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ABSTRACT
The design exploration of a building aims at finding a design solution that meets certain established goals,
for instance, ensuring structural efficiency. The structural requirements are addressed by the engineer
who spends a significant amount of time building an analytical model of the architectural project, to
inform the architect about its performance. Taking this feedback into account, the architect modifies or
adjusts the project and sends it back to the engineer, thus commencing a multiple interaction process
between the two experts. This can cause delays, as the architect often makes design changes, and,
therefore, the engineer has to redesign the analytical model for analysis.
Nowadays, to speed‐up the implementation of design changes, we can take advantage of Algorithmic
Design (AD) approaches, to produce systematic design changes and explore alternative design solutions.
However, when the architect wishes to structurally evaluate the different solutions obtained, the
analytical models have to be specifically created for this analysis purpose, and their production takes a
considerable amount of time.
This thesis intends to explore an interconnection between the algorithmic‐based design approach and the
automation of structural analysis. With this, the architect that uses AD can obtain faster feedback
regarding the structural behavior of his designs, to assist him in the initial phases of the design process.
Using the proposed methodology, a single computer program can describe the intended model as well as
structural analytical models. We call this approach Algorithmic Design and Analysis (ADA).

Keywords: Algorithmic Design; Algorithmic Design and Analysis; Structural Analysis; Integrated Structural
Design
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RESUMO
A exploração do design de um edifício procura encontrar uma proposta que vá ao encontro de certos
objetivos estabelecidos, nomeadamente eficiência estrutural. Os requisitos estruturais são endereçados
pelo engenheiro que despende uma quantidade significativa de tempo a construir o modelo analítico
desse projeto, para informar o arquiteto sobre a sua eficiência. Tendo em consideração este feedback, o
arquiteto modifica ou ajusta o projeto e envia‐o de volta para o engenheiro, resultando este processo em
múltiplas interações entre os dois profissionais. Isto pode causar atrasos ao projeto, uma vez que o
arquiteto introduz frequentemente alterações ao projeto e o engenheiro tem que redesenhar o modelo
analítico.
Hoje em dia, para acelerar a implementação de mudanças no projeto, podemos tirar partido das
abordagens de Design Algorítmico (DA), para produzir mudanças sistemáticas e explorar soluções
alternativas. No entanto, quando o arquiteto deseja avaliar estruturalmente as diferentes variações
obtidas, os modelos analíticos têm que ser especificamente criados para análise e a sua produção
consome uma quantidade de tempo considerável.
Esta tese pretende explorar uma interconexão entre uma abordagem ao design baseada em algoritmos e
a automatização da análise estrutural. Desta forma, o arquiteto que usa o DA recebe um feedback mais
rápido acerca do comportamento estrutural dos seus projetos para o ajudar nas fases iniciais do processo
de design. Utilizando a metodologia proposta, um único programa de computador consegue descrever o
modelo pretendido, bem como os modelos analíticos estruturais. A esta abordagem deu‐se o nome de
Design e Análise Algorítmicos (DAA).

Palavras‐chave: Design Algorítmico; Design e Análise Algorítmicos; Análise Estrutural; Integração de
Design Estrutural
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INTRODUCTION
The design exploration of a building is a process that involves different
disciplines. The success of a project is dictated by how these disciplines, such as
architectural design, structural engineering and detailing, as well as energy
performance, are compounded together, in order to achieve the intended design
goals and adequate levels of performance and efficiency. The communication
between the different experts is crucial, and it demands suitable means of
sharing and exchanging information, so that all involved entities can work
efficiently (Chen, et al., 2005).
The advent of computers led to the emergence of Computer Aided Design (CAD)
and, particularly, 3D modeling applications. These allow a clear visualization and
representation of the geometric elements of a project, aiding the architect, the
client, and the engineers, in having a better understanding of that project. Later
on, came Building Information Modeling (BIM), a new paradigm which promised
to bring the Architecture, Engineering, and Construction (AEC) industries
together, in a more integrated workflow (Eastman, et al., 2008). This was
followed by the rise of Algorithmic Design (AD) approaches, which are based on
the use of algorithms to generate the building model. These approaches allow
systematic design changes, which facilitate the production of alternative designs,
envisioning better performing solutions (Kolarevic, 2004).
The advances in these representation technologies have led to more complex
and innovative solutions (Figure 0.1), which cannot be easily developed manually
and challenge construction practices (Kolarevic, 2001). As a result, the analysis
and performance evaluation of these designs became even more critical and,
similarly to the design itself, the analysis cannot be easily and rigorously done
through manual means (Lee, et al., 2016). To solve this problem, digital analysis
tools emerged in order to aid architects and engineers with this task.

Figure 0.1. The Morpheus Hotel by Zaha Hadid Architects. Source:
http://dragageshk.com/projects‐post/morpheus/

1

Each type of analysis tool requires a specific model that contains solely the
relevant information for the analysis in question, the so‐called analytical model.
The specific information embedded in an analytical model can include, for
example, the materiality, which is usually not included in the geometrical model.
This specific data must be collected or provided for each type of analysis being
performed, which is a tiresome task when analyzing multiple design variations
(Leitão, et al., 2017). Given the time and effort required to produce the models
for analysis, the development of a building’s design usually only integrates
performance considerations in the later design stages, when the design is almost
settled (Aguiar, et al., 2017). This limits the amount of variations an architect can
analyze and, consequently, hinders the search for a better performing solution.
To promote the incorporation of performance in the architectural design
process, we propose a direct connection between an AD tool and an analysis
tool. AD tools support an assortment of modeling operations that can produce
the 3D model of a building, as well as automatically generate different models of
the same design, for further processing and evaluation of their performance.
More specifically, it is intended that, through an algorithmic description of a
building, different models of the building can be generated, depending on the
purpose of its use. For example, a model generated to perform structural
analysis requires different elements and information from a model with the aim
of demonstrating the project to the client.
Using this approach, the architect can take advantage of the automatic
generation of analytical models for structural analysis, allowing him to analyze
several design variations without any extra effort. Consequently, this will allow to
more rapidly obtain the evaluation of complex designs and multiple design
iterations and encourage the architect to address structural considerations when
developing his designs.

RESEARCH PURPOSES AND MOTIVATION
The main goal of this thesis is to show that, by interconnecting an algorithmic
approach to design and the digital tools for structural analysis, the architect
gains quick feedback on the behavior of his design. We name this approach,
Algorithmic Design and Analysis (ADA).
The lack of analysis considerations during the design exploration process
motivated this research to focus on aiding the architect in the evaluation of the
structural performance of his buildings. A disregard for performance analysis can
result in the delay of a project, as the design might later be forced to suffer
several changes to satisfy structural performance requirements.
We will demonstrate how a more thoughtful and oriented integration of
structural design in the early phases of the design process can bring several
benefits to the architectural practice. We intend to demonstrate how the
introduction of a quick assessment of performance allows the architect to have
immediate feedback on the structural behavior of his designs. By taking
advantage of this evaluation, the architect can also acquire independence and
freedom to explore more unconventional and innovative solutions, which meet
both the desired conceptual intents and structural performance goals.
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To evaluate our proposal, we will focus on taking advantage of algorithmic
approaches that produce parametric designs, i.e., designs controlled by
parameters specified by the architect. We will demonstrate how AD can aid the
architect in the exploration of design solutions and structural evaluation.
We propose to investigate which digital tools are available nowadays to support
a quick and indicative structural analysis, that architects can understand and use.
We also plan to explore possible combinations between the CAD paradigms and
the most commonly used tools for structural analysis.
Moreover, there is a desire to explore the automation of the conception of
alternative designs and their corresponding structural analysis. Thus, it is
intended that, through an automated process, we can find alternative solutions
that maximize performance and structural efficiency.
Finally, we also plan to identify the benefits and disadvantages of our approach
in comparison to the most relevant methods available to design and analysis
used by architects. We discuss their capabilities and the results obtained in
comparison to our approach.

METHODOLOGY
To achieve the proposed objectives, we followed a methodology divided in
several phases: (1) literature review, (2) explanation of the approach, (3)
application of the methodology to a case study, and (4) conclusions on the
evaluation of the approach.
The literature review, described in the first phase, consists in a review and
analysis of the state of the art, which includes the relevant background and
important related concepts. We explore the purpose and the historical context
of structure in architecture and how it has been addressed in the architectural
practice. Important concepts are further explained regarding algorithmic design
and building performance in a theoretical and practical context. We discuss the
current practices of the AEC industry, considering digital approaches, and discuss
the relationship between architects and engineers. A description of the different
structural analysis tools in the architectural and engineering practice is
presented, as well as the currently available algorithmic design tools, that allow a
connection with the automated tools for structural analysis. This research
focuses on the achievements that the proposed approach for performance
evaluation can have in the field of architecture.
The approach to the problem is introduced and explained in the second phase of
this thesis, as well as the requirements of analyzing a building taking advantage
of an algorithmic approach. This methodology is also compared with other
approaches to analysis.
In the third phase, we apply the proposed methodology to the evaluation of the
selected case study, a simplified version of an existing architectural project. The
case study building is described parametrically and analyzed with the selected
structural analysis tool.
Lastly, the fourth phase presents a discussion and an evaluation of the applied
methodology, where we summarize and discuss the advantages and drawbacks
of this approach, compared to other approaches. This phase concludes with the
final considerations and future work expectations.
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STRUCTURE
This dissertation is divided into two main parts:

I.
II.

Background
Algorithmic Design and Analysis

The Introduction, Conclusion and Bibliography sections are added to these parts.
The first part, Background, is divided in the following chapters:
1.

The role of structure in architecture
The purpose and the historical context of structure in architecture
are addressed in this chapter, as well as the importance of
integrating structural design in the development of a project. We
also discuss how structure has been addressed in the architectural
practice. This chapter ends with some important concepts to
structural design and the requirements for structurally feasible
constructions.

2.

Digital Design in Architecture
Here, we discuss the emergence and the impact of digital
technologies in architecture and explain several relevant digital
approaches that are being used in architectural practices.

3.

The AEC industry current practices
In this chapter, we address the current relationship between
architecture, engineering, and construction, taking into account the
current interchange and communication between architects and
engineers, as well as considering digital approaches both to
modeling tools and to analysis tools.

4.

Structural analysis tools
In the last chapter of this first part, we introduce and explain the
most relevant structural analysis tools for performance evaluation,
that were considered as viable solutions for this research. We
explain what motivated the emergence of these tools and how they
are being used in the AEC industry.
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The second part, Algorithmic Design and Analysis, is divided in the following
chapters:
5.

Design and Analysis Methodology
In the first chapter of the second part, we contextualize the main
objective of this thesis, as well as the solution we propose to
address it. Our methodology to integrate design and performance
analysis is here explained and compared with a traditional
approach. We also explain the set‐up requirements for a structural
analysis and its automation, as well as the analysis results we wish
to obtain to aid in the design process.

6.

Case Study
In this chapter, we present the case study used to evaluate the
proposed methodology. The design of the case study’s structure is
also explained.

7.

Implementation
In this chapter, we introduce the algorithmic design and structural
analysis tools that were used to perform the structural analysis and
explain our choice of tools to aid in the evaluation process. We also
explain the set‐up requirements to evaluate the performance of
the selected case study.
The proposed workflow is compared with other current approaches
to Algorithmic Design and structural analysis in regard to its
capabilities and the challenges that emerged. Lastly, we provide a
discussion of the advantages and disadvantages of this approach in
an architectural context.

8.

Evaluation
In the last chapter, we evaluate the proposed approach by using it
to study the performance of several design variations of the case
study. We discuss the results obtained and how these can help the
architect to make informed design decisions.

Finally, this thesis ends with an Annex, A. Case Study, that includes
documentation on the case study.
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I. Background
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1

The Role of Structure in Architecture

In an architectural context, a structure is a physical object that is part of a
building’s character and has the primary and practical purpose of providing and
ensuring the building’s physical integrity (Macdonald, 2001; Sandaker, 2007). A
building can simply be described as an envelope, which preserves and protects its
interior, the architectural space, from the environment. The study of structures
involves understanding the physical behavior of a building when it is affected by
external loads. Furthermore, it is profoundly involved in the architectural
conception of enclosure of space as well as dimensionality (Schodek & Betchold,
2004).
In the next sections, the importance of structure in the architectural design
process is discussed, as well as the impact and influence that the structural
aspects of a building have in its architecture. The benefits of integrating
structural design in the early phases of the design process are also explained. The
relationship between structure and architecture throughout history is studied
and discussed. The chapter ends with a description of the most important
structural requirements for the development and construction of buildings.

1.1

Integrated Structural Design

The structural aspects of a building have always been critical for architecture. In
the first century BC, Vitruvius treatise on architecture De Architectura (Figure
1.1) defined the three basic elements of architecture as firmitas, utilitas and
venustas. These elements were translated by Henry Wotton in three concepts:
‘firmness’, ‘commodity’ and ‘delight’ and, without any of these aspects, a
building cannot fulfill its purpose. ‘Commodity’ relates to the comfort and
environmental qualities of the building, as well as to the functional aspect and
usefulness. ‘Delight’ is the concern regarding the symbolic meaning and the
aesthetic sensibility felt by the users, which can be translated through the
shapes, colors, and textures of the surfaces of the building. ‘Firmness’ is the most
important quality to consider. This concept is very important because it is
concerned with the physical integrity of the building, which is addressed by its
structure. Without ‘firmness’ there is no building, and so, there is no ‘commodity’
or ‘delight’.

Figure 1.1. The 'De Architectura' by
Vitruvius in the French Translation
of Claude Perrault 1673. Source:
http://letteraturaartistica.blogspot
.pt/2013/11/the‐de‐architectura‐
by‐vitruvius‐in.html.

Given this major importance of the building as a physical object, we need to
understand what aspects influence its integrity in the physical world. For
instance, the structure adopted for a building is very often related to its form,
shape, and design. As a result, a building’s structural performance is highly
influenced by its design in comparison to the influence of the properties of the
structural elements chosen (Brown, et al., 2015; Larsen & Tyas, 2003). This is
because the geometry of a building’s structure determines the magnitudes of the
structural elements’ internal forces to be resisted. On the other hand, a
building’s structure ends up affecting, to some extent, its visual character, even if
it is not directly visible. It is therefore important to stress that the contribution of
the structure is very crucial to the achievement of higher architectural goals. The
structure must satisfy efficiency requirements and so structural constraints have
a significant influence in the designs (Azizi & Torabi, 2015).
In theory, it is possible to design a building by fragmenting it in different parts
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(e.g. architectural space, structure, furniture, etc.), designed independantly from
each other. Each of these elements has its own purpose and properties and so,
for every function required in a building, there is a certain element which
satisfies it. The outcome is the assembly of all these parts, and every element fits
in place. However, the majority of architects would take a stand against this
method of design because it may lack harmony and sense of a whole. Hence,
architects usually take the opposite approach to design, exploring and finding
relationships between all the parts (Bachman, 2003). This is where designers can
benefit from an integrated structural design approach to better address harmony
within a design, where architectural and structural elements are thought and
handled together from the early stages of the design process.
This integration of structural design in the early stages of the architectural design
process has several benefits. When the structural design is well integrated in the
design process, the buildings can benefit from more structuraly efficient forms
and a considerable amount of materials is spared, which reduces construction
cost. Designs that ensure harmony between architecture and structural design
are often considered successful examples of achieving both aesthetic and
technical goals, that portrait an architectural richness and elegance (Mueller,
2014).
Some examples of this approach from the twentieth century are the works of the
architects Pier Luigi Nervi, Felix Candela, and Eero Saarinen. Nervi was an Italian
civil engineer and architect who portrayed a clarity of engineering and structural
logic in his work: he used structure as a form‐generating principle. Two great
examples of his approach are the Airplane hangar in Orvieto (Figure 1.2) and the
Palazzetto dello Sport, in Rome (Figure 1.3).

Figure 1.2. An Airplane hangar by
Pier Luigi Nervi in Orvieto, Italy,
1935. Photograph by Nervi. Source:
https://www.pinterest.pt/pin/4222
1315237124452/.
Figure 1.3. Palazzetto dello Sport by Pier Luigi Nervi in Rome, Italy, 1956. Source:
https://structurae.net/structures/little‐sports‐palace.

Felix Candela was a Spanish architect who designed hyperbolic paraboloid shell
structures based on the corresponding mathematical surfaces, e.g., the
Restaurant Los Manantiales (Figure 1.4). For Candela, functional limits, among
which he includes the structural and aesthetic, are essential for the conception of
a building’s project. Both Candela and Nervi agreed that the form and the
structure have a strong relationship, which overcomes the calculations to satisfy
structural requirements and can strongly influence architectural space (Savorra,
2010). Finally, Eero Saarinen was a Finish‐American architect who designed the
Dulles Airport Terminal in Washington D.C. (Figure 1.5), working with the civil
engineering firm Ammann and Whitney. The architect and the engineers worked
together on solving the challenge of articulating the entrance and the repetitive
structure, fulfilling both architectural and structural design goals.
9

Figure 1.4. Restaurant Los
Manantiales by Felix Candela in
Mexico City, Mexico, 1958. Source:
https://www.architecture.com/ima
ge‐library/ribapix/image‐
information/poster/los‐
manantiales‐restaurant‐the‐
floating‐gardens‐of‐xochimilco‐
mexico‐
city/posterid/RIBA76940.html

Figure 1.5. The Dulles Airport Terminal by Eero Saarinen in Washington D.C., United States
of America, 1963. Photograph by Balthazar Korab. Source: http://calitreview.com/
29170/exhibit‐review‐now‐boarding‐fentress‐airports‐the‐architecture‐of‐flight‐tour‐
denver‐art‐museum/.

This structural integration reflects on the safety and longevity of a building.
When a building is designed taking into consideration structural requirements,
the result is a more robust and safe construction, with lower internal forces. On
the other hand, when an architectural design is developed regardless of
structural considerations, the results can be very expensive in terms of material
waste, recurrent maintenance, or even unsafe constructions. An example of the
ultimate structural issue is the Terminal 2E of the Charles de Gaulle airport in
Paris (Figure 1.6). This is a building designed and shaped in a way that induced
great internal forces, which resulted in the collapsing of the building only a year
after its construction, causing the loss of four lives, and €130 million in repair and
replacement costs (Mueller, 2014).

Figure 1.6. Collapse of the Charles de Gaulle Terminal 2E in Paris, France, 2004. Image
from the Daily Mail. Source: http://www.db‐bauzeitung.de/allgemein/kolossalbau/.

1.2

Architecture and Structure Over Time

The kind of collaboration and communication that exists between the different
entities involved in a project dictates and influences the relationship between
structure and architecture. The relation between the structural and the non‐
structural elements of a building can take many different forms, and to
understand the importance of structure, we have to study what kind of relations
10

can happen between structure and architecture.
There are diverse ways of integrating the structural aspects of a building in its
design, and its visual aspects can vary widely. The relationship between structure
and architecture varies between two poles, the first being a dominance of the
structure over architecture and the second being a total disregard of the
structural requirements in the definition of form and aesthetics.
In some buildings, the elements that enclose the architectural space (i.e. walls,
floors, and roof) can be structural and conduct loads, but these elements can
also be non‐structural and exist attached to the actual structure of the building.
Regardless of the structural nature of these space‐enclosing elements, the
structural forms are the basic armature of the building.

1.2.1

Ancient and Medieval periods

There have been periods of the Western architecture where structure had a
significant impact and influence in the form of a building. The Ancient Greek and
Roman architecture holds several great buildings of the European Classical
tradition, and these were the result of a close relationship between the two
disciplines of architecture and engineering. In fact, each building was designed by
a master builder, and so, the architect and the engineer were the same
individual. In this case, architecture is born out of a structural requirement need
in which “structure is respected” (Macdonald, 2001).
One example of a building that was built through this methodology is the
Parthenon in Athens (Figure 1.7). In the Parthenon, the building form was
created and adapted from the structure. Although the Parthenon was not meant
to celebrate the structural advances at the time, its tectonic and structural
aspects shaped the overall form and arrangement of the building, having a strong
visual expression. This is a fitting example of how structure and architecture co‐
exist simultaneously in a balanced harmony.

Figure 1.7. Parthenon by the Greek
Empire in Athens, Greece, , 5th
century B.C. Image from the
Encyclopedia Britannica. Source:
https://www.britannica.com/topic
/Parthenon/images‐videos.

A similar approach to structure happens in the Gothic buildings of the medieval
period but, in these buildings, the structure was highly decorated with ornament.
The Gothic temples were built mostly out of masonry, and held spacious and
large interiors, that result in great horizontal spans of the roofing achieved only
by compressive vaults with a structural purpose. In these buildings the loads are
conducted from the vaults to slender columns, braced by stabilizing buttresses,
and the walls became non‐loadbearing curtain walls. The structural system of
Gothic cathedrals is of a rigid frame, which is remarkably achieved in a material
with minimal tensile strength such as masonry. Therefore, the relationship
between architectural aspiration and structural technology was perhaps closer in
the buildings of this period.
Figure 1.8 shows an image of the interior of the Notre‐Dame Cathedral in, Paris,
France, built between the 12th and 13th centuries, a notable example of a Gothic
church. The Notre‐Dame Cathedral was one of the first buildings ever built using
flying buttress to support its thinner walls.

1.2.2

Renaissance period

During the Renaissance period, there were also buildings designed from a
practical and efficient structural point of view, such as the ones from Andrea
Palladio. However, the architectural goal of that time rested in the harmonic
proportions and hierarchical relations of space, thus the materiality and
construction techniques were less relevant. The materials used in this period
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Figure 1.8. Notre‐Dame Cathedral,
in Paris, France, 12th ‐ 13th
centuries. Source:
https://commons.wikimedia.org/w
iki/File:Voutes,_nef,_rosace_ouest
_et_grandes_orgues_de_la_cath%
C3%A9drale_Notre‐
Dame_d%27Amiens,_France_‐
_20080125‐02.jpg.

were usually timber and masonry, which are structurally fragile and obliged the
architects to search for structural forms feasible to adopt.
The structural elements of the Renaissance buildings were, usually, hidden by the
ornamentation, which did not relate to any structural purpose. Villa Emo (Figure
1.9 and Figure 1.10) is an example of a building by Palladio in which the structural
requirements had a great influence in the form.

Figure 1.9. Villa Emo by Palladio in Fanzolo di Vedelago, Italy, 16th century A.C. Source:
https://www.pinterest.pt/pin/531495193500105053/.

Figure 1.10. Plan and front elevation for the Villa Emo by Andrea Palladio in Fanzolo di
Vedelago, Italy, designed in 1559. Source:
https://www.researchgate.net/publication/267934015_Trade_and_Analysis_Study_for_a_
Lunar_Lander_Habitable_Module_Configura.

The exterior façade of Palazzo Valmarana (Figure 1.11), also designed by Palladio,
is an example of how an element can be adapted to a different purpose. The
facade incorporates pilasters of the Corinthian order in the structural walls, with
a symbolic and solely aesthetic purpose, that resembles the metric of the
commonly adopted structural columns in classical buildings.

Figure 1.11. Andrea Palladio:
Drawing of the main elevation of
Palazzo Valmarana by Ottavio
Bertotti Scamozzi in 1776.
Building by Andrea Palladio,
1565, Vicenza, Italy. Source:
https://www.pinterest.pt/pin/365
073113515939373/.

This treatment of the structure in favor of a visual relationship had a great impact
in the relationship between engineers and designers. Most buildings of this
epoch did not represent new structural challenges because the technology of
materials used was already well understood. Nonetheless, there were exceptions
to this, such as the dome of the Florence Cathedral (Figure 1.12 and Figure 1.13),
authored by Brunelleschi. The cathedral called for a dome with greater
dimensions compared to any other domes built at the time. Brunelleschi
reinvented the constructive process, which was based on the conduction of
forces through its vaults. The dome is octagonal with no external supports, such
as buttresses to keep it from collapsing under its own weight. The architect
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perfected the building technique so that no wooden platforms and supports
were required during its construction. The materials used were stone, as a
structural element, and brick.

Figure 1.13. Exterior photograph of the Florence Cathedral by Brunelleschi in Florence,
Italy, 1436. Source: https://fineartamerica.com/featured/1‐florence‐cathedral‐and‐
brunelleschis‐dome‐melany‐sarafis.html.

Figure 1.12. Section of the dome of
the Florence Cathedral in Florence,
Italy, 1420‐36. Source:
https://www.pinterest.co.uk/pin/3
56136283007315102/.

The St. Paul’s Cathedral (Figure 1.14 and Figure 1.15) in London, UK, designed by
the architect Christopher Wren in the seventeenth century, is an example of a
building where “structure is concealed”, having no direct contribution to its
visual character (Macdonald, 2001). The interior and exterior of the dome hide
the structure that supports it, and so, the two profiles have no direct
relationship. From the inside, the building is similar to a Gothic church, consisting
of a high vaulted nave. From the outside, the dome is of a completely different
shape in comparison to the concealed structural cone brickwork that supports it.
The dome is sustained by buttresses concealed over the lateral naves of the
church.

Figure 1.15. Photograph of the exterior of St Paul's Cathedral by Christopher Wren in
London, United Kingdom, 17th century A.C.
Source: https://en.wikipedia.org/wiki/St_Paul%27s_Cathedral.
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Figure 1.14. Cross‐section through
the dome and transepts of the St.
Paul’s Cathedral, drawn by Arthur
Poley in 1927. Source:
https://www.stpauls.co.uk/history‐
collections/the‐
collections/architectural‐
archive/wren‐office‐drawings/5‐
designs‐for‐the‐dome‐c16871708.

1.2.3

Contemporary period

In the nineteenth century, we find a greater gap between the architectural and
the structural agendas. The High Victorian Gothic style facades of the Scott’s
Midland Hotel (Figure 1.16) conceal the St. Pancras Station in London (Figure
1.17), which exemplifies this gap. The two parts of the building differ in visual
style: while the interior of the station is characterized by a large iron and glass
vaults structure, the exterior facades adopt a Gothic style. The architectural
qualities of the train shed structure were considered a simple and vulgar result of
the industry, which was merely a necessity but not aesthetically pleasing.

Figure 1.16. Exterior Photograph of
the High Victorian Gothic style
facades of the Scott’s Midland
Hotel in London, United Kingdom,
1865. Source:
http://www.missionbreakout.londo
n/link‐
train+station+london+st+pancras+r
ailway+station‐47.html.

Figure 1.17. Interior of the St. Pancras Station with iron arched vaults in London, United
Kingdom, 1865. Source: http://www.visitlondon.com/things‐to‐do/london‐areas/kings‐
cross#XycRQyHHl1mmoD5o.97.

Both the St. Paul’s Cathedral and the St. Pancras Station are role examples of the
relationship between architecture and structure that was adopted by the
Western architects at that time. The structure of a building was only a mean to
achieve higher architectural ideas, imagined apart from a structural point of
view.
Following the industrial revolution and the invention of steel and reinforced
concrete, architects had now at hand more efficient materials in terms of
structural properties. The arrival of these new materials released architects from
concerns regarding the strict structural requirements of a building, since these
new materials were not as limited as timber and masonry. As a result, a
distancing occurs between the aesthetic form and the technical aspects of the
design, where the architect designs buildings that do not evolve from structural
considerations. Satisfying the structural performance needs of the buildings
became a responsibility of the structural technicians, and therefore their
structure usually would not contribute creatively to the form or aesthetics.
The relative independence between form and structure made it possible to
design buildings without much concern for the structure supporting it and later
conceal the structure within the building’s shape (Addis, 1994). This is the case of
the Einstein Tower by Erich Mendelsohn in Potsdam, Germany (Figure 1.18). The
structural elements of this building did not have an important contribution or
influence on the aesthetics of its architecture.

Figure 1.18. A drawing of the
Einstein Tower by Erich
Mendelsohn in Potsdam. Source:
https://www.pinterest.pt/pin/405
605510176276139/.

In the architecture of the early modernism, architects became more interested in
the tectonics and the architectural expression of a building through materiality.
This interest drew attention to the visual qualities of the structural materials, and
so the role of structure took an important shift. The steel and concrete
frameworks of the structural elements dictated the arrangement of the building’s
interior, as well as their form and design. Gropius, Mies van der Rohe, and Le
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Corbusier are notable examples of architects who created and designed their
buildings according to a structural framework.
In the middle of the twentieth century, architects and engineers joined as a
team, collaborating through a discursive design process. This approach was used
to create the building for the Center of New Industries and Technologies (CNIT),
which was notably recognized around the world for its daring geometry of a
dome with a 50‐meter vault (Figure 1.19). It was designed by the architect
Bernard Zehrfuss and the engineer Jean Prouvé. The building is listed as an
historical monument and is a great example of an effective collaborative process
between architects and engineers.

Figure 1.19. The CNIT at la Défense by Bernard Zehrfuss and Jean Prouvé in Paris, France,
1958. Source: http://www.buildingbutler.com/bd/Jean‐Prouv%C3%A9,‐Robert‐Edouard‐
Camelot,‐Jean‐de‐Mailly,‐Bernard‐Zehrfuss/Paris/CNIT‐hotel%20shopping‐centre/3543.

The Sydney Opera House is another example of a great collaboration between
the architect and the engineer. It is a multi‐venue in Sydney, designed by Danish
architect Jørn Utzon, who entered the design competition for this venue with a
sketch of its design. The design of the building’s shells impressed the judges and
the construction began before resolving technical issues such as the roof
structure. Utzon was joined by Ove ARUP & Partners to solve the complex
geometry of the roof. Although there were some setbacks between the architect
and the client regarding the extraordinary costs of this building, the solution to
the roof structure resulted from an intensive collaboration between architect
and engineer, and the Opera House became one of the greatest symbols of the
twentieth century (Figure 1.20).

Figure 1.20 The Sydney Opera, by Jørn Utzon, Ove ARUP & Partners in Sydney, Australia,
1973. Source: http://www.getsready.com/wp‐content/uploads/2016/07/Opera‐House‐
botanical‐garden.jpg.
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Nonetheless, to the present day, there are still projects where structural
considerations continue to be addressed at latter stages of the design process,
including relevant projects by Frank Gehry, Zaha Hadid or Daniel Libeskind, that
provide great structural challenges to meet the designed form and aesthetics.
However, a different working methodology reemerged, which was previously
portrayed in the medieval period where the architect and the craftsman were
rarely clearly distinguished (Kalay, 2004). As is the case of August Perret and
Santiago Calatrava, the architect and the engineer are, now, the same person.
The buildings created by these architect/engineers are based on an appreciation
of the buildings as a work of technology. An example of this appreciation is the
Gare do Oriente in Lisbon by Calatrava (Figure 1.21).

Figure 1.21. Gare do Oriente by Santiago Calatrava in Lisbon, Portugal, 1998. Source:
https://greensavers.sapo.pt/2012/09/gare‐do‐oriente‐lisboa‐em‐destaque‐na‐imprensa‐
internacional/.

The collaborative partnership between architects and engineers in the end of the
twentieth century demonstrates how both entities can cooperate and produce
architectural masterpieces that take advantage of technical innovations. The
structural complexity of some of these buildings, such as Gare do Oriente and the
Sydney Opera, provides a certain visual expression to the sophistication of
contemporary technology, which could not have been accomplished without the
advances in Computer Aided Design (CAD).
A more recent example is the Louvre Abu Dhabi, by architect Jean Nouvel, a
museum in the capital of the United Arab Emirates covered with a silvery dome
that appears to float above the building (Figure 1.22). This complex dome has a
geometric structure with more than 7000 stars inspired by the cupola, a
distinctive feature in Arabic architecture. This motif is repeated in different sizes,
in eight different layers. During the day, the sunlight penetrates the structure
and inspires a lighting effect within the museum. Figure 1.23 shows a detail of
the lighting effect that happens throughout the building.
Nouvel could only achieve the desired lighting effect for the building by
controlling its structure. The Abu Dhabi museum demonstrates an example of
what the architect can achieve, explore, and create, when the he has power over
the structure of his designs. By controlling the structure, the architect can create
different environments and spaces within a building, following his design intents.
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Figure 1.22. Exterior photograph of the Louvre Abu Dhabi museum in Abu Dhabi, United
Arab Emirates, 2017. Source: https://media1.popsugar‐assets.com/files/thumbor
/MAXkdSifeNz5ujjt4n8j4S1C15w/fit‐in/2048xorig/filters:format_auto‐!!‐:strip_icc‐!!‐/2017
/08/22/593/n/38922795/tmp_wTHSmd_97534f5f475faeb7_Screen_Shot_2017‐08‐22_at_
5.14.00_PM.png.

Figure 1.23. Interior photograph of the Louvre Abu Dhabi museum in Abu Dhabi, United
Arab Emirates, 2017. Source: http://a.abcnews.com/images/International/louvre‐abu‐
dhabi‐roof‐light‐epa‐ps‐171110_16x9_992.jpg.

1.3

Structural Design

In opposition to what has been studied in the previous sections, one could argue
that structure’s only purpose is to provide stability and physical integrity to a
building and, therefore, it cannot be the creator of architectural space. However,
this approach lacks coordination between structure and architecture, and can
lead to a building's loss of identity, where architecture may result in a simple
covering of its own structure. In the cases of lack of coordination between the
two disciplines of structure and architecture, delaying the concerns for structure
can compromise structural requirements and the structural‐related identity of
architectural space (Azizi & Torabi, 2015).
In the previous section we exemplified several cases where the architecture and
structure collaborate to achieve integrated architectural and structural design.
When the architect has control over the structure of his design, he has a greater
control over the whole building’s architectural character. It is therefore
important to acknowledge what are the most relevant structural requirements
and what guidelines should be considered when designing a building’s structure.
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1.3.1

Structural requirements

The function of an architectural structure is to resist the principal loads which
affect a building. These loads can be gravitational loads, wind pressure loads, and
inertia loads caused by seismic activity. The gravitational loads act vertically
downwards and are caused by the weight of the building, as well as furniture,
and occupancy. The wind and seismic loads have a strong horizontal component,
but they can also act vertically. These loads can affect the physical integrity of a
building and cause it to deform or even collapse. The structure is necessary to
give strength and rigidity to the building, thus preventing the two
aforementioned situations from happening. A building’s form and arrangement
of its structure must ensure a stable state of static equilibrium when affected by
any of these loads. When external loads are applied to a structure, the system
reacts generating internal forces in the elements and reacting forces at the
foundations.
It is important to understand the difference between the requirements for static
equilibrium and stability of a building. The equilibrium state is when the reactions
at the foundations of the structure exactly counterbalance the applied load. If a
change of load is applied, the structure would not be in equilibrium and it would
change its position in response to the load. Stability is, however, related to the
ability of a structure in equilibrium to accommodate small disturbances without
causing major changes in shape. This means that, after a small disturbance
occurs, a stable system is capable of reverting to its original state, whereas
unstable systems progress to a different state. Figure 1.24 exemplifies a
structural frame in a static equilibrium and a structural frame in a stability state.
The second structure includes a diagonal bracing element which prevents large
horizontal displacements of the structure. Many structural arrangements require
a bracing system, since it is an important aspect of structural design.

Figure 1.24. On the left, the rectangular frame is in a state of equilibrium until It is affected
by an external load. On the right, the frame includes a diagonal bracing which prevents the
structure from having large horizontal displacements, when affected by an external load
(Macdonald, 2001).

The structural elements of a building conduct the loads from the point where
they are imposed to the foundations underneath the ground, where the loads
can ultimately be resisted, and the equilibrium is achieved. This is only possible
when the structural elements have an adequate strength that ensures that the
levels of stress affecting the elements are within acceptable limits. This depends
on various factors, such as material properties, area, form, and cross‐section of
the elements. For instance, we can create a strong element from a material with
strong properties and/or a large cross‐section. Ultimately, the strength of the
elements must be capable of supporting the internal magnitude forces, which
occur due to the peak load that can affect the structure. The shape and size of
the cross‐section can also affect the strength of the elements, so they are
strategically chosen to carry the internal force generated by the loads.
The rigidity property, or stiffness, is the extent to which an object can resist
deformation in response to the affecting loads. This property also plays a
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significant role, as the deflection suffered by a structure cannot be excessive. In
similarity to the strength, the rigidity depends on the properties of the material
and the size of the cross‐sections, which must be large enough to ensure small
deflections.
Both strength and rigidity are addressed through structural calculations to allow
these properties to be controlled precisely. These calculations consist of
evaluating the internal forces occurring in the elements of the structure, the so‐
called structural analysis, and by designing the size of the elements to enable
sufficient strength and rigidity to resist these forces.

1.3.2

Structural design objectives

In regard to the design of a building’s structure, there are several objectives to
consider, such as functionality, safety, economy, and aesthetics (Mueller, 2014).
First, the structural elements must allow an adequate use of the built space in
conditions that guarantee the building’s functionality.
The safety of a building’s structure is defined by the Ultimate Limit States (ULS)
and the Serviceability Limit States (SLS) (Pedro & Mendes, 2017). To satisfy the
ULS, the building’s structure must not collapse or break when subjected to the
peak load for which it was designed. An example of this is the plastification
(rupture) of the cross‐sections’ elements of the structure, or the collapse of its
connections. The SLS criteria has to ensure that the structure remains functional
for its intended daily use, and so the structure must not cause occupant
discomfort under normal conditions. This means the constituent elements
cannot deflect by more than the established limits.
In regard to economy, the structural project must satisfy two criteria: the initial
cost of the structure, and its maintenance costs. The initial cost is estimated in
the project considering the unit costs of the materials and the elaboration of the
construction. The maintenance costs are predicted for the lifetime of the
building.
Lastly, the aesthetic aspects of a structural solution should emerge from its
purpose. This has been previously mentioned in section 1.1, where form and
shape severely influence structural performance. The best structural design is the
one that is accepted and well‐integrated with the architecture (Azizi & Torabi,
2015), and this intrinsic relationship plays a determining role in the expression of
optimal human comfort.
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2

Digital Design in Architecture

Before the Renaissance period, buildings were usually created by craftsmanship,
who did not recur to planning and analytical drawings as a representation
method of buildings prior to construction. It was in the 1450s that architecture
became a profession, and planning a building became a crucial task to be studied
and elaborated before proceeding to the construction of the project. Drawings
became an important tool to communicate the design to the builders and to the
clients, through plans, sections, elevations, and perspective drawings (Kalay,
2004).
It was not until the twentieth century, in the 1950s, that the advent of computers
and the digital revolution had a major impact in the architectural profession. The
emergence of new digital paradigms introduced new tools to aid the designers in
the representation and visualization of their projects (Lachauer & Kotnik, 2010).
These tools became very useful in the architectural profession, and so, the
representation of buildings has, ever since, increasingly been done with digital
paradigms (Mitchell, 2005).
Digital technologies are also having a significant influence on design theories
(Oxman, 2012). These technologies brought endless possibilities and techniques
to create more elaborate and thoughtful designs (Sheil, 2008), enabling a digital
description of buildings, which facilitates the process of fabrication and assembly
(Oxman, 2006). The next sections introduce some of these technologies.

2.1

Computer Aided Design

Computer Aided Design (CAD) paradigms were introduced to personal computers
in the 1980s and have become a widespread practice among architecture studios
in the last three decades, being now indispensable in the architectural profession
and in fabrication and construction. They consist mainly of geometry‐based
modeling tools, which allow a great malleability of 3D designs and an automation
of repetitive tasks, giving rise to new possibilities (Kolarevic, 2001), such as
AutoCAD and Rhinoceros. Designers found in CAD new ways to generate the
form and shape of their buildings, which were very costly to produce until the
emergence of these technologies. These digital paradigms are capable of
modeling as well as rendering building designs or automate specific tasks with
great ease (Kalay, 2004; Sheil, 2008).

2.2

Generative Design

Generative Design (GD) is a paradigm that offers a digital design methodology
(Oxman, 2008; Abrishami, et al., 2014; Leitão, et al., 2014). This paradigm
involves the development of a system which creates a design and has the
potential to achieve various design solutions in an effortless and fast manner,
avoiding the time‐consuming and tedious task of repetitive modeling.
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The designer who takes advantage of GD can easily produce several design
solutions and assess them to make more informed design choices. GD facilitates
the design and documentation of complex and innovative building solutions.
An example of the use of GD is the work of Mark Burry on the unfinished Antonio
Gaudi’s Sagrada Familia (Figure 2.1). Burry captured and understood the working
methods of Gaudi and took advantage of GD to generate digital models and to
produce information for fabrication for the completion of the church,
particularly, for the Passion Facade (Burry, 2003).

Figure 2.1. The Passion Facade of Sagrada Familia by Antonio Gaudi in Barcelona, its
construction began in 1882. Source: http://www.eglise‐orthodoxe.be/category/religion/.

Following the emergence of GD, Algorithmic Design (AD) rose as a new digital
approach to create and represent a design. AD is a particular case of GD, where
an algorithm is the system that can generate the design (Terzidis, 2004; Garber,
2014). This paradigm is based on an algorithm that describes a building and is
capable of generating that building in a modeling tool. The designer implements
that algorithm instead of manually creating the digital model. To model using this
paradigm, architects must know how to write a program using a programming
language, and they should also understand geometry and mathematics to deal
with a mathematic description of the shapes and forms that represent the
design. Once architects overcome these initial challenges, AD allows them to
easily produce numerous and innovative design possibilities and enables a
greater control over their designs.
Other examples of buildings created with digital design approaches are the 30 St.
Mary Axe Tower by Foster and Partners (Figure 2.2) and the Waterloo
International Station by Nicholas Grimshaw and Partners (Figure 2.3).
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Figure 2.2. The 30 St. Mary Axe
Tower also known as the Gherkin
by Foster and Partners in London,
United Kingdom, 2004. Source:
https://www.pinterest.pt/pin/189
995677999779251/.

Figure 2.3. The Waterloo International Station by Nicholas Grimshaw and Partners in
London, United Kingdom, 1993. Source: https://grimshaw.global/projects/international‐
terminal‐waterloo/.

Because the technological advances enabled a vast set of capabilities amongst
design tools, they have led to the emergence of more complex and innovative
design solutions, which would not be feasible to be manually designed (Kolarevic,
2001). By combining powerful 3D modeling software with AD, it can result in
impressive complex forms (Figure 2.4).

Figure 2.4. Geometries generated using generative algorithms with the Grasshopper plug‐
in in Rhinoceros (Khabazi, 2012).

The interest in these designs stimulated the need for more suitable means of
easily modeling and introducing changes to a project. To readjust a complex
digital model by manual means, designers have to implement very tedious and
time‐consuming changes, which discourage them from exploring more design
variations throughout all the phases of the design development. Parametric
Design (PD) emerged to address this issue (Burry & Murray, 1997). It is the
process of designing a building out of geometrical entities with variable
attributes. These attributes are called parameters and can be easily modified to
produce variations of a design (Hernandez, 2006).
An advantage of using parametric tools is the ease with which changes can be
implemented in a digital model, allowing a vast flexibility in the design
exploration of different solutions (Jabi, 2013). As changes are implemented in the
model, parametric tools provide quick feedback in the visualization of the
modifications introduced. PD also enables the architect to restrict the design
parameters in order to reach more appropriate solutions, according to his design
intent.
By taking advantage of the PD approach, AD allows an efficient exploration and
manipulation of several design solutions. The algorithm that represents the
building, can usually also represent different variations of that building, which
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result from changes in the parameters. By combining PD with AD, the effort
required to create the algorithm is quickly recovered, offering an entirely new
way of producing designs, and enabling new domains in the exploration of
architectural design (Kolarevic, 2001). Figure 2.5 is an example of a facade
envelope created with this approach, where a building’s envelope is generated in
Rhinoceros by a Grasshopper (GH) network of components.

Figure 2.5. The digital model of a building’s envelope in Rhinoceros (left) and the
Grasshopper network of components which produce that design (right). Source:
https://www.pinterest.pt/pin/131378514104856971/.

2.3

Building Information Modeling

Building Information Modeling (BIM) is a more recent paradigm, which
encourages the integration of different areas of expertise on project
developments, within the Architecture, Engineering, and Construction (AEC)
industry. BIM emerged in the 1980s (Takim, et al., 2013) to promote greater
efficiency and cooperation between the experts involved in a project, who, in the
past, may have had clashes of ideas (Azhar, et al., 2008).
This paradigm was firstly introduced to pilot projects in the early 2000s to
support architects and engineers in the design of buildings (Penttilä, et al., 2007),
by providing a virtual environment for construction projects. Much like modeling
tools, BIM can be used to produce 3D rendering images of buildings, but,
additionally, it has the advantage of automatically produce construction drawings
from the 3D model. A BIM model includes not only the building’s geometry, but
also relevant information to support its design, geographical information, data on
the quantities, and material properties for fabrication, cost estimates, and
construction sequence processes to realize the building (Azhar, et al., 2008). This
paradigm integrates scheduling capabilities, progress tracking, jobsite safety, and
can be used for maintenance purposes. In turn, it offers the potential to decrease
project costs and, at the same time, increase productivity and quality of
buildings. A BIM model can therefore be used to track a building’s entire life
cycle (Eastman, et al., 2008).
Unlike previous modeling tools, BIM provides object‐based parametric modeling
for the representation of building’s components, reducing the user’s effort to
manage design changes. More recently, BIM motivated the integration and
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implementation of analysis tools and functionalities in specialized design tools,
such as energy analysis and structural analysis (Penttilä, et al., 2007).

2.4

Building Performance

Designers have for a long time been searching for conventional formulas to
evaluate the performance of their constructions. The formulas developed to
evaluate performance and efficiency require extensive calculations, which until
recently were done manually. With the increased complexity of architectural
designs and the technological advances, soon there was also a demand for
software capable of automating these calculations, analyzing and evaluating
complex designs.
With the introduction of analysis tools, architects had a more rigorous tool to
inform about the influence that the form and shape of a building has on the
structure and thus structural performance. Design approaches evolved to better
consider the behavior and efficiency of such designs, during their development,
as well as to consider a building’s socio‐economic aspects and sustainability.
Building performance is challenging design, and so, the design’s geometry can
emerge from a necessity of structure. This approach can further aim at an
optimization process, which can adapt a building’s form and shape in the search
for designs with better performance.
The analysis and evaluation of performance became a crucial and less predictable
task. As advances in CAD arose, analysis tools became a critical need to cope with
the evaluation of the most innovative designs produced. The analysis software
available have become highly sophisticated, reliable, and accurate in what
regards the simulation of real structures (Mueller, 2014). In the case of structural
performance, several analysis tools appeared, capable of analyzing structural
elements and inform designers about their project’s efficiency (Figure 2.6).
However, the modeling tools and the analysis tools evolved separately. While the
modeling tools allow extensive geometric freedom, analysis tools require pre‐
determined forms before they can perform any analysis (Lee, et al., 2015). The
separation of the modeling and analysis tools results in a trial‐and‐error process
of working together the geometry and the performance of a design.

Figure 2.6. Sample analysis output from the structural analysis tool Autodesk Robot
Structural Analysis Professional (Autodesk, 2017).

24

3

The AEC Industry Current Practices

The architectural practice of today usually consists of distinct phases. These
involve the conception of the design, the design development, and the
documentation for construction. Most of the decisions regarding the form,
shape, and geometry of a building’s design are addressed in the early design
stages. It is often only when the project has already an established shape that the
engineers get involved and search for structural solutions that depend on an
adaptation to the design (Macdonald, 2001). Because these structural solutions
are restricted to an already defined shape of the building, their behavior is less
efficient than if they had been integrated with the building’s design from the
beginning.
This separation between the two disciplines of architecture and structure
resulted in a geometric‐driven contemporary design culture (Oxman, 2010),
where the building’s design is majorly carried through a shape exploration
process. This prioritization of form was carried to the digital technologies used in
the Architecture, Engineering, and Construction (AEC) industry.
Usually, the architect designs his initial ideas by hand and takes advantage of CAD
programs to model the initial geometry of the design. To perform the analysis on
that design, the engineer takes advantage of structural analysis tools. However,
to obtain the model for analysis, the engineer needs a method of transferring it
to the analysis tool, as most CAD programs do not include analysis capabilities.
Once the model for analysis is obtained, the engineer can perform the analysis
and access the output of the analysis tool and, according to his evaluation, he
can then inform the architect regarding necessary adjustments to the design.

3.1

Architects and Engineers

The process of developing a project involves various entities. During the early
design phases, architects develop the first sketches and design options, usually,
before there is any involvement of the engineers. Afterwards, the building’s
design is shared with other involved experts, such as the engineers, who produce
additional information regarding costs estimation and analysis of the
performance.
However, the communication between architects and engineers may give rise to
clashes of ideas and setbacks. These two entities have different practices and
notions of design and construction, and so their approaches can be very different
(Lawson, 1980). While architects are usually concerned with the aesthetics and
visual context of a structure, as well as its usefulness and purpose to the users,
engineers are more concerned with the physical integrity of the constructions,
the rationality of the designs, as well as its efficiency and cost control.
Because the architect focuses on having a strong creative component, and the
engineer focuses on having a strong structural component, the architect tries to
control form and the engineer tries to control the forces. When the design
process is mostly based on form and functionality, regardless of structural
performance, and the engineer is only later involved, misunderstandings might
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occur. The engineer often has to suggest modifications to the project to meet
performance requirements. However, these changes might not be of the
architect’s interest and can lead to a reconsideration of the design. After these
modifications, the analysis is run again, and the engineer continues to evaluate
the results until an acceptable solution is found. This can also result in a back and
forth exchange of communication between the architect and the engineer until
they can both agree on a design which satisfies the architectural concept and the
structural requirements. However, this does not mean that the architect and the
engineer have incompatible design intentions, but rather means that they must
agree to a compromise to achieve a solution.
Although these entities are working together to achieve a common goal, they
usually work with different technology and methods, creating difficulties to
correlate data. In fact, the communication between the AEC industries is today
still often done by printed drawings. This is a wasteful method to share data
given the accessible advantage of using current technological advances. A full
collaboration between architects and engineers can be achieved when data is
shared across different digital platforms, modeling, and analysis software, and
some projects already benefit from this collaboration. BIM technology is a
method which tries to solve this problem but can still have issues regarding data
exportation. In the case of structural performance, the current software
developed for both modeling and structural analysis is not yet well correlated
(Lee, et al., 2015).

3.2

Modeling and Analysis Tools Usage

While modeling tools are addressed to the architects, structural analysis tools
tend to be majorly developed for the engineers’ usage. On one hand, architects
take advantage of modeling tools to explore a wide range of possible geometries
and designs. On the other hand, analysis tools allow engineers to explore and
study structural forms to take advantage of a much faster calculation process
than traditional structural analysis methods. Although analysis tools do not
support complex modeling capabilities, they do contribute to the feasibility of
designs but lack encouragement to a more integrated design and analysis
approach to potentiate better performance and economic efficiency. Therefore,
analysis tools are of little advantage to the development of architectural design
in the conceptual phase. This is because these tools have a limited capacity to
generate geometry, and require an already established model of the design to
perform the analysis. This model, which is referred to as an analytical model, has
to be in a certain format in order to be understood by the analysis tool.
Moreover, the analytical model is constituted by the geometry of the structural
elements, as well as information about their materiality and corresponding
properties, and applied loads.
In what regards structural performance, the exploration of new structural shapes
is not being efficiently related with the exploration of architectural design and
space, due this separation between structural analysis tools and modeling tools
(Lee, et al., 2015). Structural analysis tools are limited to the analysis and
verification of the capacity of structural elements in regard to their form and size,
and so there is little opportunity for the engineers to get involved and aid
architects in the evaluation of performance during the conceptual design phases,
as architects do not have yet an idea of the structural solution to adopt to be
able to optimize its elements. Current analysis tools solutions have tried to show
the users how design changes will affect structural efficiency. However, the
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speed of computational analysis limits these tools (Mueller, 2014). Nonetheless,
architects would greatly benefit of having access to analysis tools to explore
integrated architectural and structural design strategies. This would be very
advantageous if there was an ease with which the architect’s initial models could
be analyzed with these tools. The next chapter discusses the capabilities of the
most recognized structural analysis tools within the AEC practices.
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4

Structural Analysis Tools

Currently, there are several computational analysis tools available that were
developed to solve numerical structural analysis calculations, capable of
evaluating the internal forces occurring in a structure. These tools are based on
the numerical method of Finite Element Analysis (FEA) (Mueller, 2014) and,
therefore, the calculation method of these tools is called the Finite Element
Method (FEM). The purpose of these tools is to provide quick feedback regarding
structural performance, and they do so by calculating the internal forces, the
reactions at the foundations, and may also include material quantities and cost.
The following subsections present some of the relevant FEM software tools
available today, which are used amongst the architectural and engineering fields
and which were considered as viable solutions for this research.

4.1

Numerical Structural Analysis Tools

To evaluate structural performance with an existing analysis tool, the user has to
give as input the geometry of the building, the materiality, boundary conditions,
loads, and other properties. Once the analysis is set‐up, these tools allow the
calculation of stresses, deflections, forces, reactions at the foundations, and
several other aspects of both static and dynamic behavior (Mueller, 2014).
There are several structural analysis software tools available today, either open‐
source, or proprietary. The most commonly recognized ones include SAP2000,
ETABS, Robot, GSA and Tekla Structures. Most of these tools are not suitable for
the conceptual design of a building and, therefore, they provide little feedback
that can guide the design process.

4.1.1

SAP2000

SAP2000 is a structural analysis tool, developed by CSI America, which offers an
interface that supports modeling and analysis of structures and it includes
several templates based on common structural solutions (Computers and
Structures, 2017a). This tool is widely used for static analysis of transportation
facilities’ structures, such as bridges, tanks, and public works.
SAP is compatible with BIM applications, such as Revit and Tekla Structures. It is
also compatible with Industry Foundation Classes (IFC) to enable the exportation
of its models to Revit Structure. The interface is user‐friendly and includes basic
modeling and analysis features, as well as a library of section sizes and
properties. It also includes international codes of different countries around the
world for the analysis of designs with several types of structure materials.
The Application Programming Interface (API) of SAP2000 enables the creation of
custom plugins to support the user in the analysis and evaluation of his designs,
for example, the ACE OCP (CSI‐America, 2018) plug‐in for the optimization of
structures.
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4.1.2

ETABS

While SAP2000 is mostly suitable for smaller structures, ETABS, developed by the
same company, is capable of handling large scale projects, such as high‐rise
building systems (Computers and Structures, 2017b). It can rapidly analyze large
and complicated structures and it provides several templates to quickly start new
models. CAD drawings can be converted directly into ETABS models or used as
templates for the placement of ETABS objects.
ETABS is also compatible with BIM software (e.g., Revit, Tekla Structures),
supporting import and export between applications, as well as through IFC. This
tool includes the same international codes supported by SAP2000, allowing the
evaluation of designs to be built in every part of the globe. ETABS’s API is similar
to SAP2000’s API.

4.1.3

Autodesk Robot Structural Analysis Professional

Autodesk Robot Structural Analysis Professional is another FEM program which
helps engineers perform simulations and analyzes of structural behavior
(Autodesk, 2017). Its approach to stability design can be applied to all types of
steel structural systems. Robot allows the investigation of the behavior of a wide
range of project types, enabling analysis of static structures, nonlinear structures,
i.e., analysis of the behavior of materials when they are affected by large stresses
beyond their yield strength, as well as seismic analysis. This software is quite fast
at analyzing and solving structures of any size. It enables the application of
several types of loads, such as nodal, linear, or planar, and these can be of
different natures, such as dead, live, wind, or seismic.
Robot integrates a link with Autodesk’s Revit, supporting data exchange between
the two tools and encouraging a collaboration between designers and engineers.
Autodesk’s Robot provides flexible options to obtain structural analysis reports of
the analytical data, in order to more easily prepare any required documentation.
Furthermore, it supports a great variety of analysis features, which can provide
the architect with more detailed information about the structural behavior of his
designs, thus helping him in his design decisions. Robot’s API is well documented,
and this content is easily accessible.

4.1.4

GSA

GSA is a structural analysis software developed by OASYS. This program supports
the exportation of models from Autodesk’s Revit Structure, and can also be
integrated with SAP2000 and AutoCAD. It supports the generation of geometry
and loads (Oasys, 2017). Moreover, GSA allows nonlinear analysis of structures
with large deflections, and can be used for the analysis of buildings, bridges,
tensile and grid shell structures (Figure 4.1).
This application includes a product named GSA Building, which allows architects
and engineers to perform day‐to‐day analysis and solve complex structural
problems. This tool integrates design and modeling capabilities to produce
analytical models for analysis, supporting the design of steel and concrete
structures. GSA also supports some documentation on its API.
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Figure 4.1. A shell‐structure by The University of Texas at San Antonio (UTSA) graduate
architecture students in San Antonio’s Travis Park, Texas, United States of America, 2014.
Source: https://archpaper.com/2014/07/grid‐shell‐in‐the‐park/.

4.1.5

Tekla Structures

The technology company Trimble produced the Tekla Structures tool (Tekla,
2017), which is a structural analysis application used for projects, such as
housing, bridges, factories, and skyscrapers. The tool allows the creation of
accurate and constructible models, enabling a smooth flow between detailing
and construction. It includes several features to optimize concrete and steel
designs in regard to cost management.
This tool supports BIM collaboration capacity which aids in the communication
between the involved experts and in the constructability of projects, as well as
other export formats such as IFC models (explained in section 4.2.1). Tekla
supports an Open API to connect other applications to its analysis software.

4.1.6

Comparison between Finite Element software

The previously described software is compared in Table 4.1 to assist in choosing
which tool to use with our proposed approach. All software studied has similar
calculus capabilities and a documented API. Robot stands out in comparison to
the other software as it is free for student use, has a user‐friendly interface, and
has a well‐documented API, which is crucial to develop an interoperability
connection. Robot was selected because of its interoperability with other
modeling tools, and because it has a wide variety of analysis features, that can
provide the architect with detailed information about the structural behavior of
his designs.
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Table 4.1. Comparison between the different Finite Element software studied. The number
of check marks (✓) indicates the software’s quality of the API and User interface features
evaluated. The number of dollar signs ($) represents the amount for each tool.

Software
SAP2000

ETABS

Robot

GSA

Tekla
Structures

Price
30‐day
trial
$$
30‐day
trial
$$
Free
student
version
Trial
$$
40‐day
trial
$$$
Free
student
version
$$

✓✓

User
interface
✓✓

Calculus of
steel
structures
✓

Calculus of
concrete
structures
✓

✓✓

✓✓

✓

✓

✓✓✓

✓✓✓

✓

✓

✓

✓

✓

✓

✓✓✓

✓

✓

✓

API

4.2
Interoperability Between Modeling and Structural Analysis
Tools
When the designer has already built a digital model of his project, a commonly
recurred solution to obtain the analytical model for analysis is to export this
model into a different format. Nonetheless, a common drawback of exporting 3D
models is that sometimes loss of information occurs when creating the analytical
model (Moon, et al., 2011). This results in an ineffective interoperability when
exchanging information between modeling and analysis tools.
There are different tools, namely Industry Foundation Classes (IFC) and TTX,
developed in an attempt to transform the 3D models into different formats,
although only the latter one was specifically intended to support structural
analysis.

4.2.1

Industry Foundation Classes

IFC extension models (Figure 4.2) is a commonly recurred format for analysis as it
can be exported between architectural and structural design applications (Wan,
et al., 2004). The information required by the structural analysis tools can be
stored in the IFC model and classified in different categories. However, when
converting between different formats, sometimes information does not have a
corresponding definition or information loss occurs. This indicates a fault in IFC
models in providing all the correct and necessary information for analysis. As a
result, some information needs to be manually provided to the analytical model.
For example, IFC does not support the inclusion of types of load combinations
(Wan et al., 2004).
Another issue that can occur is that IFC can only recognize structural elements in
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Figure 4.2. IFC currently
supported programs.

the 3D architectural models of buildings. For example, a BIM model which
includes the structural elements and their assigned properties will only provide
the 3D geometry of the building to the IFC model, while the rest of the
information has to be externally provided. Providing this analytical information
manually can still consume a great amount of time if done for several variations
of a building (Chen et at., 2005).

4.2.2

TTX

TTX is an interoperability platform developed by CORE studio (Tomasetti, 2017)
to respond to translation and interoperability issues when exporting models. It
currently supports the tools presented in Figure 4.3: Revit Structures, SAP2000,
RamV8i, ETABS, and Tekla Structures, as well as the parametric tool Grasshopper
(GH) for Rhinoceros. This platform can communicate across multiple programs,
translating data to modeling, analysis, and documentation applications.
Figure 4.3. TTX currently
supported programs and future
work. Adapted from (Tomasetti,
2017).

The communication between modeling and analysis tools aids project teams to
focus on their specialties, using the applications of their choice, and the
corresponding models are updated across the other tools. Similarly to IFC, TTX is
an interoperability tool which can be susceptible to loss of information and can
sometimes lack important data.

4.2.3

Geometry Gym

The Geometry Gym (GG) plug‐in targets data exchange between several BIM
tools such as Revit and ArchiCAD, providing import and export features
(Mirtschin, 2017). The structural models can be transferred between popular
analysis software, such as Tekla Structures and Robot Structural Analysis. With
the aid of GG, we can also easily export an analytical model created with the GH
plug‐in Karamba for Rhinoceros to IFC format, as well as to the Robot Structural
Analysis tool.
The interoperability between GH for Rhinoceros, Karamba, Geometry Gym, and
Robot Structural Analysis will be further studied in this thesis, to compare this
workflow with the proposed approach.

4.2.4

GH2Robot

This plug‐in enables a direct link between Rhinoceros and Autodesk Robot
Structural Analysis, using GH (Christensen, et al., 2014). GH2Robot enables fast
export of a model to Robot, where the results of the structural analysis are
displayed. This tool includes definitions for parametric elements that are
associated according to their structural purpose, such as beams, columns, joints,
and supports, and it also supports components to define non‐geometric data,
such as loads, material properties, and cross‐sections.
The GH2Robot’s ability to quickly send CAD models from Rhinoceros to Robot is
another method that will be studied and compared with the proposed approach.
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4.3

Integration of Analysis Tools in Modeling Applications

As mentioned before, most computational tools in the AEC industry were
developed, either to support a geometry‐driven approach, or an analysis‐driven
approach (Lee, et al., 2015). Nonetheless, other tools have been created to
address both approaches and aid in the conceptual design of structural and
architectural forms. There are some approaches to analysis that rely on the
integration of the structural analysis tool in the modeling application used by the
architect. This integration allows a smooth and fluid workflow and avoids the
transfer and exportation of models. However, integrated analysis tools in the
modeling applications often have limited analysis capabilities and, thus, it is
preferable to take advantage of more elaborate analysis tools. In this section we
present some of these tools which provide structural analysis integrated in a
modeling tool.

4.3.1

Karamba

The 3D Karamba plug‐in for GH is an example of a parametric structural tool
capable of analyzing building structures integrated in the modeling application
Rhinoceros (Preisinger & Heimrath, 2014). Karamba is a useful tool to evaluate
performance and aid architects in the decision of the initial geometry and
properties of a design. With the aid of Karamba, there is no need for additional
analysis software, since the tool predicts the behavior of structures when
external loads are applied. However, this tool has some limitations: Karamba
lacks the ability to extract more specific information, such as the displacements
of all nodes, as it can only show the maximum displacement node. One has to
define a Grasshopper component to obtain the displacement of a specific node.
Another setback is that Karamba is only capable of performing linear calculations,
to be able to immediately update structural results when changes are applied to
the design.
Despite the advantage of using this tool within the Rhinoceros modeling
application, Karamba can only be used in this application, and through
Grasshopper. This can be a problem if the architect wishes to visualize or model
the geometry in another modeling tool: he is dependent on the use of GH, within
Rhinoceros, unless he decides to export that model to other formats, which often
results in loss of information. It is possible to export structural analytical models
created with Karamba, in GH, to other analysis tools, for example, through GG.
By exporting to other tools, we can perform a more detailed analysis but, again,
some properties may be lost during this exportation process, which latter have to
be provided manually.

4.3.2

Structural Analysis Toolkit

The Structural Analysis Toolkit (Autodesk, 2017) is a plug‐in for Autodesk Revit,
which supports some of the features of the Robot Structural analysis tool to
enable the analysis of a Revit project. The tool supports a quick implementation
of local building codes and regulations to easily perform an analysis according to
the structural requirements of each country.
This analysis is integrated in the modeling software and the results of the analysis
can be displayed in Revit, as well as in the browser. Once again, this is limited to a
single modeling software, in this case Revit, and the plug‐in’s analysis features
are very limited as well.
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4.3.3

Kangaroo Physics

The Kangaroo plug‐in for GH is a tool developed to mimic and simulate the
behavior of elements in the real‐world and to modify designs in response to
structural analysis, which encourages an intuitive sense of how the elements
react (Piker, 2013). The Kangaroo simulations are nonlinear, which enables the
study of structures with large deformations of materials, such as the tensile
membranes of Frei Otto (Figure 4.4), where the physical response of the model is
used to generate a structural solution to the project. This plug‐in allows the user
to interact with the virtual materials, developing his intuition of how the
materials will react, and enables a more creative and practical way of designing.
The results obtained with Kangaroo are displayed in the modeling environment,
but since this tool is a GH plug‐in for Rhinoceros, it limits the user to this
modeling application.

Figure 4.4. The Munich Olympic Stadium by Frei Otto, in Munich, Germany, 1972. It is
constituted of a tensile structure. Source: https://gizmodo.com/the‐best‐of‐frei‐otto‐the‐
architect‐who‐engineered‐the‐1690783540.

4.4

Portability Issues

In today’s architectural practice, the considerable amount of time needed to
produce an analytical model discourages designers to evaluate performance,
which may cause a lack of consideration for structural factors in the early design
phases (Turrin, et al., 2011). The designers usually spend their time creating the
digital model, and the engineer uses this model to adapt to an analytical model
or creates it entirely from scratch.
In an attempt to integrate analysis in the design process, frequently designers
opt to obtain analytical models by exporting the digital models created in the
modeling tools to an appropriate format readable by the analysis tool. However,
sometimes information is missing, and has to be provided manually in the model,
which can be a very exhausting task if the designer wishes to run several
analyzes. Even so, when designers successfully manage to export and perform
the analysis, the results may be difficult to incorporate if the building contains
complex geometry.
The analysis of a design variation should be facilitated throughout all stages of
the design process, to aid architects in incorporating structural considerations in
their projects. To this end, it is desirable to have a more appropriate
interoperability between the analysis and the modeling tool.
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5

Design and Analysis Methodology

Structural design plays a crucial role on a building’s physical integrity. When the
architect has control over the structure of his designs, he earns a greater power
over the building’s architectural character. As a result, architects can greatly
benefit from a quick feedback regarding structural performance, in the initial
phases of the design development. This feedback encourages the integration of
structural design in the architectural design process. Moreover, this can aid
architects to make more informed decisions and explore structurally feasible and
innovative design solutions. This, also allows a more efficient communication
between the architect and the engineer to agree on a design solution that
satisfies both architectural and structural concerns. Thus, the integration of a
structural system, in the early phases of a project, through a structural design
thinking, can greatly improve a building’s quality and efficiency, and reduce costs.
The computational and technological developments of the last fifty years have
highly influenced architectural practices with the introduction of modeling and
analysis tools in the AEC practices. However, architectural and structural design
integration is still hindered due to the institutionalized separation between the
architectural and structural engineering professions, and the consequent
partition between modeling and analysis tools: the majority of modeling tools
lacks analysis capabilities and most analysis tools lack modeling capabilities or a
smooth integration with modeling tools.
Some of the examples of building shapes designed in the twentieth century,
mentioned in chapter 1.2, have in common a certain particularity: they can be
described by a mathematical surface. Working with an Algorithmic Design
approach allows us to take advantage of these mathematical representations to
program innovative and complex shapes. By combining AD and analysis tools,
architects and engineers can more seamlessly integrate architecture and
structure during the early conceptual design stages, to reach better design
solutions in less time and effort. AD’s interoperability enables to explore design
variations in both modeling and analysis environments, so that architects can
easily achieve algorithmic‐analysis when working with algorithmic‐design tools.
The main goal of this thesis is to explore the potential of AD technologies in
aiding architects to better integrate analysis into their practice, in particular the
case of integrating structural performance. In the case of structural analysis, we
propose a solution aiming to provide a greater ease with which an architect can
create his designs considering their structural performance. To achieve a greater
integration between architectural and structural design, we propose a
methodology that takes advantage of the AD approach and extends it to analysis.
Our solution takes advantage of the algorithmic‐based design approach, where
the architect and his team create building models using an algorithmic
description of that design, which can also incorporate the automatic generation
of analytical models. We call this approach Algorithmic Design and Analysis
(ADA).
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5.1

Proposed Analysis Workflow

In this section, we explain the theoretical basis for the proposed workflow, with
the ADA approach, and compare it with the current methodology for analysis in
the AEC industry. It is assumed that the architect is working with an algorithmic
approach to implement a parametric design. In this case, Figure 5.1 describes the
typical analysis workflow followed by architecture and engineering experts, when
they intend to perform an analysis on a building. In this workflow, the algorithmic
design tool generates the 3D model of the building in a modeling tool, to which
this digital model is then exported to the analysis tool, and the results can be
retrieved back to the modeling tool.

Figure 5.1. Typical analysis workflow: (1) the algorithmic design tool generates the model
in a 3D modeling tool, (2) the model is exported to the analysis tools, where the architect
can visualize the results or, (3) the results are retrieved for further processing (Aguiar, et
al., 2017).

However, in this workflow, the exportation of a model and the several steps
required can often result in the loss of information, as it was noted in chapter
4.2. To address this, we propose a different analysis workflow, where the
information required by the analysis tool is, instead, generated by the algorithmic
tool, resulting in an accurate analytical model. Through a direct communication
between the AD tool and the analysis tool, the data sent to analysis contains
solely the required information for this purpose. After performing the analysis,
the results are retrieved and can be displayed in a modeling tool, or presented in
other formats, such as numeric data in a spreadsheet (Figure 5.2).

Figure 5.2. Proposed workflow: (1) the algorithmic design tool generates and sends the
analytical model directly to the analysis tools, (2) retrieves the results, and (3) these can be
visualized in the modeling tool. It is also possible to (4) present the results in other formats,
e.g., as numeric data in a spreadsheet (Aguiar, et al., 2017).
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5.2

Automated Analysis

The proposed approach can achieve more reliable results than the previous
method (Aguiar, et al., 2017), as it enables an automatic generation of the
analytical models that are required by the analysis tool. Moreover, the user can
change the analysis features directly on the algorithmic description of the
building, which supports an automation of multiple‐analysis of different design
variations. To do so, the architect only has to specify the desired variations of the
design to produce the analytical models for analysis.
When the designer wishes to analyze several variations within a design space, i.e.
the set of all possible solutions for a design problem, the ADA approach can
automate the analysis process for each of the different variations set by the
architect. The design space is defined by the set of intervals that limits the
variation of the design’s parameters.
Considering that the analysis of the different variations within the design space
can be a very time‐consuming task, we cannot assume that there will be enough
time to evaluate all the different possible variations. To address this issue, it
might be more advantageous to analyze a sample of this design space. This can
be done by selecting equally spaced values within a design parameter or by
randomly choosing a number of variations to analyze, within that interval.
Ultimately, we can select a time limit to perform the analysis on several
variations.

5.3

Set‐up of the Structural Analysis

The proposed methodology can be applied to different types of analysis. In this
thesis, we focus on evaluating our approach applied to structural performance.
In the case of evaluating structural performance, a structural analysis tool
requires the user to describe the structural conditions of the design. This
information is not usually embedded in an architectural model of the building,
and so the architect has to provide it manually in the analysis software. With our
approach, this information is described, in a parametric manner, in the
algorithmic description of the design, and thus, the analytical model generated in
the analysis tool contains solely the relevant information regarding the structural
elements of the building.
We developed an algorithm that generates the 3D model of a truss structure,
which uses specific operations to generate its elements, namely the nodes, bars,
and supports. The architect proceeds to explore design variations of the truss
structure, and when he is satisfied with the design, he starts the analysis process
which, without changing the algorithm, takes advantage of the specific
operations that generate the analytical model according to the analysis
requirements. These operations are different from those of the geometrical
model: while in a geometrical model of a truss structure, the bars and joints
elements are represented by masses, in an analytical model, the bar elements
are represented by edges, and the joints between these bars by nodes. Some
additional information is required by the analysis tool, such as the loads affecting
the structure, and the elements’ structural properties, but this information can
be semi‐automatically obtained when the architect specifies the materiality of
the elements.
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Before performing the structural analysis, the user has to complete several steps:
(1) set‐up the material properties, (2) define the cross‐section and dimensions of
the bar elements, (3) define the fixed nodes and their supporting conditions, and
(4) define the loads to be applied.
The properties of the structural elements of the design must be described,
according to their material. In the case of a steel truss type structure, we have to
specify the type of steel, as well as its material properties, such as: the Young’s
modulus (E) in N/m2; the Poisson coefficient (v); the shear module (G) in N/m2;
the specific weight (g) in N/m3; the coefficient of thermal expansion (αT) in
1/Cº; the damping ratio (ζ); the yield strength (fy) in N/m2; and the limit tension
resistance (fu) in N/m2.
The cross‐section of the bar elements of the truss is defined by its shape and
dimensional properties, which can vary within a range of shapes (e.g. circular
hollow, rectangular, I profile, H profile, and trapezoid).
The joints between the bar elements, represented as nodes, have to be specified,
in particular, the support conditions of the fixed nodes of the truss’ structure,
which can be restrained in movement and/or rotation.
We also have to consider which are the loads affecting the structure of the
building, by defining their nature, where they are being applied, and their
magnitude.
The information required for the structural analysis set‐up is summarized in
Figure 5.3.

Figure 5.3. A script created with the algorithmic design tool can, for example, (1) generate
the geometrical model, and (2) the structural analytical model.

5.4

Analysis Criteria

We want to achieve a solution where the calculations of the loads and the
structural analyzes are done automatically, and the results can be visualized in
the structural analysis or modeling tools. To aid the architect in his design
decisions, we want to focus on obtaining the most relevant analysis information
to implement design changes to a project. For example, in the case of a truss
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structure, the architect may want to evaluate different truss type solutions for
the structure of his design.
After performing an automation of analysis, the architect can have access to
several analysis results, such as, the deformation of the truss, the reactions at the
supports, the bending moments and internal force diagrams, the stress on bars,
as well as spreadsheets containing this data.
We selected relevant criteria to the analysis that the architect should consider
when developing the design of an architectural project constituted by a truss
structure. To validate performance, it is desirable that the number of bar
elements in compression is the least possible. Also, the number of bars
connections should be minimal, to reduce the amount of material, as well as
cutting and welding of the elements. In turn, by reducing the amount of material,
we are reducing the weight of the structure and its costs. The stress affecting the
structure and the deflection suffered should also be considered to evaluate its
performance, and these metrics should be minimized to meet the regulation
requirements. Finally, when the structure is a visible element of the design, we
want to allow a certain transparency and lightness of the structure, to achieve
interesting aesthetic results regarding the natural illumination of the building’s
interior.
In the next section we present the case study selected to evaluate the proposed
methodology, applied to structural analysis, according to these criteria.
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6

Case Study

The selected case study to evaluate the proposed methodology is the Shenzhen
Bao’an International Airport located in Shenzhen, Guangdong, China (Figure 6.1).
The project was designed for an international competition held in 2008 for an
extension of the existing airport. This project was developed by Fuksas
architecture studio, and the architects responsible by its design are Massimiliano
and Doriana Fuksas. The Terminal was completed in 2013, with only 5 years of
planning and construction, and a total area of 500000m2.
The modeling process of this case study was based on technical drawings,
photographs and textual descriptions of the building. Annex A. Case Study
includes additional documents and illustrations regarding the Shenzhen Bao’an
International Airport.

Figure 6.1. Shenzhen Bao’an International Airport by Studio Fuksas, Shenzhen, Guangdong,
China, 2013. Source: http://www.archdaily.com/472197/shenzhen‐bao‐an‐international‐
airport‐studio‐fuksas.

6.1

Description

The structure of the building was developed to work as the envelope of the floor
plan. “The concept of the plan for Terminal 3 evokes the image of a manta ray,
which is a fish that breathes and changes its own shape, undergoes variations,
[and] turns into a bird to celebrate the emotion and fantasy of a flight” (Fuksas,
2013), as a formal metaphor for the building’s function – an airport. The interior
of the building is based on the concept of fluidity combining both the idea of
movement and pause.
The terminal of the airport consists of a tubular‐shaped tunnel of approximately
1,5km of length, along which the access to the gates is distributed. The route
leads to an extended area, which is the main concourse of the airport. This space
gives a spacious feeling and at this intersection is located a piazza approximately
80m wide (Figure 6.2). The span of the tubular structure goes up to 25 meters
and its shape has soft and organic variations characterized by the different
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heights of the structure. The main concourse includes columns placed along a
grid layout of 36m to aid in the support of its large coverage.
The building’s structure is wrapped with a double “skin” covering on both the
interior and exterior of the structure, with thousands of hexagonal skylight
openings that allow a filtering of natural light through the terminal, providing an
interesting lighting effect. This pattern, also described as a honeycomb, is
reflected in the surfaces of the furniture, such as the check‐in desks and the
gates, designed especially for the airport by the Fuksas Studio.

Figure 6.2. The main concourse of the airport. Source:
http://www.archdaily.com/472197/shenzhen‐bao‐an‐international‐airport‐studio‐fuksas.

The building consists of three separate floors for arrivals, departures, and
servicing, and the slabs of these areas have several voids, which allow an open
space of double‐ and triple‐height. The air‐conditioning vents are positioned in
the interior of the building with a stylized design by Fuksas Studio, which
resembles solid tree branches, as can be seen in Figure 6.2.
The construction of the airport was of a very short and remarkable duration: 3
years. Figure 6.3 shows the construction of the tubular structure. Fuksas Studio is
currently working on another airport’s extension, which is expected to be
completed by 2035.

Figure 6.3. The construction of the tubular section of the structure. Source:
http://openbuildings.com/buildings/baoan‐airport‐terminal‐profile‐2777/media.
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6.2

Trusses and Articulated Systems

The structural analysis of this case study is focused on the articulated truss
structure of the tubular section of the building (Figure 6.4 and Figure 6.5),
surrounding the architectural living space. More specifically, this articulated
structure is of the family of triangular systems or trusses. A structural truss
solution is considered one of the most effective structures to deal with bending
moments. Its behavior can be compared to a full‐section beam with similar
dimensions, but the truss elements have a greater resistance capacity as they use
less material, therefore they are lighter and the tensions are minimal (Negrão,
2009). The truss, which can be found in the case study, derives from a planar
Warren truss with vertical members.
We modeled the section of the truss structure following an ellipsoidal shape with
a height of about 15 meters and a width of about 27 meters. The modeled truss
structures evaluated are based on different truss type solutions that differ from
the original truss structure adopted for the airport terminal. We will latter
explain the truss type solutions modeled for the variations of the truss.

Figure 6.4. Tubular section of the building. Source:
https://structurae.de/bauwerke/flughafen‐shenzhen‐bao‐an‐terminal‐3/fotos.

Figure 6.5. A section model of the building's envelope and interior living space. Source:
https://www.e‐architect.co.uk/hong‐kong/shenzhen‐airport.

43

7

Implementation

In this chapter, we present the implementation of the proposed ADA approach to
the structural analysis of the presented case study. The following sections
introduce the selected Algorithmic Design (AD) and structural analysis tools, to
perform the evaluation on the case study.
Our approach is compared with three different implementations of the typical
analysis workflow, in which is already possible to integrate structural analysis
with modeling tools. To analyze the case study with different tools, we
established the set‐up information required as input for any of these tools
(process described in section 5.3).
We present the tests performed regarding the structural analysis process with
tools such as Karamba, Geometry Gym, and GH2Robot, to understand their
structural analysis capabilities and interoperability with Robot, and explain why
our approach has advantages in comparison to these tools. We discuss the
multiple‐analysis potential of these workflows, i.e., their capabilities to perform
several analyzes on case study variations, in comparison to our methodology.
Lastly, we present a final summary comparison between the different workflow
implementations studied and our approach.
To perform the analysis with any of the selected structural analysis tools, we
have to inform the tool about the structural analysis conditions, which are
specified in the following sections. Depending on the workflow used, this
information is used differently as input, and we will compare the different steps
taken to provide this information for the analysis.

7.1

Algorithmic Design and Structural Analysis Tools

The workflow proposed by our methodology assumes the use of AD. Some AD
tools available today include Grasshopper (GH), Dynamo, RhinoPhython, and
Rosetta. Rosetta is an algorithmic tool that promotes interoperability between
different CAD and BIM software, allowing users to generate the building models
of complex buildings in several different tools (Lopes & Leitão, 2011). For this
reason, we chose to focus on Rosetta.

Figure 7.1. Rosetta’s current
back‐ends and front‐ends.

Today, Rosetta includes back‐ends such as: AutoCAD, Rhinoceros, and Sketch Up,
which are the CAD back‐ends; Revit and ArchiCAD, the BIM back‐ends; and Open
GL, which is a fast visualization tool (Feist, et al., 2016). Rosetta supports several
programming languages, namely Racket (Lopes & Leitão, 2011), JavaScript,
Python, and Processing (Caetano & Leitão, 2016). We choose to write the script
of the case study using the Racket language (Findler, et al., 1997), which is a
modern LISP language, designed for educational and practical uses (Leitão &
Proença, 2014). Figure 7.1 shows the current programming languages and
software supported by the tool.
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The digital model of the case study and the geometric elements required by the
tools Karamba, Geometry Gym, and GH2Robot were all generated in Rhinoceros
by a script written in Racket, with Rosetta.
The GH tools Karamba, Geometry Gym, and GH2Robot, that were used to aid in
the structural analysis of the typical workflows, bridge the gap between Rosetta
and the structural analysis evaluation. We could have provided these tools with a
parametric model created with GH, however, the structure of the case study is
very complex, and to describe it in a visual programming language would result in
a large visual algorithm. Using GH, the generation of the model is limited to
Rhinoceros, and thus, we would be unable to generate models in several tools.
Furthermore, the use of GH does not facilitate the analysis automation of several
model variations, and this is one of the core purposes of the proposed
methodology.
Although Rosetta introduces an extra tool to the analysis workflow of these GH
tools, it does not introduce any changes in the analysis process. Requiring only
the scripts to be written in a textual programming language (TPL), which removes
the limitations of visual programming languages (VPL), when creating complex
models (Leitão, et al., 2012). Figure 7.2 shows an excerpt of the algorithmic
description of the model of the case study, written in Racket, with Rosetta. The
same algorithm was used for any of the workflow analysis that we present in the
next sections, without the need for any additional changes, as Rosetta
automatically selects the relevant functions for the selected back‐end tool, which
can be a modeling tool or an analysis tool.

Figure 7.2. The algorithmic description of the building, written in Racket, with Rosetta,
displayed in the programming environment DrRacket.

We used two structural analysis tools to evaluate the case study, Karamba and
Autodesk Robot Structural Analysis Professional, previously presented in sections
4.3.1 and 4.1.3, respectively.
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7.2

Case Study’s Building Model

The evaluation of the case study’s truss was performed on a section of the
airport’s terminal structure with 60 meters of length. The corresponding building
model, generated by Rosetta, is represented in Figure 7.3 and Figure 7.4, by
rendered images.

Figure 7.3. Render image of the building model of the case study, produced with Rosetta in
Racket – Perspective 1.

Figure 7.4. Render image of the building model of the case study, produced with Rosetta in
Racket – Perspective 2.
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7.3

Structural Conditions of the Case Study

To perform the analysis of the case study’s truss structure, the elements that
constitute its structural analytical model had to be associated with specific
properties, which are described in this section.
As mention before, the analysis tool requires an analytical model constituted by
the structural elements, in which the bars and joints are represented by edges
and nodes, respectively. These elements are associated with their structural
properties: the bar elements are welded together and consist of steel S460 JØH,
i.e., the bar elements are constituted by a hollow tubular steel section with a
yield strength of 460 MPa. The material properties of S460 JØH used for the case
study are listed in Table 7.1, and the cross‐section, such as its dimensions, in
Table 7.2.
Table 7.1. The material properties of the S460 JØH Steel.

Property
Young’s Modulus (E)
Poisson Coefficient (v)
Shear Module (G)
Specific Weight (g)
Coefficient of Thermal Expansion (αT)
Damping ratio (ζ)
Yield Strength (fy)
Limit Tension Resistance (fu)

Value
210 x 109 N/m2
0.3
81 x 109 N/m2
76500 N/m3
1.2 x 10‐5 1/Cº
0.04
460 x 106 N/m2
540 x 106 N/m2

Table 7.2. The cross‐section of the structural elements.

Property
Shape
Diameter
Thickness

Type/Value
Circular Hollow
300 mm
20 mm

The support conditions of the fixed nodes of the truss’ structure are listed in
Table 7.3. Only the displacements in all directions have been constrained (Tx, Ty,
Tz), while the rotations in all directions are free (Mx, My, Mz). Figure 7.5 shows the
fixed nodes for the case study.
Table 7.3. The support conditions of the supporting nodes regarding the displacement and
the rotation in all directions.

Supports
Tx
Ty
Tz
Mx
My
Mz

Conditions
Constrained
Constrained
Constrained
Free
Free
Free
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We have applied a vertical local load on each node of the structure, which is due
to the self‐weight of the steel elements and to the weight of the double skin that
envelopes the terminal’s structure. The loads were calculated automatically by
Rosetta, according to the amount of material used for the design. The
representation vectors of these loads can be seen in Figure 7.5.

Figure 7.5. The triangular supports represent the fixed nodes selected for the case study.
The purple arrows represent the loads applied to the nodes of the structure.

7.4

Workflows

In this section, we present the typical analysis workflows studied with tools such
as Karamba, Geometry Gym, and GH2Robot, explaining their advantages and
disadvantages compared to the workflow proposed by our methodology.

7.4.1

Karamba

Our first experiment integrates Rosetta with Karamba by taking advantage of the
Rhinoceros back‐end tool, already supported by Rosetta (Figure 7.1), to analyze
the case study’s truss structure. As mentioned before in section 4.3.1, Karamba is
a parametric structural tool capable of analyzing building structures integrated in
Rhinoceros. Rosetta runs the script (Figure 7.2) and the digital model is produced
in Rhinoceros, so that we can explore the structural analysis potential of
Karamba. This workflow is represented in Figure 7.6.

Figure 7.6. Workflow where Rosetta generates the analytical model in Rhinoceros, the
Karamba plug‐in for Grasshopper analyzes the model and displays the results back in
Rhinoceros.

To set‐up the analysis of a truss structure, Karamba requires an analytical model
where the elements are represented by the appropriate geometries that the tool
can understand, i.e. the bars are represented by lines and the nodes are
represented by points (Figure 7.7). This requires the addition of lines of code to
the algorithmic description to provide Karamba with these shapes, which are
assigned to different layers for an identification of the elements.
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Figure 7.7. The digital representation of the analytical model for Karamba, generated by
the AD tool Rosetta. The elements are distributed between three category layers named
nodes, fixed nodes and bars.

To perform an analysis, Karamba also requires its user to provide information
about the properties of the structural elements directly in GH and, therefore, we
could not take advantage of the algorithmic description of the building in Rosetta
to provide this information to Karamba. This information includes data on the
support conditions, the material properties of the elements and their cross‐
sections, and the loads applied to the structure (Table 7.1, Table 7.2, and Table
7.3), which are manually provided in GH using the existing Karamba definitions,
as seen in Figure 7.8.

Figure 7.8. The Karamba components which define the structural information necessary to
perform an analysis: the supports, the loads affecting the structure, the cross‐sections of
the elements and their material properties.

After the user successfully connects all the required Karamba components for
analysis, Karamba automatically displays the results in Rhinoceros. When the
architect wishes to perform an analysis of a different version of the building, this
task becomes almost effortless. Rosetta generates the new version in
Rhinoceros, which updates the analytical model automatically. However, the user
has to provide some information to Karamba for the analysis, namely the loads
affecting the structure, which depends on the structure’s self‐weight, calculated
by Rosetta. Despite the ease with which we can analyze different building
variations, Karamba can only display one variation at a time, in the Rhinoceros
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environment. As a result, the task of performing multiple‐analysis is hindered.
Although the analysis process with Karamba is automatic, to display the results
Rhinoceros needs to be awaken, i.e., the results are only displayed after the user
activates the Rhinoceros environment window, so the process is not yet
completely automated. To avoid this, a direct connection between the AD tool
and the structural software is the most desirable scenario.
One of Karamba’s structural analysis capabilities is the ability to display both the
original and the deflected structures, hence, the user can compare them and
understand the effects of the applied loads. Figure 7.9 represents the original
model and its deflection model, which is color‐coded to inform the user about
the displacement of the elements. The results produced allow a direct
interpretation of the bars which suffer the most deflections: red represents the
most deflected elements and green represents the least deflected. However,
these results cannot be easily transformed into values or be displayed in a table.
The applied loads are represented by vectors whose magnitude can be controlled
by a slider, so that we can interactively visualize the effect of different loads
being applied. However, the display of the results can become very confusing
when the different input elements are visible. As an example, the vectors of the
applied loads can obstruct the comprehension of the analysis results, as seen in
Figure 7.10. Fortunately, we can easily solve this problem by turning off the
corresponding layer in the Karamba component within Grasshopper’s
programming environment. Another issue is that when the load increases, there
is an apparent deformation of the vectors representation, which appear to
change direction (Figure 7.10). This creates doubts about whether it was merely
a mistake in the visualization of the vectors or if it was also affecting the validity
of the color‐coding results.

Figure 7.9. The analytical model of the case study and its corresponding deflection model
when affected by a 0,5KN load per node. The elements in red are suffering a higher
deflection than the elements in green. The load vectors are represented in red.
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Figure 7.10. A representation of the deformation suffered due to a 50 KN load per node,
the representation vectors appear to have changed its direction.

Karamba allows the user to display bending moments and internal force
diagrams, but they are difficult to read and understand, as they appear
condensed and with an inadequate scale of representation. To illustrate this
issue, Figure 7.11 shows solely the bending moments diagrams in the x axis, for
the bar elements.

Figure 7.11. The bending moments of the bar elements in the x axis. The interpretation of
the analysis output data is difficult due to the condensed and inadequate scale of
representation.

Karamba also allows the user to display a colored diagram of the axial stress
suffered by the elements. Figure 7.12 shows these results, where the bars in red
suffer the most axial stress, the bars in blue suffer an average axial stress and the
bars in white suffer the least axial stress.
Nonetheless, this tool has some limitations, which we mentioned in section 4.3.1.
Karamba only performs linear calculations, which allow the tool to immediately
update the results when changes are applied to the design. To overcome these
limitations, we opted to explore other approaches that involve more capable
tools.
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Figure 7.12. The axial stress calculated by the Karamba tool.

7.4.2

Geometry Gym

The Geometry Gym (GG) plug‐in, presented in section 4.2.3, can provide an
interoperability between Karamba and Robot Structural Analysis. With the aid of
GG, we exported the 3D Karamba model to Robot (Figure 7.7), generated by the
same script that was used in the previous approach (Figure 7.2), as well as by the
Karamba components (Figure 7.8). The GG component for GH is introduced to
enable an interoperability with a more sophisticated structural analysis tool.
Figure 7.13 shows the workflow used for this approach, which suggests a
complicated communication strategy that requires several steps. In the end, the
results can only be visualized in Robot.

Figure 7.13. Grasshopper‐Karamba connection, using Geometry Gym to export the model
to Robot.

The set‐up for the analysis with GG’s workflow is very similar to the set‐up for
Karamba’s workflow. In Figure 7.14, the Geometry Gym plug‐in component is
connected to the Karamba definitions to export the model to Robot.
Variations of a model can be easily produced, automatically exported, and
analyzed by Robot, by running Rosetta again with different values for the model’s
parameters, and by running GG again to export the model to Robot. However,
this process is not yet automated. When the designer wishes to analyze a
different variation, the analysis set‐up has to be adapted to it to include the
calculated loads affecting the structure.
Geometry Gym allows the user to display and evaluate the results in Robot’s
environment but does not enable the retrieving of data back to the visualization
tool Rhinoceros. If GG was capable of retrieving this data, we could take
advantage of saving the model variations with the analysis output data displayed.
With the aid of GG, it was relatively fast to export and analyze the case study,
and it enabled us to test more complex levels of structural analysis than the
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available Karamba features. However, Geometry Gym still depends on Karamba,
GH, and Rhinoceros to export to Robot.

Figure 7.14. The Geometry Gym plug‐in connects to the Karamba components to export
the model to Robot.

7.4.3

GH2Robot

We also performed an analysis using the GH2Robot plug‐in, presented in section
4.2.4. This tool has a similar use to Karamba and Geometry Gym combined, i.e.,
GH2Robot is capable of receiving the Rhinoceros model as input and export it to
Robot. Again, the same script used to generate the digital model (Figure 7.7) in
Rhinoceros for Karamba is used as input to GH2Robot, which then exports this
model to Robot (Figure 7.15).

Figure 7.15. Grasshopper‐GH2Robot connection to export the model to Robot.

The GH2Robot components are represented in Figure 7.16. The user runs the
GH2Robot component ‘Robot Export’ and the model is exported to Robot.

Figure 7.16. The GH2Robot components with the input information processed and
exported to Robot by the assemble component ‘Robot export’.
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When the architect wants to analyze other variations of the design, he can
change the values of the parameters in Rosetta so that the model is generated
and updated in Rhinoceros, exported with GH2Robot, and analyzed in Robot. The
process of generating and exporting the geometry is not automated, and this
becomes a time‐consuming task when we want to analyze several design
variations. GH2Robot also does not support an automated analysis of several
designs at once. This workflow also requires its user to provide the loads
affecting the structure, each time he wants to analyze a new variation.
The export feature of GH2Robot is very fast and advantageous, and this approach
is less complex than the previous approach presented with GG. Nonetheless, this
plug‐in is not yet capable of retrieving data back to Rhinoceros to be used for the
result comparison and evaluation of the design, or of having analysis capabilities
itself. The GH2Robot workflow requires several steps to perform. Ideally, the
input of data in Robot should be automated.

7.4.4

Proposed Workflow Rosetta‐Robot

The workflow proposed in this section is an effective application of our proposed
approach ‐ ADA. Using the parametric tool Rosetta, we can generate the
appropriate analytical model for analysis, directly in Robot, using the same script
that produces the geometrical model in a visualization tool. Robot was added as
a structural analysis back‐end to Rosetta, to enable its use in the proposed
workflow (Figure 7.1). Although Robot is usually associated with the BIM tool
Revit, with our approach we can generate an analytical model for Robot without
depending on any previous modeling software. This is because the algorithmic
description of a building, created with Rosetta, can produce different kinds of
models, in which the elements are automatically generated according to the
requirements of the back‐end tool. Using the proposed approach, the architect
can produce the building model on a modeling tool, by choosing a CAD or BIM
back‐end and running Rosetta. When setting‐up an analysis, there is no need to
adapt the script. The architect needs only to run the script in Rosetta, which
sends the relevant information to the chosen analysis tool and the analytical
model is generated.

Figure 7.17. Rosetta connection
with Robot, using AutoCAD and
Rhinoceros as visualizers, and
excel to retrieve data results.

To structurally evaluate a building, the architect uses an algorithmic description
of that building, which holds data information about the structural properties of
its elements. This description includes the set‐up information required by
structural analysis tools, which is described in Table 7.1, Table 7.2, and Table 7.3.
When the user runs Rosetta, the structural analytical model is generated directly
into Robot, with the properties and data information already assigned to the
elements. Robot runs the calculations automatically to obtain the analysis
results. Afterwards, the user can retrieve the results back to Rosetta to either
generate the deformed or stress models in AutoCAD or Rhinoceros, or display
the results in Excel tables (Figure 7.17). For example, Figure 7.18 shows both the
original and the deformed models of a truss, in AutoCAD and Rhinoceros.
Moreover, due to its interoperability with different tools used in the AEC
industry, Rosetta allows designers to display their models in any of the supported
tools with ease.
The architect can also automate the analysis of several design variations, simply
by running his script in Rosetta with various set of parameters. For each set, the
program automatically generates the model, calculates the required load values,
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and performs the analysis. This process is automated, which allows the architect
to save time, not having to set‐up the analysis for each variation he wishes to
perform.

Figure 7.18. The deformation of an example structure in Rhinoceros (left) and AutoCAD
(right). The original structure is also displayed in Robot (middle).

7.4.5

Comparison between workflows

The first three workflows presented (Karamba, GG and GH2Robot) revealed to be
effective in performing a structural analysis. However, they are extensive and
complex, requiring several steps to perform the analysis, such as setting‐up the
analysis data. Setting‐up this data includes providing to GH the loads affecting
the structure and having to manually export the analytical model to the
structural analysis tools. These steps take a considerate amount of time when
architects wish to analyze several design variations, and create a problem to the
architect as they may delay the analysis process. Thus, a solution which
automates these tasks is the most desirable.
The Rosetta‐Robot proposed workflow stands out for its capabilities in
comparison to the other workflows. It is capable of automating the set‐up data
input of the loads affecting the structure by providing this information directly to
the analysis software. After the analysis is performed, Rosetta‐Robot workflow
can retrieve the obtained results to be displayed in a modeling tool or a
spreadsheet. Finally, this workflow allows the architect to analyze multiple‐
design variations without any extra effort.
Table 7.4 presents a summary of the features of the previously described
workflows. We present a comparison between these workflows to illustrate the
advantages and capabilities of using the Rosetta‐Robot workflow.
Table 7.4. Comparison between the different workflows studied. The number of check
marks (✓) indicates the capabilities of the workflow’s analysis features.

Workflow
approach
Karamba
GG
GH2Robot
Rosetta‐Robot

Automated
Set‐up
input
‐
‐
‐
✓

Direct
connection
‐
‐
‐
✓
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Analysis
features
✓
✓✓✓
✓✓✓
✓✓✓

Retrieving
of the
results
✓
✓✓

Automated
Analysis
✓

8

Evaluation

In this chapter, we will study the structural performance of several variations of
the case study to evaluate our approach, by using the Rosetta‐Robot workflow.
We will perform four sets of evaluations, which are thoroughly explained in the
following subsections:








Case study variations – a comparison of fourteen variations of the case
study’s truss structures, to select the most effective truss type solution
according to the chosen metrics. The metrics selected for this analysis
were (1) the maximum and minimum stresses suffered by the structural
elements, (2) the maximum vertical displacement of the elements and
the deflection of the structure, (3) the internal forces and bending
moments suffered, and (4) the reactions at the supports.
Structure and Interior Aesthetic – an evaluation of the structure and of
the perceived interior environment in hopes of achieving interesting
results to aid in design decisions, that result from adopting different
truss solutions, assessed in the previous evaluation;
Automated Analysis – an automation of the analysis process, using the
most efficient truss type solution found in the first and second
evaluations, to assess the maximum vertical displacement of several
height variations of the elliptical section of the building, selected by the
architect, to find the best performing ones;
Optimization – an evaluation that takes advantage of a sampling
algorithm to perform the previous evaluation, but this time,
automatically finding the best solutions within a certain range of
heights.

The metrics evaluated were selected according to the relevance for a building’s
performance and structural requirements. The maximum and minimum stresses
are the ultimate maximum and minimum strength a material suffers when
subjected to an applied load. The maximum vertical displacement suffered by the
elements of the structure is calculated in centimeters (cm) and is here evaluated
in parallel to the deflection models of the elements of the case study. The
deflection of the structure will be displayed in a diagram showing both the
original structure and the deformed structure. The internal forces, bending
moments, and reactions at the supports will either be displayed in diagrams or in
tables.

8.1

Case Study Variations

For the first evaluation, we have selected fourteen truss type solutions. The
structure of the corridor tube of the case study has an ellipsoidal shape which we
opted to explore. Using articulated types of structures, we defined the frames
and the connections of the elements of the several truss types, following an
ellipsoidal arch.
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We first distributed the bar elements forming parallelepipedal geometries along
the ellipsoidal arch, creating a Vierendeel beam, as seen in Figure 8.1 (A). We
created an algorithm to generate these elements and started to analyze this first
design variation in Robot.
We generated more bar elements to provide bracing to the section of the tube,
achieving a planar Pratt truss, as seen in Figure 8.1 (B). The vertical elements of
the Pratt truss function as compression members and the diagonal elements
function as tension members. Figure 8.5 (A) shows a study of the elements of the
planar Pratt truss in tension and in compression, where local loads are being
applied on each node, representing the self‐weight of the structure and the
weight of the building’s skin. We added bracing connections, perpendicular to
the section of the tubular structure, creating transversal elements as seen in
Figure 8.1 (C). We explored another solution by adding space diagonal bracing,
which can be seen in Figure 8.1 (D). We then added top and bottom bracing to
the truss, as can be seen on the rendered representations of this fifth case study
in Figure 8.2 (E), obtaining the fifth solution.
The sixth solution, the Howe truss, as seen in Figure 8.5 (B), is very similar to the
Pratt truss. In fact, the only difference is the direction of the diagonal elements.
This, however, changes the members in tension and in compression. In the Pratt
truss, the short vertical elements are in compression. In the Howe truss, it is the
long diagonal elements which are in compression. A planar Howe truss is
represented in Figure 8.2 (F), which shows a rendered image of this solution. By
adding bracing to the planar Howe truss, we obtained the seventh, eighth and
ninth solutions: the seventh with transversal bracing, as seen in Figure 8.2 (G);
the eighth with transversal and diagonal bracing, Figure 8.2 (H); and the ninth
with top and bottom bracing added, Figure 8.3 (I).
Next, we decided to explore a solution with the planar Warren with verticals
truss, as seen in Figure 8.5 (C). Figure 8.3 (J) represents rendered images of this
type of structure. The truss used on the terminal’s airport is based on this
solution. We also created different truss type solutions of the Warren with
verticals truss by adding more bracing elements. We obtained the eleventh
solution with transversal bracing, as seen in Figure 8.3 (K); the twelfth solution
with transversal and diagonal bracing, Figure 8.3 (L); and the thirteenth solution
with top and bottom bracing added, Figure 8.4 (M).
The last case study variation is the Warren truss without any vertical bar
elements, as seen in Figure 8.5 (D). The Warren Truss uses equilateral triangles,
however, this case study’s truss is only based on the bars distribution of the
Warren truss and so the elements have different dimensions. This truss design is
very popular and can be found in various bridges. Figure 8.4 (N) shows a
rendered image of this last variation.
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Figure 8.1. Rendered images of (A) first solution of a truss without any bracing (Vierendeel Beam); (B) second solution with a
planar Pratt truss; (C) third solution with a planar Pratt truss and transversal bracing; and (D) fourth solution with planar Pratt
truss, transversal bracing and space diagonal bracing.
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Figure 8.2. Rendered images of (E) fifth solution of a spatial Pratt truss; (F) sixth solution of a planar Howe truss; (G) seventh
solution of a planar Howe truss with transversal bracing; and (H) eighth solution of a planar Howe truss with transversal bracing
and space diagonal bracing.
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Figure 8.3. Rendered images of (I) ninth solution of a spatial Howe truss; (J) tenth solution of a planar Warren with verticals truss;
(K) eleventh solution of a planar Warren with verticals truss with transversal bracing; and (L) twelfth solution of a planar Warren
with verticals truss with transversal bracing and space diagonal bracing.
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Figure 8.4. Rendered images of (M) thirteenth solution of a spatial Warren truss with verticals; and (N) fourteenth solution of a
Warren truss (without verticals).
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Figure 8.5. (A) The planar Pratt truss; (B) the planar Howe truss; (C) the planar Warren
with verticals truss; and (D) the planar Warren truss (without verticals). Scheme of the bars
in compression and in tension. The red elements are in tension (+) and the blue elements
are in compression (‐). The arrows in black represent the applied loads.

By observing Figure 8.5, we can conclude that the truss solutions planar Pratt and
the planar Warren with verticals are the ones having the least number of bars in
compression when nodal loads are applied, which is a desirable criteria to
validate the performance of the truss structure, mentioned in section 5.4.
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The loads applied to each of the case study variations presented are due to the
self‐weight of the steel structure and to the weight of the double skin covering.
Rosetta automatically calculated the loads of the self‐weight of the structure
according to the material’s quantity. The weight of the double skin covering is
equal for all the fourteen variations evaluated and so the load of the skin is
always the same. In Table 8.1 the resultant loads, applied to each case study
variation are presented.
Table 8.1. The vertical loads applied to each node of the truss structure, for each case
study variation.

Case Study truss solution
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L
Variation M
Variation N

Vertical loads applied (KN per node)
44.29 (↓)
46.82 (↓)
50.91 (↓)
59.02 (↓)
63.28 (↓)
47.06 (↓)
51.15 (↓)
55.62 (↓)
63.42 (↓)
46.98 (↓)
51.07 (↓)
55.55 (↓)
63.35 (↓)
57.67 (↓)

We started by analyzing the maximum and minimum bending moments (My)
occurring in the truss type solutions evaluated, as well as the maximum and
minimum axial forces affecting the structure (Fx) (Table 8.2).
Table 8.2. The maximum and minimum bending moments as well as the maximum and
minimum axial forces, for all fourteen case study variations.

Case Study
truss solution
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L
Variation M
Variation N

Max My KNm)
550.80
273.71
295.31
244.47
250.30
185.61
206.72
246.69
289.32
211.67
231.73
264.89
297.51
308.03

Min My (KNm)
‐600.15
‐86.09
‐94.31
‐125.81
‐126.37
‐129.76
‐146.48
‐184.46
‐213.97
‐101.44
‐115.56
‐134.60
‐145.29
‐286.43

Max Fx (KN)
3241.58
3116.38
3451.11
3864.21
4177.45
3247.18
3558.64
3939.47
4492.42
3186.93
3486.94
3900.08
4350.51
4371.76

Min F x (KN)
‐2332.32
‐1960.56
‐2160.02
‐2463.09
‐2712.70
‐1838.70
‐2053.97
‐2270.86
‐2476.23
‐1953.66
‐2158.30
‐2422.63
‐2647.99
‐2127.47

By observing the results shown in Table 8.2, we can conclude that the highest
bending moments happen in variation A, which in fact is not a truss type
structure but rather a Vierendeel beam because it lacks bracing element
connections. We realized that this structure type is not suitable for large spans,
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since when it is affected by its weight, it suffers large deflections. This structure is
missing some bracing element connections to provide strength. This first
variation is still feasible, although, it would require sections with greater
diameters to ensure the elements can withstand the affecting loads. Greater
sections may result in a heavier visual, which might not be of the interest of the
architect. This solution would require large tubular sections that could obstruct
the lighting reaching through the hexagonal openings of the skin of the building.
The other solutions presented seem to be more appropriate than variation A
because they are affected by smaller bending moments, and therefore they do
not need to have large cross‐sections.
Regarding the maximum and minimum axial forces affecting the structure, we
can conclude that the planar truss type solutions (Variations B, F, and J) induce
smaller axial forces than the other variations.
In Table 8.3 we took note of the maximum vertical displacement values obtained
with Robot for all fourteen case studies selected. The maximum displacement of
the node elements in any of the case studies variations happens in the vertical
direction.
Table 8.3. The results for the maximum displacement on node for each of the fourteen case
study variations.

Case Study truss solution
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L
Variation M
Variation N

Max displacement on node (UZ / cm)
28.5087 (↓)
6.1537 (↓)
6.6645 (↓)
7.5720 (↓)
8.0042 (↓)
5.7410 (↓)
6.2316 (↓)
6.7186 (↓)
7.5031 (↓)
5.6134 (↓)
6.0941 (↓)
6.5787 (↓)
7.3651 (↓)
7.6237 (↓)

In Table 8.3, we can observe that variation A (Vierendeel Beam) fails to ensure an
acceptable maximum displacement of the elements for a service building,
according to the regulation EN1993‐1‐1 (C.E.N., 2005), adopted by European
countries and on which China’s current regulation is based on. The European
Standard for the vertical deflections defines that in the case of a service building
with multi‐story, a limit of L/300 can be adopted, where L is the horizontal span
of the building at the floor level of about 36 m. This translates into a limit of 12
cm and, in comparison, each of the other truss type solutions, except A, have an
acceptable maximum vertical displacement.
Through the understanding of the obtained results, we can quickly assess that
the solution which is most effective in regard to the vertical displacement of
nodes is the planar Warren with verticals truss, i.e., variation J.
After comparing each of the variations in regard to their maximum displacement,
we can observe their deformed sections and their original structure in Figure 8.6.
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Figure 8.6. The original (green) and the deformed (red) sections of each of the fourteen
case study variations, labeled from A to N (values given in cm, the displacement scale is
exaggerated).
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After studying the displacement and the deflection of the structures’ sections,
we obtained the maximum and minimum peak stresses of the structural
elements, as well as the mean stresses, σmed =Fx /Ax (Table 8.4).
Table 8.4. The results for the maximum and minimum stresses as well as the mean stresses
of the structural elements, for each of the fourteen variations.

Case Study
truss
solution
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L
Variation M
Variation N

Max stress (σ
/MPa)
526.28
354.04
382.96
413.08
422.56
337.57
370.71
424.82
492.75
314.35
350.27
389.14
433.48
514.77

Min stress
(σ /MPa)
‐512.69
‐200.02
‐217.33
‐249.43
‐269.67
‐200.72
219.99
‐230.48
‐268.98
‐219.89
‐236.09
‐253.75
‐291.28
‐241.65

Max mean
stress Fx /Ax
(σmed /MPa)
184.25
177.14
196.16
219.65
237.45
184.57
202.28
223.92
255.35
181.15
198.20
221.68
247.29
248.50

Min mean
stress Fx /A x
(σmed /MPa)
‐132.57
‐111.44
‐122.78
‐140.00
‐154.19
‐104.51
‐116.75
‐129.08
‐140.75
‐110.99
‐122.68
‐137.71
‐150.51
‐120.93

By observing the results obtained and displayed in Table 8.4, we can argue that
variations A and N are less appropriate in comparison to the other solutions, as
they induce stress values close to the limit tension resistance of 540 MPa.
By comparing all the solutions analyzed in regard to Table 8.2, Table 8.3, Figure
8.6 and Table 8.4 (bending moments, axial forces, maximum vertical
displacement, and stresses occurring in the structure), the architect can choose
which solution better meets the performance requirements. Through the
understanding of the results, we can quickly assess that all solutions, except A
and N, are appropriate.
We can also conclude that the solutions with more bracing elements added (C, D,
E, G, H, I, K, L, M, and N), although still eligible as solutions to the case study’s
structure, tend to have a worse performance in regard to the metrics evaluated.
This is because the self‐weight of the structure is greater when it is constituted of
a large number of elements and connections, which results in a higher load, thus
inducing greater internal forces. To reduce the amount of material and costs, the
solutions B, F, and J, showed to be the most structurally effective with fewer
elements and connections.

8.2

Structure and Interior Aesthetic

After discovering the best performing truss solutions, another important factor
architects may consider in the choice of the truss structure is the interior lighting
effect that is produced when natural light penetrates the skin coverage of the
building. The architects’ desire for the airport terminal was to allow sunlight to
penetrate the skylight openings, creating an interesting lighting effect inside. The
sunlight is reflected on the surfaces of the furniture and pavement through the
honeycomb skylight pattern openings. For a better understanding of the effects
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of the structure in the building’s lighting, we generated several rendering images
of its interior using different truss designs: the planar and the spatial Warren with
verticals (variations J and M), both of which showed to be appropriate truss type
solutions in section 8.1.
Figure 8.7, Figure 8.8, and Figure 8.9 show the interior lighting effect that results
of adopting a planar Warren with verticals truss, J, and Figure 8.10, Figure 8.11,
and Figure 8.12 show the resulting effect of adopting a spatial Warren with
verticals truss, M, with a different number of truss modules and truss elements’
dimensions, along the building’s length (Table 8.5). We obtained the maximum
and minimum stresses of the structural elements, as well as the mean stresses,
σmed =Fx /Ax, of the six truss variations (Table 8.6).
Table 8.5. The diameter of the elements and the vertical loads applied, for each of the six
variations.

Case Study truss
solution
Variation J1
Variation J2
Variation J3
Variation M1
Variation M2
Variation M3

Number of truss
modules
10
16
20
10
16
20

Diameter (mm)
15
10
7
15
10
7

Vertical loads
applied (KN per
node)
46.98 (↓)
21.08 (↓)
12.63 (↓)
63.35 (↓)
28.58 (↓)
16.93 (↓)

Table 8.6. The results for the maximum and minimum peak stresses as well as the mean
stresses of the structural elements, for each of the six variations.

Case Study
truss solution
Variation J1
Variation J2
Variation J3
Variation M1
Variation M2
Variation M3

Max stress
(σ /MPa)
314.35
343.24
422.78
433.48
485.70
605.98

Min stress
(σ /MPa)
‐219.89
‐259.16
‐314.36
‐291.28
‐336.73
‐426.07

Max mean
stress Fx /Ax
(σmed /MPa)
181.15
199.34
247.37
247.29
274.26
338.74

Min mean
stress Fx /A x
(σmed /MPa)
‐110.99
‐113.22
‐135.02
‐150.51
‐160.38
‐195.81

In Table 8.6, We can conclude that the variations with less truss modules (J1 and
M1), are more appropriate, as they suffer from smaller stresses.
By observing the following rendering images, we can conclude that the structural
solution has a major impact on the interior of the building. The density of the
structural elements affects the natural light penetrating the skylight openings
creating different levels of brightness and shadowiness, directly affecting the
level of illumination inside the building. The level of density of the structural
elements also affects the visual extent of the interior, changing its aesthetic. The
lighting effect produced by the planar truss solution can better illuminate the
interior of the building in comparison to the one produced by the spatial truss
solution, hence, we believe that the first solution, the planar Warren with
verticals with 10 truss modules (Figure 8.7), better suits the desired lighting
effect. This solution also proved to be more appropriate regarding the evaluated
metrics in Table 8.6.
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Moreover, we stress that this evaluation illustrates the advantages of an AD
approach to generate different structural solutions, automatically and easily, and
to further automate the whole rendering production process for a quick
assessment and comparison between them.

Figure 8.7. Interior lighting effect produced by the truss variation J1.

Figure 8.8. Interior lighting effect produced by the truss variation J2.

Figure 8.9. Interior lighting effect produced by the truss variation J3.
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Figure 8.10. Interior lighting effect produced by the truss variation M1.

Figure 8.11. Interior lighting effect produced by the truss variation M2.

Figure 8.12. Interior lighting effect produced by the truss variation M3.
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8.3

Automated Analysis

For the evaluation of an automated analysis, we chose to sequentially evaluate
several variations of the most effective truss solution, found in the first
evaluation (section 8.1), and which we think is of an interesting aesthetic, found
in the second evaluation (section 8.2): the planar Warren with verticals truss
type. Each of the iterations evaluated varies in the maximum height of the
structure, ranging from 9 to 31 meters, and we chose twelve variations to be
analyzed. Table 8.7 shows the heights for each of the variations, as well as the
applied loads per node. A section of each solution can be visualized in Figure
8.13.
Table 8.7. The height of each of the twelve variations evaluated and the respective applied
loads.

Case Study
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L

Building’s height (m)
9
11
13
15
17
19
21
23
25
27
29
31
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Loads (KN per node)
41.71 (↓)
43.34 (↓)
45.10 (↓)
46.98 (↓)
48.95 (↓)
51.00 (↓)
53.11 (↓)
55.27 (↓)
57.49 (↓)
59.41 (↓)
62.03 (↓)
64.36 (↓)

Figure 8.13. The tubular section of each of the twelve variations (A‐L), ranging from 9 to 31
meters.

71

The maximum and minimum peak stresses as well as the maximum and
minimum mean stresses suffered by each variation analyzed (A‐L), can be
observed in Table 8.8.
Table 8.8. The results for the maximum and minimum peak stresses as well as the
maximum and minimum mean stresses of the structural elements, for each of the twelve
variations (A‐L).

Case Study
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L

Height
(m)
9
11
13
15
17
19
21
23
25
27
29
31

Max stress
(σ /MPa)
596.01
451.77
349.09
314.35
301.26
295.40
288.79
281.92
275.16
268.81
263.07
258.03

Min stress
(σ /MPa)
‐174.90
‐241.37
‐227.33
‐219.89
‐212.56
‐205.15
‐197.48
‐189.58
‐181.56
‐173.63
‐165.95
‐158.67

Max mean
stress Fx /A x
(σmed /MPa)
236.61
206.43
189.81
181.15
177.09
175.69
175.94
177.33
179.55
182.41
185.77
190.32

Min mean
stress Fx /A x
(σmed /MPa)
‐163.22
‐134.67
‐118.43
‐110.99
‐106.47
‐103.83
‐102.45
‐101.99
‐102.99
‐104.38
‐106.07
‐108.00

By comparing the results presented in Table 8.8, we can conclude that all
variations, but A, are below the limit tension resistance of 540 MPa for this type
of steel. As the value of the building’s height increases, the stresses suffered by
each variation is smaller. Therefore, the variations with a greater height are the
most appropriate.
We can also compare the reactions happening at the supports, listed in Table 8.9.
The horizontal reactions (Fx) are the most relevant because of their large values,
and because of how the steel structure is affecting the concrete floors
underneath it. The horizontal reactions at the foundations act against the
traction triggered in the concrete floors by the weight of the structure.
Table 8.9 The maximum horizontal reactions at the supports for all twelve variations (A‐L).

Case Study
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L

Height (m)
9
11
13
15
17
19
21
23
25
27
29
31

Max and Min Reactions Fx (KN)
± 243.19
± 174.18
± 144.91
± 130.49
± 122.65
± 118.09
± 115.31
± 113.53
± 112.35
± 111.51
± 110.87
± 110.35

The horizontal reactions happen in response to the stress installed on the
structure. Hence, the shorter variations are affected by higher stress values and,
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therefore, result in a greater horizontal reaction response, to avoid tension in the
concrete floor’s structure.
Table 8.10 shows the maximum vertical displacement obtained for each of the
twelve variations (A‐L). The applied loads induce a maximum displacement
happening in the vertical direction.
Table 8.10 Maximum displacement on node suffered by each of the twelve variations (A‐L).

Case Study
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L

Height (m)
9
11
13
15
17
19
21
23
25
27
29
31

Max displacement on node (UZ / cm)
6.6647 (↓)
5.7237 (↓)
5.5000 (↓)
5.6134 (↓)
5.9119 (↓)
6.3291 (↓)
6.8321 (↓)
7.4030 (↓)
8.0318 (↓)
8.7126 (↓)
9.4418 (↓)
10.2174 (↓)

After analyzing Table 8.10, we can conclude that the variations which suffer the
least displacement values are variations B‐F. All variations comply with the
requirements for a maximum of 12 cm of vertical displacement.
Finally, we can observe the deflection section of each variation and the original
section, represented in Figure 8.14.
Taking into account the results obtained in Table 8.8, Table 8.9, Table 8.10, and
Figure 8.14, we can choose the solution that is most suitable for the building,
regarding the trade‐offs between the architectural and structural considerations.
The tallest variations proved to be more appropriate in what regards the bending
moments and stresses, while variations between B and F have the least
displacement values. Variation F, for example, could be the chosen one, with a
height of 19 meters, as it seems appropriate in terms of the maximum and
minimum peak stresses, the maximum and minimum mean stresses, the tension
installed on the concrete structure, and the maximum displacement allowed by
the standards. Variation F also presents elliptical dimensions that we believe to
have an interesting aesthetic value.
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Figure 8.14. The original and the deformed sections for each of the twelve variations A‐L
(values given in cm, the displacement scale is exaggerated).
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8.4

Optimization

After performing the evaluation of several height variations, we decided to take
advantage of an algorithm that generates a random sampling of the design
space, to perform an evaluation with a large number of iterations of a restricted
range of heights.
The sampling technique used to generate different designs was the Latin
Hypercube Sampling (LHS) method. LHS is a widely‐used method to generate
controlled random samples, capable of covering a diverse range of solutions
within the design space (McKay, et al., 1979). Figure 8.15 compares the LHS
method with the random and grid sampling techniques, when evaluating two‐
dimensional spaces. Figure 8.15 (A) shows the random sampling which searches
through random numbers for each variable within a specified range. This search
may sometimes result in a very irregular distribution of points, hence there is no
guarantee that this distribution is going to spread evenly throughout the design
space. Figure 8.15 (B) shows the grid scheme where the given range is broken
into a grid of points which are equally distant from each other. The major
drawback of this sampling is that the sample size grows geometrically with the
number of variables (dimensions). The LHS scheme shown in Figure 8.15 (C) is a
solution that has an evenly spread collection of samples, with a certain degree of
randomness, and yet without necessarily having to sample a large number of
designs as in the grid.

Figure 8.15. Plans for Random, grid and Latin hypercube sampling with two dimensions.
Adapted from (Tseanidis, 2015).

Using LHS, Rosetta evaluated, sequentially, 46 structural solutions, ranging
between 11.00m and 15.00m of height, in terms of the maximum displacement
metric, to choose the best performing one. Figure 8.16 shows the obtained
results on the maximum displacement using the LHS to search through several
possible design solutions, represented in a graphic model.
By studying the results obtained in this analysis, represented in Figure 8.16, we
acknowledge that the best performing solutions have a height between 13.00m
and 13.15m. In comparison to the previous study, the LHS proved to be very
helpful to generate a sampling of building heights to be evaluated, providing us
with an optimal solution among those which were evaluated. By tracing the
selected metric in a graph, using this sampling technique, we could understand
the deflection of the case study’s design, which allows us to predict the behavior
of this structure for any given height.
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Max vertical displacement (cm)

‐5,45
‐5,50
‐5,55
‐5,60
‐5,65
‐5,70
‐5,75
10

11

12

13

14

15

16

Height (m)
Figure 8.16. The maximum displacement obtained for each height variation evaluated and
calculated using the LHS.

76

CONCLUSION
The design of a building is an exploratory process, that requires a thoughtful
mindset on several levels, namely having a concern for the integrity of a building.
This is an aspect of great responsibility, which should be addressed early in the
design phases of an architectural project, through the evaluation of structural
performance. The structural analysis tools available today are increasingly more
helpful in aiding designers in performance evaluation. The use of these tools in
initial design phases helps architects to improve the performance capabilities of a
building, and to make more conscious decisions regarding its physical integrity.
However, to perform an analysis, the user has to create the analytical model of
his design, which takes a considerable amount of time to produce, and this
process is not yet automated. This discourages architects from analyzing the
performance of the relevant design variations considered during the early phases
of the design process.
This thesis proposes an approach which helps architects consider performance
evaluation in the early phases of building design exploration, by combining
Algorithmic Design with analysis tools. This methodology, which we named
Algorithmic Design and Analysis (ADA), allows the architect to work on a single
algorithmic description of his building that can automatically produce 3D models
for visualization and analytical models for a quick assessment of performance.
Using the proposed workflow, the architect can easily generate several analytical
models, and he can also automate this task for numerous variations without
inducing more effort. This saves precious time to the architect and allows him to
make more informed design decisions, which helps him reach better results in
terms of performance. The ADA approach facilitates the modeling and analysis
process, and helps architects understand the impact of their design choices on
building performance, thus, not only giving architects more independence but
also encouraging them to explore more unconventional design solutions.
When comparing this workflow to traditional approaches, the possibility to
automate a series of analyzes is a considerable advantage. Using manual
approaches, the architect usually takes longer just to create analytical models.
Hence, multiple analysis is commonly avoided when using traditional methods.
Moreover, our proposed algorithmic approach to design and analysis helps
mitigate the interoperability issues that currently result from traditional
approaches, such as the exportation errors that usually occur when exporting the
building models to the analysis tools. The proposed methodology provides a
direct connection to the analysis tool, an automated analysis set‐up, and the
possibility to retrieve the results to the parametric tool.
We presented the theoretical context for our proposed methodology, as well as
an evaluation applied to a selected case study: The Terminal of the Shenzhen
Bao’an International Airport, a building that benefits from an algorithmic
approach to design and analysis. We explained how the analysis of this case
study is performed using the algorithmic design tool Rosetta combined with the
structural analysis tool Robot, so that the obtained results can have an impact in
the design process. In addition, this methodology can be applied to create a
parametric model of a design using other AD tools, and also perform the analysis
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with other structural analysis tools, which may seem more appropriate, as new
software emerge in the AEC industry every year.

FINAL CONSIDERATIONS
This approach is aimed at architects who work with AD, which means they are
capable of producing 3D models with a programming tool. With this approach,
the architect does not have the additional work of manually developing the
analytical models for analysis. When the architect can easily analyze the
performance of his designs, he feels more comfortable about their performance.
The interactions with the engineers become more productive, requiring less
compromising design changes to support structural performance, due to more
informed structural and architectural design decisions. This may be an optional
procedure, and the architect is not obligated to investigate performance and
analysis, but if he wishes to do so, or if he needs to be more informed about the
efficiency of his designs, he can do this analysis, without wasting his time.
However, when the architect has a disregard for structural considerations, this
could result in severe structural issues which have to be addressed later and may
delay the construction process.
We cannot argue that an architect should be capable of easily designing complex
truss structures to support his architectural and structural designs through a
traditional approach. However, when the architect frequently analyzes his
projects, supported by an AD methodology, he realizes the impact that design
changes can have in structural performance, and thus acquire more knowledge
regarding structural analysis.
The methods of design and analysis which take advantage of emerging
technologies, such as AD and parametric tools, are having a great impact in the
theoretical context of the AEC industry. This shows that this kind of approach can
be very helpful to the designer and it may induce a new design thinking, to
respond to our society’s needs.

FUTURE WORK
In the future, we intend to expand our research in several directions to better aid
architects in their design choices, by improving the evaluation of the designs.
Below, we present some topics that we plan to explore to achieve that goal.
A possible evaluation that could be done in the future is to analyze the
performance of different truss structures by varying the dimensions of the cross‐
sections, achieving a structural solution closer to the one designed for the
Shenzhen Airport’s Terminal. To do so, we would require to implement better
algorithms to calculate the loads affecting this structure.
The relationship between structure and architecture can be further explored by
designing with consideration for both aesthetic and technical goals, creating a
sense of a whole. It would be beneficial to explore form‐finding approaches in
agreement with structural requirements. This could allow a greater flexibility to
find new forms and shapes based on the performance of the parametric model.
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The structural design of an architectural project can also greatly benefit from the
application of optimization processes, addressing several aspects of structural
design, such as dimensions and rearrangement of elements. This sort of
processes are called multiple‐criteria optimizations, and they are very useful for
choosing solutions that can best meet the most relevant criteria.
Finally, the evaluation of our methodology was focused on the design of metallic
articulated type structures. In the future, we intend to analyze reinforced
concrete buildings. We also want to expand our approach to evaluate load
combinations, such as ultimate limit states and serviceability limit states,
involving different load natures, such as wind and earthquakes.
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Figure A.1 Shenzhen Bao’an International Airport ‐ Arrivals Level. By Studio Fuksas.

Figure A.2 Shenzhen Bao’an International Airport ‐ Departures Level. By Studio Fuksas.
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Figure A.3 Photograph of the sectioned interior physical model of the Airport Terminal. Source: Studio Fuksas.

Figure A.4 Photograph of the ‘skin’ coverage and structure physical model of the Airport Terminal. Source: Studio
Fuksas.
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Figure A.5 Construction of the building's airport terminal. Source: Studio Fuksas.

Figure A.6 Retail stands in the main departures concourse. Photo by Leonardo Finotti.
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Figure A.7 Hexagonal openings of the interior skin. Photo by Leonardo Finotti.

Figure A.8 The canopy which extends from the main departures concourse. Photo by Leonardo Finotti.
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