube
Vilanova Artigas 1961

Brazil’s Pavilion, Universal Exposition in Osaka
P. Mendes da Rocha , J. Katinsky, R. Othake, J. Caron, M. Nitsche, 1970

*L. Sardone , Forma, Estrutura, Lugar, The research for architectural form in the
panorama of the “Escola Paulista”, 2018


Relatore
Note di presentazione
Il tema della copertura di grandi spazi è da sempre un tema particolarmente interessante per un progettista in quanto vengono racchiuse avvincenti sfide che coinvolgono vari aspetti del costruire. La sfida progettuale diventa ancora più ardita quando lo spazio viene “delimitato”, “creato” e “disegnato” dalla sola copertura; questa specifica condizione porta il progettista a ragionare fuori dagli schemi tradizionali di progetto. 
Vi sono strutture che riescono a definire gli spazi che coprono richiedendo un forte impegno strutturale e il ruolo degli elementi che supportano un tale carico non è mai di semplice comprensione; tra queste strutture ritroviamo dei mirabili esempi all’interno della Escola Paulista. È quindi interessante indagare quei temi quali il rapporto inscindibile tra architettura e struttura, il ricorso al piano orizzontale, la costante presenza di architetture dalle grandi luci che trovano nella Scuola di San Paolo nuove formulazioni, dal punto di vista formale, ma anche ideologico.
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1. Contemporaneity and architectural design
1.3 Computational Design. the way to connect shape and structure in the architecture
Computational design Idea
Abstraction
v
Rule )
Algorithm
Fig. 3. (c) Example of knot diagram (Algorithm) produced by the factors of the
architectural composition Formalization and
(starting) parameters
v
Form « >  Structure Source |« Designer
code Modifies source code +

of parameters

Performance

Interpretation by the

Theoretical computer
base
\ 4

Output

Designer judges the
output

Fig. 3 a. Some of effective factors on Fig. 3b. The relationship between
architectural form structure and other
analysis elements of analysis


Relatore
Note di presentazione
in tempo reale mediante la variazione dei parametri definiti durante la costruzione del diagramma (Fig. 3(a), Fig. 3(b)), con vantaggi immediati in termini di esplorazione formale e di controllo/razionalizzazione della forma. [2]
Come diretta conseguenza della logica associativa è possibile creare legami concettuali ed effettivi tra i diversi livelli di approfondimento progettuale. In altri termini, la modifica di un parametro a scala più ampia è in grado di generare una propagazione di modifiche tale da giungere alla congruente ridefinizione di dettagli a piccola scala: è possibile ipotizzare un link diretto tra i parametri relativi alla forma generale di una superficie complessa e le caratteristiche geometriche di un nodo strutturale, il tutto guidato da logiche di relazione definite dal designer. 
Razionalizzazione della forma, scomposizioni, sviluppo di superfici complesse in elementi piani, cessano di essere operazioni “a posteriori” ma vengono integrate nel medesimo processo di definizione formale. [3]
La progettazione computazionale è dunque l'applicazione di strategie computazionali al processo di progettazione. Mentre i progettisti tradizionalmente si affidano all'intuizione e all'esperienza per risolvere problemi progettuali, il design computazionale mira a migliorare tale processo codificando le decisioni di progettazione utilizzando un linguaggio informatico. L'obiettivo non è necessariamente quello di documentare il risultato finale, ma piuttosto i passaggi necessari per creare quel risultato. [8]
Cos’è l’Algorithms-Aided Design (AAD)?
Il design algoritmico non riguarda semplicemente l’uso del computer in ambito progettuale. Gli algoritmi consentono ai progettisti di superare i limiti dei software tradizionali ed ottenere un livello di complessità e controllo che va oltre la capacità manuale. Nella modellazione algoritmica l’utente ha la possibilità di creare oggetti tridimensionali attraverso la descrizione del sistema di relazioni alla base di una qualsiasi geometria complessa. Tale descrizione avviene mediante lo sviluppo di un diagramma a nodi (algoritmo visuale) all’interno di specifici editor che operano in parallelo al software di modellazione. Pertanto, non esiste più alcuna manipolazione di oggetti, ma esclusivamente una manipolazione di dati. L’algoritmo visuale è basato su informazioni di natura geometrica, matematica e logica.
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1. Contemporaneity and architectural design
1.4 Design method in architecture and Form Finding: a brief review

Eisenman); P. Eisenman

and Hudson, Londra, 1999).

Ehe New Hork Eimes Magazine

THE WAY WE LIVE NOW: 12:00:02: ON LANGUAGE

THE WAY WE LIVE NOW: 12-01-
02: ON LANGUAGE; Defenestration

Fig. 4a. Nunotani Corporation, Tokyo Fig. 5. Manimal’ by Daniel Lee, 1993 Ottimizzazione della massa attraverso ~ Greg Lynn, Ravioli chair produced
1992 MORFOGENESI through the morphogenesis of a flat
surface


Relatore
Note di presentazione
È possibile definire il termine “design generativo” attraverso varie complementari definizioni con comuni caratteristiche che è possibile descrivere come metodologie progettuali in cui la generazione della forma si basa su regole algoritmiche derivate ​​da alcune piattaforme di scripting.
Alla base del boom della progettazione computazionale troviamo il lavoro di Peter Eisenmann tra la fine degli anni 80’s e l’inizio dei 90’s il quale iniziò a sperimentare una serie di tecniche di progettazione influenzato dalla teoria della decostruzione di Jacques Derrida; vennero così sviluppati diversi progetti sulla suddetta base teorica [6] come il Biocentrum di Francoforte (Fig. 4) (1987) e la sede centrale della Nunotani Corporation aTokyo (1992; figura 4a) (Eisenman 2004).
Si potrebbe affermare che il metodo di progettazione di Eisenmann è stato il primo tentativo di progettazione generativa contemporanea. Quando i software hanno iniziato a offrire nuove possibilità, lo stesso Eisenman ha introdotto altre tecniche nel suo approccio come il “morphing approach”, presto seguito da UNstudio e dal loro concetto di "Manimal", un'icona generata dal computer che unisce le differenti morfologie organiche quali quelle di leone, serpente e umano (Fig. 5) al fine di poter rappresentare e generare edifici ibridi attraverso la stessa metodologia utilizzando tecniche di ibridazione geometrica (Fig 5a). [5]
Man mano che gli strumenti di calcolo progredivano, Greg Lynn iniziò ad applicare nuovi strumenti come animazione, spline, nurbs e polisuperfici isomorfe, influenzando un'intera onda di produzione architettonica, spesso descritta come "architettura BLOB" (Lynn 1999); algoritmi e scripting diventano più accessibili per architetti e designer, e la fabbricazione digitale più conveniente: da questo momento in poi le tecniche di controllo sull’architettura diventano dominanti e pongono le basi per l’odierna progettazione generativa. [9]




1. Contemporaneity and architectural design
1.5 Research and Analysis Tools

4
Koramba. 3D

parametric engineering



Relatore
Note di presentazione
Grasshopper è uno dei più potenti strumenti di modellazione algoritmica per la generazione ed il controllo di forme complesse a qualsiasi scala: dall’architettura al design. Distribuito gratuitamente come plug-in di Rhinoceros, Grasshopper è in grado di generare forme tridimensionali complesse attraverso la definizione di un diagramma a nodi (algoritmo) in grado di descrive le relazioni matematiche e geometriche di un modello. I modelli tridimensionali sviluppati con Grasshopper sono sistemi dinamici modificabili in tempo reale mediante la variazione dei parametri definiti durante la costruzione del diagramma, con vantaggi immediati in termini di esplorazione formale e di controllo/razionalizzazione della forma.
Come diretta conseguenza della logica associativa è possibile creare legami concettuali ed effettivi tra i diversi livelli di approfondimento progettuale. In altri termini, la modifica di un parametro a scala più ampia è in grado di generare una propagazione di modifiche tale da giungere alla congruente ridefinizione di dettagli a piccola scala: è possibile ipotizzare un link diretto tra i parametri relativi alla forma generale di una superficie complessa e le caratteristiche geometriche di un nodo strutturale, il tutto guidato da logiche di relazione definite dal designer. Razionalizzazione della forma, scomposizioni, sviluppo di superfici complesse in elementi piani, cessano di essere operazioni “a posteriori” ma vengono integrate nel medesimo processo di definizione formale. 
�Karamba è uno strumento di ingegneria strutturale parametrico che fornisce un'analisi precisa di strutture reticolari spaziali, strutture portanti e piani di orientamento.��Karamba è completamente integrato nell'ambiente di progettazione parametrica di Grasshopper, un plug-in di modellazione 3D per Rhinoceros. Ciò semplifica la combinazione di modelli geometrici parametrizzati, calcoli di elementi finiti e algoritmi di ottimizzazione come Galapagos.
What is “Galapagos” ?
Galapagos is one of the functions in Grasshopper to use Genetic Algorithm to optimize parameters. Basically, the parameter optimization is to be solved in physical or mathematic way, but some problems cannot be solved in that kind of linear methods. Genetic Algorithm is not so clever/fast method to solve problems but is powerful to such difficult problems to solve.
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition.
2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo, 1970

P. Mendes da Rocha with J. Katinsky, R. Othake, J. Caron, M. Nitsche Padiglione del Brasile, Esposizione Universale di Osaka, 1970
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2. Relationship between Shape and Structure: application examples in
the Paulista architectural tradition

2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo

Fig. 8. Identification and parameterization (next page) of the geometry of the main
beam (Grasshopper environment)
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The main beam - with a variable section - is the object from which the preliminary study regarding the
parameterization of the forms was started, where the span of the beam constitutes an important and bold
project and constructive enterprise

Through the algorithmic code it possible to reproduce the geometry and break it down in order to be
able to start a primary and simplified analysis on an object on which we could have an analytical feedback
given the experimental type methodology (Fig. 8).
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2. Relationship between Shape and Structure: application examples in
the Paulista architectural tradition

2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo
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Identification and parameterization (next
page) of the geometry of the main
geometry(Grasshopper environment)

The dimensions of the beam cross-section, without any emptying, are:

base b=0.9 m; height h=2.6 m.

In this first analysis the material was hypothesized homogeneous and isotropic, with linear
elastic behavior

The beam was subjected to a uniformly distributed variable load equal to 125 kN/m.

The following mechanical properties, characterizing concrete, were considered: specific
weight gc=25 kN/m3;

modulus of elasticity Ec=3600 kN/cm3.

A value of the span equal to 25 m was firstly assumed.

After fixing the above configuration, linear-elastic analyses were carried out by
Grasshopper software.
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2. Relationship between Shape and Structure: application examples in
the Paulista architectural tradition
2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo
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Fig. 9. Individuazione e parametrizzazione (pag. accanto) di una
porzione della geometria della trave della geometria principale

The dimensions of the beam cross-section, without any emptying, are:

base b=0.9 m; height h=2.6 m.

In this first analysis the material was hypothesized homogeneous and isotropic, with linear
elastic behavior

The beam was subjected to a uniformly distributed vatiable load equal to 125 kN/m.

The following mechanical properties, characterizing concrete, were considered: specific
weight gc=25 kN/m3;

modulus of elasticity Ec=3600 kN/cm3.

A value of the span equal to 25 m was firstly assumed.

After fixing the above configuration, linear-elastic analyses were carried out by
Grasshopper softwate.
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2. Relationship between Shape and Structure: application examples in
the Paulista architectural tradition

2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo
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Fig. 9. Individuazione e parametrizzazione (pag. accanto) di una
porzione della geometria della trave della geometria principale

The dimensions of the beam cross-section, without any emptying, are:

base b=0.9 m; height h=2.6 m.

In this first analysis the material was hypothesized homogeneous and isotropic, with linear
elastic behavior

The beam was subjected to a uniformly distributed vatiable load equal to 125 kN/m.

The following mechanical properties, characterizing concrete, were considered: specific
weight gc=25 kN/m3;

modulus of elasticity Ec=3600 kN/cm3.

A value of the span equal to 25 m was firstly assumed.

After fixing the above configuration, linear-elastic analyses were carried out by
Grasshopper softwate.
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2. Relationship between Shape and Structure: application examples in
the Paulista architectural tradition

2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Expo
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Fig. 9. Individuazione e parametrizzazione (pag. accanto) di una
porzione della geometria della trave della geometria principale

The dimensions of the beam cross-section, without any emptying, are:
base b=0.9 m; height h=2.6 m.
In this first analysis the material was hypothesized homogeneous and isotropic, with linear

elastic behavior

The beam was subjected to a uniformly distributed vatiable load equal to 125 kN/m.

The following mechanical properties, characterizing concrete, were considered: specific
weight gc=25 kN/m3;

modulus of elasticity Ec=3600 kN/cm3.

A value of the span equal to 25 m was firstly assumed.

After fixing the above configuration, linear-elastic analyses were carried out by
Grasshopper softwate.
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2. Relationship between Shape and Structure: application examples in

the Paulista architectural tradition

2.1 Technical and architectural innovation: The Brazilian pavilion at the Osaka Ef’o
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1. Geometry

Fig. 9. Individuazione e parametrizzazione (pag. accanto) di una
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modulus of elasticity Ec=3600 kN/cm3.
A value of the span equal to 25 m was firstly assumed.
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition

2.2 The Optimization Problem

The dimensions of the beam cross-section, without any emptying, ate:

base b=0.9 m; height h=2.6 m.

In this first analysis the material was hypothesized homogeneous and isotropic, with linear
clastic behavior

The beam was subjected to a uniformly distributed variable load equal to 125 kN/m.

The following mechanical properties, characterizing concrete, were considered: specific weight
gc=25 kN/m3;

modulus of elasticity Ec=3600 kN/cm3. A value of the span equal to 25 m was firstly assumed.
After fixing the above configuration, linear-elastic analyses were cartied out by Grasshopper
software.

In order to obtain the optimal shape, a specific optimization procedure was implemented.

The search for the minimum middle rise of the beam was posed as a single-objective
optimization problem, while suitable architectural/geometric constraints were considered for
gaining the optimal shape.

More precisely the optimization problem can be formulated as follows:

Find the best shape of the beam that minimizes the middle fise, satistying the
following constraint:
% y'(x) = 0Vx (2)

¥

¥ %)

Fig. 11. Diagram of the reference beam

The height y’(x) at midspan represents the potential emptying of the beam (Fig. 11). So, according to
Eq. (1), it is assumed that the beam height can only remain constant or reduce, but not increase.

The solver applied is an evolutionary genetic solver able to find the maximum or the minimum given
one or more objective functions.
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2.2 a. The Optimization Problem — Galapagos (evolutionary genetic solver)

The solver applied 1s an evolutionary genetic solver able to
find the maximum or minimum given one or more
objective functions. Speaking in simplified words, the
genetic algorithm evaluates each individual solution
within the work space that is imposed upon it,
selecting from time to time the families that are best
suited to the solution of the problem; each family
then undergoes a genetic mutation given by the
coupling of the best genes of the individual families
of solutions, thus arriving at the resolution of the

Random initial
population
generation

Satisfied

termination

) 4

criterion?

Population Fitness
Evaluation

v

=0

v

G: = G+1

Yes <

Desidered Result

v

End

< =N?
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problem (Fig. 12. a).

Selection of one individual based on fitness
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v P

v
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v

Selection of two individuals based on fitness

Selection of one individual based on fitness

v

= it+1

v

Inclusion in the new population

Crossover

Fig. 12 c. Flowchart of a typical genetic
algorithm. The quantities pr, pe, pm indicate
respectively the probabilities of reproduction,
crossover and mutation

v
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v

A 4
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v
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Relatore
Note di presentazione
Evolutionary problem solving mimics the theory of evolution employing the same trial-and-error methods that nature uses in order to arrive at an optimized result.  When automated for specific parameters and results, this technique becomes an effective way to computationally drive controlled results within the iterative design process – allowing designers to produce optimized parameters resulting in a form, graphic or piece of data that best meets design criteria. In this post we walk you through the process of using Galapagos, an evolutionary solver for Rhino/ Grasshopper, and show an example of how this method can be tied in with analysis tools to optimize form based on energy data.
David Rutten, a developer with McNeel & Associates, created a tool called Galapagos which facilitates this process within grasshopper(graphical algorithm editor). He covers the basics of the program and potential uses for Galapagos in his 2010 lecture Computing Architectural Concepts at the Architectural Association in London, and in a blog post, Evolutionary Principles Applied to Problem Solving.
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition

2.3 Resolution of the Optimization Problem

The optimization problem can be formulated as follows:

Test No. 1

Find the best shape of the beam thar minimizes the middle tise, satisfying the

following constraint:

y'(x) = 0vx

¥

¥ (x)

Fig. 11. Diagram of the reference beam
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition

2.3 Resolution of the Optimization Problem

The optimization problem can be formulated as follows:

Find the best shape of the beam thar minimizes the middle tise, satisfying the

following constraint:

y'(x) = 0vx

¥

¥ (x)

Fig. 11. Diagram of the reference beam
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Fig. 13. Prova n.1: Applicazione dei vincoli geometrici e del solutore Galapagos su una trave a sezione variabile
con luce paria 25 m.
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition
2.3 Resolution of the Optimization Problem
The optimization problem can be formulated as follows:

Test No. 2

Find the best shape of the beam thar minimizes the middle tise, satisfying the
following constraint:

y'(x) = 0vx (1)

¥
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Fig. 11. Diagram of the reference beam
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Fig. 14. Prova n.2: Applicazione dei vincoli geometrici e del solutore Galapagos su una trave a sezione variabile con luce pari a
50 m.
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2. Relationship between Shape and Structure: application examples in the Paulista architectural tradition
2.3 Resolution of the Optimization Problem

The optimization problem can be formulated as follows:

Test No. 2

Find the best shape of the beam that minimizes the middle rise, satistying the
following constraint:

y'(x) = 0vx (1)

Y

¥ (x)

Fig. 11. Diagram of the reference beam

4. Minimized Displacement
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Fig. 14. Prova n.2: Applicazione dei vincoli geometrici ¢ del solutore Galapagos su una trave a sezione variabile con luce pari a
50 m.
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3. Rise/ Span Table

y'(x) > 0 = deadload > variable load
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Fig. 15b. Prova n.3g: Applicazione e risultati del solutore Galapagos su una trave a sezione variabile con luce pari a 46 m. R - > gr— e . . L=46m
Fig. 15. Risultati-applicativi-del solutore € gos sulledifferenti-prove con variazione della-tuce:

L=20 m L=25m L=30m L=35m L=40 m L=45m L=46 m L=50 m
optimized =0.276 5=0.371
rise & [m] 0.027 0.047 0.074 0.107 0.147 0.182 [ 0.201 | 0.242

SOSPON 0135%  0.188%  0.247%  0306%  0.367%  0.427%  0437%  0.484%

Table 1 Minimized middle rise for each model obtained by the optimization procedure
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6. Final remarks

In this study a practical tool was proposed for the optimal design of large
span beams, combining both architectural and structural aspects. The
optimization procedure was implemented by Grasshopper software, an
algorithm-aided design tool. It consisted in searching for the optimal
shape of a variable section beam by minimizing the middle rise and by
imposing specific architectural/geometrical constraints. It was shown how,
when the self weight becomes preponderant with respect to the variable
load and significantly affects deformations, the beam emptying represents
the optimal solution. A practical solution can so be provided when it is
necessary to reduce beam self-weight, in the case of large spans to be
covered.
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