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ABSTRACT

Structural optimisation techniques have evolved throughout the years in great part due to the increase
of computational power available in engineering practices. This evolution has given access to fast,
accurate and cheap analysis that enabled engineers to design structures with increasing confidence [1].
However, these new methodologies also bring new challenges. Although technology hasevolved, it is
increasingly hard for the general engineer to understand what methods the software is adopting
culminating in a “black box” mentality. For this reason, it is important to be familiarized with the
theoretical background of the chosen tool.

As software evolves to become more versatile, new opportunities to experiment with different
geometries and materials emerge.

Applications of fibre composite materials have been explored in aerospace, nautical and automotive
industries with great performance resulting in reduced weight and optimised aerodynamics. These
materials are characterised by havinga high strength-to-weight ratio and can be manipulatedto generate
complex geometries. Although such characteristics create a great potential for applications in
architecture and structural engineering, they have remained unexplored in recent years.

This thesis was developed in partnership with Format Engineers and aims to study the optimisation of
carbon fibre composite structures using computational tools.

The study has focused on topology optimisation and the selection of the most adequate computational
tool for the design of a carbon fibre structure. For this study, the chosen structure was a carbon fibre
canopy.

The design of the carbon fibre canopy started with the setting up of an optimisation problemand the
selection of carbon fibre rovings as the canopy’s load bearing structure material, followed by a study of
the geometry based on a layout optimisation tool — Peregrine [2] (an optimisation plugin for
Grasshopper [3]). From the array of options, a comparative analysis was carried out in order to select
the final form of the canopy which was then subjected to a structural analysis using Karamba3D [4].

Lastly, a study of the construction process was done in order to complete all the design aspects of this
project. To help with this, a scaled model of the structure was developed.

The final results include the final geometry for the structure, detailing of the connections and respective
map of quantities, and the proposal for the fabrication process.

KEYWORDS: Optimisation, Topology Optimisation, carbon fibre composites, CFRP, Canopy
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RESUMO

Ao longo do tempo, as técnicas de optimizacdo na engenharia de estruturas t€ém sofrido
desenvolvimentos ¢ avangos em diferentes aplicagdes. Grande parte desta expancdo € devida ao
aumento do poder de computagdo disponivel também na industria da construgéo. Atualmente, sdo
utilizados, na pratica corrente da engenharia, softwares capazes de realizar, rapidamente, analises
estruturais com elevada precisdo. Consequentemente, a introducdo destas ferramentas exige o
desenvolvimento de novas metodologias de trabalho por parte dos engenheiros. Estas acabam por
incentivar a procurade um maior nivel de conhecimento para utilizar estes softwares e, por isso, uma
maior consciéncia dos métodos por eles adotados. Desta forma, previne-se a mentalidade de “caixa
negra” perante o funcionamento de softwares que pode, em ultima instincia, ter consequéncias
desastrosas.

A medida que os softwares se tornam mais versateis, surgem oportunidades para experimentar e testar
novas geometrias e materiais com propriedades distintas.

A aplicag¢do de materiais compositos de fibrade carbono foi essencialmente explorada nas industrias
aeronautica, aeroespacial e automével. Industrias estas que obtiveram grandes ganhos em eficiéncia
com reducdo de peso e otimizagao daaerodinamica ja que permite umagrande liberdade de geometria.
Apesar do potencial das suas caracteristicas, a aplicacdo de materiais compositos de fibra de carbono
na concec¢ao de estruturas tem sido muito escasso em anos recentes, salvo algumas excegoes que por
norma pertencem ao dominio académico.

O presente trabalho foi desenvolvido com a colabora¢do da Format Engineers, e procura estudar a
aplicagdo de métodos de otimizagdo em estruturas de compositos de fibra de carbono recorrendo a
técnicas computacionais.

O estudo focou-sena otimizagdo datopologia e na selegdo daferramenta mais adequadaparaa concegéo
e analise de uma estrutura em fibra de carbono. Com este intuito, adotou-se como caso de estudo a
concecdo de uma cobertura em compdsitos de fibra de carbono.

Comegou-se por definir o problemade optimizagio e a escolha de rovings de CFRP como o material
principal da estrutura. Apds estabelecer estes detalhes, passou-se paraum estudo da geometria baseada
na ferramenta que executa uma optimizagao de layout — Peregrine [2] um plugin de otimizagao para 0
software Grasshopper. Deste estudo obtiveram-se varias solugdes que foram analisadas recorrendo ao
plugin Karamba3D. Este assegurou uma analise estrutural de cada geometria de acordo com os
respectivos casos de cargae as propriedades do material, de forma a escolher a melhor solugao.

Por fim, efetua-se um estudo breve dos métodos construtivos adequados a estrutura. Para auxiliar este
estudo, desenvolveu-se uma maquete que pretende simular o método proposto para fabricagdo da
cobertura.

O resultado final desta pesquisa ¢ a definigao da geometria para a cobertura, bem como o respetivo
detalhe das ligagdes (quer as relativas as condi¢des de apoio, quer as da ligagdo com o painel da
cobertura) com o respectivo mapa de quantidades, e uma proposta d o método de fabrico.

PALAVRAS-CHAVE: Otimizagao, Otimizagdo Topoldgica, CFRP, Fibra de Carbono, Cobertura
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1

INTRODUCTION

1.1. OVERVIEW

Advances in technology and increase in computational power made possible the widespread adoption
of powerful numerical methods to carry out structural analysis and optimisation [1].

Nowadays, there is a wide range of software packages available to engineers either for structural
analysis, design, or optimisation. These tools offer architects and engineers the opportunity to explore
new and creative solutions that were not available before. Also, through the use of these tools, it is
possible to have a greater impact on creating more sustainable and economical structures. However, it
is important to mention that it is the responsibility of the engineer to understand the processes behind
the software and interpret the results accordingly.

Optimisation tools can be implemented right from the beginning at the conception phase and geometry
studies, through form-finding or topology approaches. They can also be applied in the design stage of
the process.

One important feature in most of these types of software is the possibility to work and experiment with
different materials through the input of their mechanical properties (elasticity modulus, tensile strength,
etc). In this way, it is possible to model each solution and obtain an accurate estimation of the expected
behaviour of the real structure. Similarly, it is essential to understand the characteristics of the material
to select the right approach and tools.

1.2. OBJECTIVES

This dissertation aims at the development of an adequate workflow for the implementation of
optimisation techniques in the design of structures made of carbon fibre reinforced polymers (CFRP).

To develop a good workflow, some aspects need to be studied. Firstly, an adequate selection of the
optimisation technique should be made, allowing for an accurate depiction of the problem at hands.
Secondly, it is important to have a clear understanding of the material properties of, along with its
advantages and disadvantages. In this way, it will be possible to adapt the problemto fit the material



Optimisation of Carbon Composite Construction with Computational Techniques

description and take advantage of CFRP. Finally, the selection of a computational tool that can fit both
the selected optimisation technique and the material properties of CFRP.

The workflow is being developed and applied to a case study —the design of a carbon fibre canopy. The
final result consists of a solution for the geometry of the structure, including the structural detailing
along with a proposed fabrication process.

1.3. METHODOLOGY AND STRUCTURE

This research is grouped into three main parts, after this initial introduction. The first one, found in
Chapter 2, consists of a review of the literature regarding the evolution of structural optimisation
processesand the properties of carbon fibre reinforced polymersand its use in the construction industry.
This first section culminates in the selection of an optimisation technique (which is then explored in
more detail), and a discussion about the advantages and disadvantages associated to CFRP.

The second part, Chapter 3, describes the implementation of the workflow developed in the design and
analysis of a carbon fibre canopy. It includes the geometry study and corresponding analysis of the
results and the structural analysis for the final solution.

Lastly, the third part which includes Chapters 4 and 5 focus on the fabrication processes and the final
results, respectively. Chapter 4 focuses on the selection of the adequate fabrication process to be used
for the construction of the canopy. In Chapter 5, an overall review of the results is made.

1.4. REFERENCE PROJECTS

The work developed on this dissertation was based on a series of projects developed at the University
of Stuttgart (the ITKE/ICD Research Pavilions). A series of pavilions made with carbon fibre and glass
fibre combined with computational design techniques. These studies explore the application of a
fabrication technique — coreless filament winding — in the construction of structures made of composite
materials (namely carbonfibre reinforced polymersandglass fibrereinforced polymers). Two examples
of these structuresare shownin Figure 1 — ITKE/ICD Research Pavilion2016-17, asingle longspanning
cantilever [5] - and in Figure 2 — ITKE/ICD Research Pavilion 2013-14, a modular system based on the
internal structures in beetle shells [6].
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Figure 2: ICD/ITKE Research Pavilion 2013-14, Stuttgart [6]
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2

STATE OF THE ART: STRUCTURAL
OPTIMISATION AND DESIGN OF
CFRP STRUCTURES

2.1. OPTIMISATION
2.1.1. BACKGROUND

The concept of optimisation has been ever-present in structural design. It is defined «loosely as the
selection of the “best” design within the available means. » [7]. To be able to assess whether a solution
is the “best” ornotthere needs to be a framing for the optimisation problem. In other words, the objective
function, the problem constrains, and the “available means” must be known.

In structural design, the best solution is, usually, one which achieves good structural performance whilst
minimizing the use of material, thus creating an efficient and more economical structure. In order to
maximize the efficiency while also beingeconomical in material usage, the shape of the structure should
reflect the flow of forces created by self-weight and the applied forces in the structure [8]. In fact, this
will lead to the reduction of bending and shear forces — the structure will work primarily in tension and
compression [9] - allowing for an optimum use of materials. In extreme cases, bending and shear are
completely eliminated, and the shape of the structure follows the load path. That is, the shape of the
structure is a direct product of the loads applied — this process is known as form-finding. «Form finding
is a forward process in which parameters are explicitly/directly controlled to find an ‘optimal’ geometry
of a structure whichis in static equilibrium with a design loading. » [8]

However, these geometries are not easily described through mathematics. Before the introduction of
computers, engineers had to rely on scaled physical modelsin order to find these optimal geometries.

Throughout the 20" century, there are many examples of architectsand engineer who explored novel
methods of creating optimal forms of structures

Frei Otto applied form finding leveraging the properties of soap filmin his scaled models [10]. In his
studies, he used soap film to produce very thin membranes by dipping wire loops into soap. Such
experiments are shown in Figure 3. With this method he was able to create lightweight membrane
structures with uniform stresses in every direction — tensile stress. These surfaces are called minimal
surfaces as they enclose the smallest possible area within a closed space curve. When applied to
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buildings they are used to design tensile membranes (with no bending stiffness) [10]. One of the many

projects that illustrate Otto’s work was the Deutscher Pavillon, built for the 1967 World Exposition in
Montreal, Canada (Figure 4).

Figure 3: Frei Otto's soap film experiments
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Figure 4: Deutscher Pavillon atExpo’67 in Montreal, 1967, Frei Otto and Rolft Gutbrod

Another good example of optimum forms are Antoni Gaudi’s hanging cables. When a freely hanging
cable is subjected only to its self-weight, it assumes a shape of a catenary. The cable carries forces only
in tension along this curve. When the shape is flipped around its anchor points, it creates an arch in
perfect compression. Gaudi explored this property of hanging cable models (Figure 5) in his work [11],
including his famous unfinished project of La Sagrada Familia in Barcelona, Spain (Figure 6).
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Figure 6: La Sagrada Familia in Barcelona, Spain

A few decades later, Heinz Isler explored the catenary to create curved surfaces using damp sheets. Isler
exploredthe idea of the catenaryto create three-dimensional tensionsurfaces [12]. His method consisted
of hanging wet fabric and letting it freeze (Figure 7). The hanging cloth creates a catenary surface,
which, when flipped, could become a structural shell in compression. Isler’s method allowed for the
creation of very thin and lightweight structures. He became a reference for his pioneer work in concrete
shell structures,amongst its well-known projects isa concreteshell that covers the Deitingen Siid service
station, builtin 1968 in Switzerland (Figure 8).
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Figure 7: The hanging membrane model shown in Isler's IASS Congress paper, 1959

Figure 8: Deitingen Siid service station, Switzerland, 1968

Although these approaches lead to simple optimal shapes, they were not suitable for more complex
structures. There was an interest in developing methods that could be applied to a wide variety of
problems, which could involve different applications, constrainsand materials.

With the advance of technology, computers started to become essential tools for engineers. With an
increasing processing speed and a larger storage capacity, it was possible to carry out accurate structural
analysisbasedon the finite elementmethod (FEM) [1]. The finite element method (FEM) isa numerical
technique originally used for plane stress analysis, particularly for the analysis of aircraft structures.
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However, over time, it has been applied to a wide variety of problems in science and engineering,
including structural engineering. It consists of the discretization of a continuum domain into a finite
number of parts (the finite elements) through the creation of a mesh and finding local solutions within
the boundary conditions of each element. By joining all the solutions of each element, a global solution
of the complete domain can be obtained.

Although this method had been around since 1940°s, it was with the revolution of computer power that
they were implemented in order to obtain cheap and fast results [1].

The emergence of these tools and the ever-growing computational speed meant the use of computers
was becoming more frequent in all stages of the design process. By the 2000’s, packages of design and
structural analysis software (which included the implementation of the FEM) were being used by
engineers. Currently, these tools are used from early stages — concept design stage (to define the
topology or layouts), through preliminary design (shape of the building) and at the detailed design stage
(sizing and detailing of structural members).

From this revolution, new concepts started emerging such as computational design. Although it is a
relatively new term, it brings along concepts such as parametric design, generative design, and
algorithmic design.

Parametric design is the process of describing a design through defined parameters, which can be
manipulated in order to change the result. This process was used before the introduction of computers.
The previous example of Gaudi’s hanging chain model is also an e xample of parametric design. In this
case, the lengths of the cables were parameters, and by manipulating them, Gaudi was exploring
different design solutions. Nowadays, there is a variety of software which allow this approach (for the
development of this thesis Grasshopper 3d was used).

Generative design consists in developing designs through algorithms which encode the principles of
design to generate models without the direct intervention of the engineer [13]. By describing the
principles of design (parameters and goals) rather than the specific instructions for one solution we are
taking advantage of the computer’s ability to explore the design space more thoroughly and generating
multiple alternatives of design — which might not had been considered if the job had been done by the
engineer as there is a limited of options one can feasibly analyse.

Algorithmic design is the creation of forms through algorithms. In this case the engineer or architect has
the ability to create shapes by implementing a set of rules and constraints into the algorithm. Itis clear
that this concept overlaps with generative design. However, in algorithmic design it is possible to trace
the design result back to the algorithm that generated it [13]. There is a correlation between the
manipulation of the algorithm and the design result [13]. In generative design that is not necessarily the
case.

In generative design, after setting up the problem (parameters, constrains and goals), the generative
process starts and continues until it satisfies the stop criterion. The generated output will generally be
an array of complex designs that are difficult to correlate with the algorithm that generated it. This is
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because the algorithms used in generative design introduce some degree of randomness in the search for
the optimum (to better explore de design space).

Overall, the concept of computational design brings a change into the design process. Initially the
software was created to replicate the design process — there was no fundamental change. Now, with
these new concepts, computers are allowed to play an important role in the design process. Rather than
being used for traditional design problems of analysing solutions and creating virtual models created by
engineers or architects, they are being used to explore, optimise, and generate different solutions from
the rules set by the engineer. This means there is an expansion of the solution space — as the solutions
considered are no longer limited to the ones engineers and architects create — leading to a wider range
of solutions. Engineers and architects have more freedom to analyse different solutions and achieve
better designs and, in addition, a more optimal solution.

2.1.2. SETTING UP AND SOLVING THE OPTIMISATION PROBLEM

2.1.2.1. Optimisation Problem

As previously stated, in generative design a problem is solved by following the established principles of
design. Nevertheless, some other aspects need to be specified in order to delimit a feasible region which
encloses all possible outputs upon a defined set of constrains. Through generative design it is possible
to explore a very large number of solutions, which meansthere is a higher probability of finding an
optimal solution.

In the context of structural design, the optimisation problemis set up by creating the design space. The
design space, or design domain, is a system which encloses within itself all the unique possibilities of
results that populate the solution space. To be effective, when defining the design domain, a clear idea
of the outline of the structure should be considered leadingto an array of uniquedesigns. In otherwords,
the problem has to be clearly set up. To achieve this, three components must be defined:

o the vector of input data - which contains all the input parameters that create the different
alternatives fora solution;

e the objective function - which defines the features intended to maximize/minimize in the
optimisation process (the target). An optimisation problem can be defined by one
objective function - single-objective optimisation - in which case the problem tendsto be
simpler to solve and it is usually possible achieve a single optimal solution. However, in
most cases (especially in the context of structural design) the problem has more than one
objective function - multi-objective optimisation. In these cases, there is the possibility
that the optimal results for different functions might be contradictory - which means they
will have to compete and arrive to a compromised solution. In altemative, they might
return to the engineer and array of optimal solutions from which to choose [9];

e the constrains - they define whether a solution is within the boundary limit of the
solution space, and therefore if it should or should not be considered as part of the
solution space. In other words, they define the feasibility of a solution.

Based on the above, it is reasonable to say that the design space is a combination of these key features
translated into a geometric system (feasible regions of the problem). Usually the process of creating the
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design space is iterative and can be adjusted to better suit the problem at hands. This geometry is often
constructed through parametric design.

2.1.2.2. Optimisation Algorithms
After defining the optimisation problem, the next step is to choose an approach to solve it.

This will be dependent on the nature and complexity of the problem at hands. If a problem is simple, it
will likely have a direct solution that is — obtained through solving it according to its objective function.
However, most optimisation problems are complex and require the use of optimisation algorithms.
These can be divided into two categories: deterministic methods and stochastic methods.

The first category — deterministic optimisation — is characterized by following a rigorous mathematical
approach to arrive to an optimal solution [14]. These algorithms are also referred to as mathematical
programming due to the employment of linear algebra for gradient-based optimisation.

Deterministic algorithms can be grouped into two types: unconstrained optimisation and constrained
optimisation algorithms [14].

In unconstrained optimisation problemsthe objective function is minimized, and the variables have no
restrictions to their values. There are two strategies these algorithms can follow: one is the line-search
approach and the other is the trust region approach [14]. Both are iterative processes to reach the
minimum of the objective function.

In constrained optimisation problems, the objective function is minimised while constraint functions are
defined — one set of equality constraints and another of inequality constraints [14]. There are many
techniques that can be applied to solving constrained optimisation problems depending on its
characteristics. A common one is linear programming. This technique is used when the objective
function and the constraints are linear functions. Other techniques include quadratic programming, non-
linear programming, and others which will not be addressed in this study.

Through adeterministicapproach itis possible to achieve a result faster than through stochastic methods.
Due to its rigorous mathematical basis, deterministic algorithms are very straightforward in the sense
that they do not have the randomness characteristic of stochastic methods, leading to results that are
unequivocal and replicable [14]. However, this may also lead to results which instead of representing a
global optimal solution represent a local optimal. Furthermore, these methods are intrinsically single
objective optimization problems.

The second category — stochastic optimisation — refers to algorithms that randomly search the design
space for an optimal solution [15]. Most stochastic optimisation algorithms are based on the observation
of nature. Concepts from biology, chemistry, physics, and others are implemented into algorithms that
create a numerical model which is a simplified and adapted version of natural phenomena with the
purpose of solving an optimisation problem [15].

11
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The most well-known stochastic optimisation algorithms are evolutionary and genetic algorithms (EA
and GA, respectively), which are widely applied in different subjects, including structural design. In
general, EAand GA are population-based algorithms. Theysimulatethe evolution of a population, from
an initial set of samples in the design space. The set of samples s called population, and each sample is
called individual. From the initial population, the algorithm creates successive generations (the size of
the population is constant throughout the process) each better than its predecessor — evolving to a
convergence — according to a set of rules [15]. These rules depend on the natural concept the algorithm

intends to mimic. For example, in GA the evolution follows Darwin’s theory of natural selection.

Settinga clear distinctionfrom the deterministic ap proach, stochasticalgorithms are mathematically less
complex and because of the randomness factor are much slower to converge to the optimum solution.
Unlike deterministic optimisation methods, stochastic optimisation can be used in multi-objective
problems. They are also capable of carrying a more thorough search of the design space, therefore are
also able to overcome local optimum solutions — local minima -, and thus allowing for a global
optimisation to be achieved.

An important detail that needs to be monitored in these kinds of algorithms is the robustness of the
method. The robustness of the method measures the probability of finding the global minimum and can
be controlled by setting control parameters that should be carefully chosen in order to improve the
accuracy of the solution [15].

There are many stochastic algorithms that are not mentioned in this study, some of them include particle
swarm optimisation and game theory optimisation.

2.1.3. STRUCTURAL OPTIMISATION

Traditionally, structural optimisation can be divided into three types: sizing optimisation, shape
optimisation and topology optimisation. The three have different purposes, and, consequently, different
problem setupsand outputs [8].

Sizing optimisation is the most common type of structural optimisation. It focuses on the optimisation
of cross-sectional dimensions and thickness of elements [8].

Shape optimization acts on the geometry of the structure [8] —without modifying its topology — in such
a way thatitaims to create a shape with uniform distribution of stressand minimize stress concentration.

Finally, topology optimisation is the most general form of structural optimisation — and the one which
will be studied in more detail throughout the thesis. It is the most general type of structural optimisation,
dealing with the distribution of material in a design domain in order to obtain the best structural
performance. A variation of this is layout optimisation applied to frameworks.
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2.1.4. TOPOLOGY OPTIMISATION

A generic topology optimisation problem consists of setting up a design domain and generating a
geometry that reflects an optimum distribution of material for a structure based on mathematical rules.
More formally, it consists of finding a material distribution that minimizes an objective function F,
subject to a volume constraint GO < 0 and M a characteristic the solution must satisfy (usually the
maximum amount of material) [16]. Material distribution is a problem variable specified through a
density function of the material, p(x), in each location of the design domain — it can be 1 (solid material)
or 0 (void) [16].

Topology optimisation has been widely studied throughout the years. Amongst the most used methods
to perform this type of optimisation are: Solid Isotropic Material with Penalisation (SIMP) and
Evolutionary Structural Optimisation (ESO) [16]. Both techniques involve the discretization of the
design domain and the conduction of FE analysis.

SIMP is a technique which uses the density of the material to define the topology. SIMP can be divided
into two approaches: minimum compliance design and minimum weight design [17].

In ESO the structure converges towards an optimal solution through the elimination of inefficient
elements (or by also adding them, in which case it is called Bi-directional Evolutionary Structural
Optimisation - BESO) [16].

The first proposed solutions for topology problems were introduced by Michell (1904) in his paper“The
Limits of Economy of Material in Frame-structures”[18] where he shows a series of analytically defined
trusses as the materially optimal solutions upon their set of constrains. These optimal trusses became
known as Michell Trusses (Figure 9) and are a reference in topology optimisation — they are often used
as a benchmark for topology optimisation software.
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Figure 9: Example of a Michell Truss from his paper“The Limits of Economy of Material in Frame Structures”,
1904 [18]

2.1.5. LAYOUT OPTIMISATION

Layout optimisation is applied to frameworks. Like topology optimisation, layout optimisation is a
numerical approach that is used to create an optimal frame structure with the optimal distribution of
material (in this case, through the elimination of unnecessary members and finding the optimal node
location [11]). Typically, a layout optimisation problem starts by defining the design domain, which is
then discretized through the creation of nodes that populate the design domain. Throughout the
optimisation process, different arrangements are generated by creating potential connections between
the nodes (ground structure) until it reaches to the most efficient layout [2].

Although these types of optimisation lead to the most materially efficient designs, they are not very
common in the structural engineering practice. The output solutions are usually too complex (number
of elements, joints, and different cross-sections) and would not be appropriate in terms of buildability
[9]. It is very unlikely that through these methods one can find both a simple and materially efficient
solution. However, a good approach would be to rationalise optimum outputs in order to turn them into
good solutions to be implemented [9]. Studies show that structures with a similar form to the
correspondent optimal solution have the potential to establish a good compromise between material
efficiency and structural simplicity [9].

2.2. CARBON FIBRE REINFORCED POLYMERS

2.2.1. OVERVIEW
Carbon fibre reinforced polymers (CFRP) are part of the fibre reinforced polymers (FRP) category.

These can also bereferredto as “composite materials” or “composites” which means they are the product
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of the combination of two or more materials with different properties [10]. The result is a new material
with its own characteristics, in which the initial individual components remain separate and distinct.

FRP are the resulting material from the combination of fibre reinforcements and polymer resin. The
fibre reinforcement is responsible for the mechanic properties of the FRP (load-carrying capacity and
stiffness) whilethe polymer resindefines the shape, servingas a stabiliser, and protectsthe fibres against
UV radiation and aggressive environments (moisture and chemicals) [19]. The most used are glass fibre
reinforced polymers (or GFRP), and carbon fibre reinforced polymers (CFRP).

2.2.2. BACKGROUND

During the Second World War the production of polymers suffered a great boost as the products was
being used to supply the army for building tools for the war efforts (parachutes, cockpits for bombers,
etc). The production of polymers increased massively, but once the war was over the use of these
capacities was shifted towards the production of everyday products. Soon enough polymers were
entering new markets, and they were being used in the production of common household items,
packaging, etc.

The first application of polymers in buildings was in the construction of enclosures for radar stations
using GFRP. The use of metals was avoided in order to prevent the disrupting of the electromagnetic
signals. The first enclosure was built in 1955 on Mount Washington, and several others followed [10].

In 1954 the Massachusetts Institute of Technology (MIT) and Monsanto Chemical Company worked
together in the development of a house completely made of polymers [10]. In 1957 the prototype was
built in “Disney World”. It was a representation of what a “house of the future” would look like. During
the 1960’s many more prototypes of polymer houses were built. Some argue the most iconic is the
“Futuro” house by Matti Suuronen (1968) [10], shown in Figure 10. This house reflected what was
happening in the world at the time being inspired by the evolution of technology and space travel.
Polymer houses became associated with the futuristic visions of that time.
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Figure 10: Futuro house in Finland, 1968

The experimentations with polymer houses came to a halt with the first oil crisis (1973) [10]. The rise
in the price of raw material allied with new environmental awareness were determinant factors for the
abandonment of ideas of polymer houses.

Nowadays, most applications of polymers can be found in automobile and aircraft industries, as fibre
composites have a high strength-to-weight ratio itis possible to achieve great performance due to weight
savings (e.g.: reducing the power necessary to make a plane fly). There are some applications in the
building industry as well. However, there are not many applications in loadbearing structural elements
—some well-known uses of CFRP are forthe repairing and strengthening of concrete elements [19].

Nevertheless, new ideas in architecture and the exploration of more complex forms might be
reawakening the interest in FRP due to possibility of refining the material properties according to the
needs of the designer and the ability to mould the material in order to match complex geometries. The
use of these materials in loadbearing structures s still finding its way into the industry.

2.2.3. COMPONENTS

Fibre reinforced polymers are the result of adding fibresto a polymer. This combination, as previously
stated, creates a new material with its own characteristics. To understand them, it is essential to know
the properties of the fibres and polymers involved in the combination. There is a wide array of polymers
and fibres to choose from so it is important to understand how each type will change the outcome of the
composite.
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2.2.3.1. Polymers

Manufactured polymers are synthetic materials made through the assembly of individual molecules
(monomers) to form macromolecules (polymers). They can be divided into three categories according
to the way the molecules are linked. Polymers can be thermoplastic, elastomers and thermoset [10].

Q Q 509 //
Q’®O—0/ _
WO Q. Ve

Thermoplastic Elastomer Thermoset

Figure 11: Schematicimage of the linkage between monomersin the three types of polymers [20]

In the first case the moleculesare not cross-linked and have low strength and low heat resistance — they
can be melted and reshaped more than once [10]. Inthe second category the molecules are cross-linked
thereby they cannot be melted again after being produced. They also have low strengths. Finally, in the
third category, the molecules are cross-linked — making them able to achieve high strengths — and, like
elastomers, they cannot be melted again after being produced [10].

In the construction industry, engineers tend to opt for stronger and more durable materials that are
resistant enough to be able to withstand large stress levels. Among the three types of polymers,
thermosets are usually the ones chosen for structural application due to its high strength and durability.

Unlike most materials used in construction (e.g.: concrete, steel), polymers have the flexibility of
adapting its properties according to design requirements [10]. Traditional materials can vary their
properties of strength and shape within a narrow scope of options. However, polymers have a wider
range of possibilities available in order to adapt to the demands of a particular structural requirement.
This puts them in an advantageous position in comparison with other materials.

The process of changing properties of polymers is done during production through the addition of fillers
and additives to the basic material in manufacturing [10]. Additives are substances that improve the
properties consequently improving the polymer’s performance (e.g.: fire retardant in order to improve
the fire resistance behaviour) [10]. Fillers are used to extend the polymer, with mostly no impact in the
properties, they are essentially used to reduce the costs of raw material.

In short, most polymers are made from petrochemical processes (meaning that the raw material is crude
oil), which involve the heating of the oil in a refinery, dividing it into fractions. The fraction called
naphtha (10% of the whole product) will later originate the polymers [10]. The assembly of monomers
occurs through one of three chemical processes: polymerisation (the linkage is done with introduction
of catalystsand there are no by-products being produced), polycondensation (phased chemical reaction
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with water asaby-product) and polyaddiction (alsoa phasedreaction, butdoesnot produce by -products)
[10]. During manufacturing additives and fillers are added in the process. The primary products of the
global procedure differ in the shape of the output. The primary product of thermosets is synthetic resin
to which is added a hardener that reacts with the resin to create the cross-link.

The chemical structure of thermoset polymers results in a set of properties — strength, durability, and
chemical resistance — which make them ideal for the combination with fibres in order to create FRP
composites.

Despite being more expensive, epoxy resins are amongst the most used thermosetting polymers across
industries. Its most common applications in construction include structural adhesives and the creation
of the resin matrix for FRP composites [21].

The popular choice of epoxy resins for composites is based on its good mechanical propertiesand high
durability in service. Epoxy resins are characterised by high adhesive strength which is very convenient
in the creation of FRP composites as it allows the resin to adhere onto the fibres used for reinforcement
[21]. Other favourable aspects of epoxy resins include low shrinkage rate in curing, compatibility to
most manufacturing processes and low emission of toxic products during curing [21]. Furthermore,
epoxy resinsare resistant to chemicals and corrosion providing good protection for the fibres embedded
in the resin matrix of FRP composites.

Nevertheless, there is an aspect that needs to be considered when working with epoxy resins —
brittleness. Epoxy resins have a brittle behaviour, which is not ideal in construction where ductile
behaviour is usually sought. However, and following the principle that it is possible to adapt the
properties of polymers as convenient (albeit within certain limitations) this aspect is usually solved by
adding small amounts of liquid rubbers with highly reactive terminal carboxyl groups [21]. The rubber
bonds with the epoxy matrix increasing elongation at break, thus preventing the propagation of cracks
in the matrix [21].

2.2.3.2 Fibres

Fibres are a kind of material with a thread-like structure. They can be found in nature (e.g.: human hair),
or they can also be man-made (e.g.: carbon fibre). Fibres are often the base material for more complex
structures. They can be classified as inorganic fibres, polymer fibres, metal fibres or natural fibres. All
man-made fibres can also be called synthetic or chemical fibres. Overall, they usually come in bundles
of very thin filaments (synthetic fibres are thinner than human hair). A bundle of parallel filaments is
called roving (Figure 12). To identify the number of filaments that are present in a roving it is usually

referred as kilo (1000 fibres is equal to 1K). Rovings are the raw material used in FRP [10] (Figure 13).
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Figure 12: Correlation between a filamentand a roving. Adapted from 'Construction Manual for Polymers +
Membranes’ [10]
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Figure 13: Carbon fibre rovings are usually sold in tows

For structural application, synthetic fibres are often the best choice when compared to natural fibres as
they are stronger and more durable. The process of synthesizing fibresis responsible for its mechanical
properties. In this processthe raw material that ultimately originates the fibres is melted and stretched
aligning the internal structure of the fibre [10]. This translates in an increase of strength. The smaller the
diameter, the stronger is the fibre. Furthermore, as the stretching occurs in a particular direction, as the
fibres get stronger longitudinally, its mechanical properties decrease transversely.

To create FRP composites, the most frequent choices are carbon fibres and glass fibres. The two main
aspects that are considered in the choice are the tensile strength of the fibre and its elastic modulus (E).
This last one being the most important. To produce fibre-reinforced polymers the fibres are embedded
in a polymer — creating a protective matrix for the fibres. As it was previously referred, thermoset
polymers suffer from very low elongation after curing, as such, to choose the type of fibre to use, itis
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important that it has a high elasticity modulus, and therefore minimum deformation. Otherwise, if the
fibre were to elongate beyondthe capacity of deformation of the polymer, itwould resultin the cracking
of the matrix. For this reason, the elastic modulus is the determinant factor to choose the fibres [10].

Glass fibres and carbon fibres have very similar tensile strengths. However, the elastic modulus of
carbon fibreis muchhigher than that of glass fibre [19]. This means thateventhough thetensile strengths
are similar, carbon fibre is stronger when embedded in the polymer matrix (with its limited deformation
capacity). Regardless, it is important to mention that this does not mean carbon fibres are always the
best option as it always depends on the requirements of the FRP component.

The properties of carbon fibre canstill vary greatly in regard to tensile strength and stiffness. Three
formsofthis fibre can be produced: standard modulus fibres (high tensile, HT) with high tensile strength,
high modulus (HM) fibres with high material stiffness and intermediate modulus (IM) fibres with
moderate tensile strength and material stiffness[10]. Unlike glass fibre, carbon fibre is an anisotropic
material showing an inferior performance of stiffness and strength in the transversal direction of the
fibres. In addition, the coefficient of thermal expansion is positive in the transversal direction and
negative alongthe fibres [10]. Two potentially problematic characteristics are the sensitivity to buckling
— which can be solved in FRP through the polymer matrix — and its brittleness. Nevertheless, carbon
fibres are a quality choice for FRP.

2.2.4. CARBON FIBRE REINFORCED POLYMERS

After discussing the properties of polymers and fibres separately it is now possible to evaluate the
resulting material that is CFRP.

Carbon fibre reinforced polymers or CFRP are composite materials made of carbon fibre filaments
embedded in a polymer matrix, which, in this particular research, is epoxy resin. The two components
complementeach other resultingin a high-performing material [10]. With its high strength and stiffness,
the fibre component is responsible for the load-carrying, while the polymer matrix transfers the stress
between the fibres. Also, the polymer matrix provides protection to the fibres against external factors
and gives the CFRP composite its shape. One particular weakness of carbon fibre is its sensitivity to
buckling. Atthe same time, the thinner the fibre, the stronger itis. This paradox is solved through the
introduction of the polymer matrix. It serves as a stabilizer for the fibres. Ultimately, the composite
material ends up beingable to carry compression loads to a satisfyingly high degree without having
problems of instability. This results in material characterized by its high tensile strength, high stiffness,
low density, and high chemical resistance. Figure 14 show the stress-strain diagrams for several
materials used in construction including CFRP and GFRP clearly showing their brittle behaviour when
compared to structural steel, but also their high-strengths.
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Figure 14: Stress-strain diagram of composite materials in comparison with traditional material used in
construction. Adapted from 'Construction Manual for Polymers + Membranes’ [10]

Since composites are the direct product of the combination of two different materials, their properties
can vary greatly depending on the conditions at which they are produced. There are two approaches to
determine the mechanical properties of a CFRP composite: experimental characterization through
testing samples of the material- that falls outside the scope of this study — or through a theoretical
approach. A rule of mixtures can be applied to determine most of these properties [22].

The rule of mixturesis a weighted mean approach to determine properties of the resulting material — in
this case CFRP [22]. This method uses the properties of the individual components — epoxy resin and
carbon fire — and the proportionality of quantity of each component. For example, to determine the
elastic modulus of CFRP (Ergp) based on the volume of each component:

ECFRP = Ef‘/f + Eme y Wlth ‘/f + Vm: 1 (1)

Where: E is the fibre modulus of elasticity; E;, is the matrix (epoxy resin) modulus of elasticity; Vr is
the fibre volume ratio, V,, is the matrix volume ratio.

With its favourable properties and the different shapes it can adopt, CFRP composites have had some
applications in the constructionindustry. Particularly in the strengtheningand rehabilitation of structures
(made of steel or concrete) with CFRP elements, taking advantage of their high strength and stiffness.
These CFRP compositesare usually produced in textile membranes that are wrappedaround the element
(Figure 15) that needs strengthening (e.g.: concrete columns or beams). They can also be produced in
the form of rods that can be added to concrete elements as reinforcement.
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Figure 15: CFRP fabricwrapped around beams

The unidirectional aspect of CFRP composites has also been seen as a good potential alternative for
steel cables in cable structures. Actually, the first application of CFRP cables in a cable-stay bridge
(Figure 16) was in Stork Bridge in Switzerland [23].

Figure 16: Stork Bridge in Switzerland, completed and opened to trafficin 1996
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3

CASE STUDY: CARBON FIBRE
CANOPY

3.1. OVERVIEW

3.1.1. BRIEF
3.1.1.1 Introduction

The following brief has the purpose of describing the study carried out for the conception, design and
construction of a canopy using carbon fibre reinforced polymers (CFRP).

This exercise in carbon fibre aims at the development and application of a suitable workflow for the
design of structures using CFRP, while also applying optimisation techniques to reach an efficient
solution for the geometry of the structure.

The optimisation tool applied in this project was Peregrine [2], a plugin for Grasshopper [3]. Peregrine
is a layout optimisation tool that creates an optimised truss-like geometry for a given design domain and
set of loads, supports and material properties. This plugin is particularly suitable for this project
considering that the results come in the form of lines which match the unidirectional nature of the
material to be used (rovings).

3.1.1.2. Site and Design Boundaries

The construction site is located in Walcot Street (Bath, UK) in the offices of Format Engineers, shown
in Figure 17. The main purpose of this structure is to provide shelter for bikes. However, it could
potentially be used as a communal space for the company’s office as well.
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Figure 17: Walcot Street, Bath, Uk

By knowing the location of the site and the usage intended for the canopy it is already possible to define
all the loads that should be considered in the design: self-weight, snow loads and wind loads.

The design space for this case study is influenced by the site’s boundary constraints. The back garden is
bounded by two walls and a fence. One of the walls is going to be used as the fixing surface for the
structure. Most of the available space can be covered by the canopy. Nevertheless, there are some
limitations to account for: there is a small area in the corner where the two walls meet, and the structure
cannot interfere as pipes are running along this intersection (Figure 18 and Figure 19).

Figure 18: Pipes in the intersection of the walls

is part of the boundary constraints Figure 19: Pipe running along the intersection
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Another aspect to consider is the height above the ground at which the canopy will be fixed. Although
the structure is intended to be a shelter for bikes, it should be designed to allow people to stand
comfortably underneath.

Therefore, a reasonable space of area to cover was defined: an area of 4 m wide and 2 m length, as
demonstrated in Figure 20.

Figure 20: Covered area by the canopy

3.1.1.3. Scope

The scope of this study focuses on four main aspects: topology optimisation tools, design domain,
material properties and fabrication processes. Accordingly, after the initial survey of the site, a first
phase of topology optimisation occurred to choose the most suitable software, followed by the initial
setup of the design domain. Which was successively refined towards the best possible representation of
the real problem. Together with the design domain, the material properties of CFRP rovings were
evaluated and used as an input parameter in the optimisation problem.

The outcome was a set of different geometries within the considered solution space. All the solutions
were compared, and a choice of the optimal solution was made — the optimisation parameters were the
amount of material (CFRP rovings) required and the complexity of the final geometry.

Finally, a proposal for the fabrication process that matches the geometry and material will be presented
in chapter 4.

3.1.1.4. Assumptions

In order to establish a clear and consistent starting point for this study, some assumptions have been
made:
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. The canopy will be designed as a modular structure (to simplify the fabrication setup
and to facilitate the adaptation to time constraints), and throughout the study only
one module will be considered (as the others will be replications)

. The canopy will be a cantilever structure

. The material to be used forthe load bearing structure are CFRP rovings

. Uplift wind is the dominant force acting on the structure

. Even though in reality the roof panel will have a slope as required, in every model

the slope of the roof panel will be zero in order to simplify the calculations of the
software — asitis a lightweight structure and the slope is relatively small the impact
will not be relevant.

3.1.1.5. Software for structural optimisation

As it has been mentioned, there is a great variety of software for the purpose of structural optimisation.
This particular project was developed in Grasshopper — a parametric design tool that allows designers
to generate geometry based on rules described using its visual programming language, it also supports
standard programming languages such as C# and Python.

For the purpose of topology optimisation, several plugins were tested with the intent to find the one that
best suited the material properties of CFRP rovings. The plugins assessed include: Ameba, Millipede
and Peregrine. Accordingly, the software should allow the user to set the mechanical properties of the
material (elasticity modulus, tensile strength, compressive strength, Poisson’sratio, etc),and also should
be able to replicate the unidirectional nature of the CFRP rovings.

To testeach plugin, a 2-dimensional simply supported beam (Figure 21) problem was set up. A beam
of 18.7m by 1.5 m subject to 1.5 kN/m? of imposed load (IL) and 4.75 kN/m?2of super dead load (SDL)
was considered, as illustrated in Figure 21:

187 m

| | [15m

Figure 21: Simply supported beam

The results of topology optimisation in a simply supported beam were the following geometries (Figure
22, Figure 23, and Figure 24:
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Figure 24: Result from Peregrine

Analysing the results, the difference between topology optimisation and layout optimisation becomes
clear. In the first two plugins, the resulting geometries show the optimum distribution of the material
creating holes (or voids) where no material is needed — as previously described, this outcome is
characteristic of topology optimisation. The two plugins are for topology optimisation, it is also clear
that the resulting geometries show some resemblance. However, they are not exactly the same. This is
due to the different processes within topology optimisation. In the third result (Figure 24), the nature of
the geometry is different from the others. In this case, instead of a continuum domain with different
density of material, the result is discretized in a frame structure composed by bars and nodes —
characteristic of layout optimisation. This kind of geometry was the one that best translated the
unidirectional nature of CFRP rovings, as it was intended for the model of the carbon fibre canopy.

Since the material of choice are CFRP rovings, using Peregrine is the most convenient optionas it is
possible to take advantage of the discretized nature of its solutions. The bars show the exact position the
rovings must occupy within the structure. In addition, it also allows the user to set the mechanical
properties forthe material. This means Peregrine satisfies all the requirements previously set.

In summary, the theory behind Peregrine is based on the layout optimisation formulation proposed by
Dorn etal. (1964) later adapted by Gilbertand Tyas (2003) in which a ‘ground structure’ is created as a
reduced version of the problem with only potential members and gradually adds new ones as required
[2]. The objective function is to minimize the total volume material of the final geometry. [2]
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minV = Ta

Subject to 2)

Bq* =f¢
foralla € F {—a‘a <q%<oc*a

a=0

Where V is the structural volume; [ and a represent the vectors of length and area of each element; B
is an equilibrium matrix composed of direction cosines; q is the vector of internal forces on each bar-
elementand f the vector of external forces; 0 ~ and o * are the compressive and tensile stress limits,
and F is the vector of load cases.

3.2. GEOMETRY STUDY

3.2.1. DEFINING THE DESIGN DOMAIN

For the design space of a singular module of the canopy, two alternatives were considered: a rectangular
prism (Figure 25) and a triangular one (Figure 26). In this first stage, the goal was to understand how
small changes in the design domain would impact the overall topology of the solutions given by
Peregrine.

Q' l_}_\ _
Figure 25: Rectangular prism as the design Figure 26: Triangular prims as the design domain
domain

For each domain, the same load cases were applied (a constant surface load representing the actions on
the roof panel), and a first set of models was created in which the following parameters were changed:

e Number and position of supports — if we feed Peregrine with a group of potential support
points, it only uses the ones it needs to create the optimal geometry, ignoring the
remaining ones.

e Height (h) of design domain — the values for h ranged from 0.3mto 1.0m. This value
would dictate the size of the plane in which the support points can be located.
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e Angle (regarding the triangular domain) — this refers to the angle formed between the
cantilever length and the wall plane. Changing this value will change the slope of the
triangular prism.

e Position of the load surface — the position of the load surface will dictate the place of the
roof panels asthey will be the ones subjected to most of the loading cases (wind, snow,

etc).
There are a few remarks worth referring from this first series of results. Regarding the number and
position of supports, given the load cases for this stage, the usual number of supports were 4 (one in
each corner of the plane) or 6 (4 in the cornersand 2 in the intersection of the surface load and the
support plane).

As the height of the design domain increases, the shape goes from being a structure with trusses on the
sides convergingin the middlecreatinga flat geometry (Figure 27), to a structurethat, while maintaining
the side trusses, converges in the middle creating a curve. Resulting in a structure excessively heavy and
complex (Figure 28).

Figure 27: Resulting geometry with h=0.3 m Figure 28: Resulting geometry with h=0.6 m

As previously stated, the location of the load surface indicates the place for the roof panels in the
structure. This parameter combined with the changing of the angle is a good indicator of how the
structure will work as a whole. This is especially interesting as we are working with carbon fibre which
is known to have an excellent performance in tension. For this reason, and given that the dominant load
comes from the uplift wind, it was concluded that the best shape of the design domain would be one
with the angle correspondent with the roof panel at mid-height or at the top.

Considering all these observations, the design domain was adjusted, and a new set of models was
created. In these new design domains: the two alternatives of primswere kept (the triangular prism —
Figures 29 and 30 — and the rectangular prism — Figures 31 and 32); the roof panel was considered to
be at the middle or at the top; 4 support points were considered and the maximum height of the shapes
was 0.5 m. These characteristics can be confirmed in the following images:
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iiguredzd?: Triangular domain with load surface in Figure 30: Triangular domain with load surface atthe top
the middle

Figure 31: Rectangular domain with load surface in Figure 32: Rectangular design domain with load
the middle surface at the top

This second set consisted of four different results — the geometries can be found in Annex 1. By
analysing the geometries, it is possible to point a common characteristic: their complexity. It becomes
clear that the degree of complexity is too high with too many nodes and bars. This has implications in
the time it takes for the optimisationto be completed as well as in the more advanced stage of
construction. To solve this issue new adjustments to the design domains were made.

The first was in the load application. In the previous models, the loads were being applied as surface
loads. This did not represent accurately the way this structure was intended to work. The loads should
be applied to the roof panel, which then carries the forces to the carbon fibre structure through the
connections on the panel.

The inclusion of these connections brought attention to another aspect of the models: the intersection of
the carbon fibre structure with the roof panel. By assuming the position of the connections, it is ensured
that the carbon fibre intersects the panels in those specific positions. However, if the domain considered
in the model is continuous there is no way to control the number of intersections (besides the ones that
are imposed) of the fibres with the roof panel. This would pose a problem in the construction phase as
it would mean holes would have to be introduced in the panel to allow these intersections — this situation
would make the construction process more difficult. For this reason, in the models that assume the roof
panel to be placed at the middle, the domain was divided into two parts: top and bottom.
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3.2.2. GEOMETRY MATRIX

Following the latest adjustments, the design domain was deconstructed into parameters, as shown in
Figure 33:

Y1a YZ2a

Y1b Y2b

2(x1)m

Figure 33: Deconstruction of the design domain into parameters

By breaking down the geometry into parameters it is possible to enclose all the possible design domains
while maintaining a logical connection between them. The prism is divided into top (A) and bottom (B),
and the variables that encode the different shapes of the prism are Y1la, Y2a, Y1band Y2b. These
variables are discrete and can be assigned the following values (Figure 34):

Variables Values

¥1a [m] 0 0.25 0.5
A

Y¥2a [m] 0 025 0.5

Y1b [m] 0 0.25 0.5
B

Y2b [m] 0 025 0.5

Figure 34: Values each variable can be assigned

There are a few conditionsthat must be respected. The previously stated constrains regarding the most
favourable shapes (roof panel at mid hight or at the top) were maintained. The new condition consists
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in not considering the cases in which Y1a was zero and Y2a was not, and the same for the cases with
Y1b zero and Y2b not zero. These solutions would not make sense structurally.

To summarize the solution space provided by this problem setup, a geometry matrix was created, as
shown in Figure 35:

v | — T— g m— =% 3%
= | — p——g m— 3 3%
| Y E— g m— %%
| Y BN R e M— e T8
© [E— X | %
T | — s | — ¢

“ Eliminated because exceeded the height of the design domain (0.5m)

* Eliminated because the geometry wasn't favourable for the properties of carbon fibre ( good performance in tension)

“ Empty domain

Figure 35: Geometry matrix, used to selectthe design domainsto consider

These options went through an elimination process and the ones that either did not respect the design
domain limits (height over the 0.5 m allowed), or the shape was not favourable for the properties of
CFRP were discarded. Ultimately, eight domains were chosen (Figure 36). Each domain was used to
produce two variations of geometries —in one domain there were four connections on the roof panel and
on the other, there were six. In total, the array of geometry options consisted of sixteen solutions.
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A4B4 A5B5 A4B5
I EE— E—

ABB1 ABB2 AGB3 AGB4 ABBS

B E— e s

Figure 36: Final domains considered

3.2.3. PEREGRINE MODELS

Once the sixteen domains were selected (refer to Annex 2) the optimisation problem was introduced in
Peregrine. For each model it was necessary to input the design domain, including load cases, and
material properties.

For each of the sixteen options, the geometry was defined. In order to simplify the process of
optimisation, only one side of each shape was represented taking advantage of their symmetry. This
way, the solver optimised half of the structure providing a faster delivery of results and ensured that the
output was a symmetrical geometry.

One of the biggest issues with working with CFRP is the potential occurrence of buckling. Currently,
Peregrine is notable to include a buckling check in the optimisation process. To work around this issue,
an estimate critical stress was calculated and used as the compressive stress limit. For this, an average
length was used (calculated by creating the models using typical CFRP propertiesin tension — 2800
MPa — and 90% of this value in compression — 25520 MPa). With this length (L. = 0.329 m), and
assuming a cross-section of 2 rovings the Euler critical buckling stress was determined. This value was
used as the compressive stress limitinput for the generation of the final models. This stress is a simplified
approach atincludingabucklinganalysisinto Peregrine,assuch itdisregardsthe influence of geometric
imperfections. In this study, the material properties of CFRP correspond to those of intermediate
modulus fibres (IM). [10]

m2EIl
p E 12 (3)
e
— P
Te =" (4)
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The stress was used as an input in the material set up, Figure 37.

o PropertySetting - O X
Tensile stress [MPa) |23|}D |
Compessive stress [MPa) |36[| |
Density [kg/m™3) [1600 |
Young's modulus(GPa) |21[| |
Paizzon's ratio |D,3 |
Seclion type |CHS ~ |
whall thickness ratio |‘| |
Gravity acceleration ¥ [mds?) |[| |
Gravity acceleration Y [mds?) |[i |
Gravity acceleration 2 [més?) |[| |

E ok 1 | Cancel |

Figure 37: Material set up in Peregrine

Regarding the loads, four different load cases were created, each consisting of a unit point load. Two
cases in which the point loads were applied vertically in opposite directions and two others were applied
horizontally, also in opposite directions. The vertical ones represent the self-weight of the structure and
downwind (applied downwards), and upwind (applied upwards), Figure 38. The horizontal loads
represent the effect of sidewind one in each direction. In Peregrine the magnitude of the loads only
influences the cross-section area, while the direction is responsible for the resulting geometry. The use
of Peregrine was to obtain the geometry as the design of the cross-sections would be carried out using
Karamba3D. Thus, the use of unit point loads.

0.5m

Figure 38: Peregrine load cases applied to domain A6B1
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After setting the geometrical domain, the load cases and the material properties, these parameters are
connected to the linear programming (LP) solver. The LP solver is responsible for discretizing the
domain through populating it with nodes, and then carrying out the layout optimisation process
generatingelements that connect the nodes formingthe ground structure previously referred. The output
is a geometry of the most efficient element layout.

These first solutions are often composed of very thin elements and a geometry too complex to be built
For this reason, the first solutions go through a rationalization process. The rationalization component
in Peregrine tries to simplify the solutions provided by the LP solver through moving the joint position
and reducing the volume of the structure.

3.2.4. KARAMBA MODELS

The next phase of the study was completed using Karamba3D. Karamba3D is also a plugin for
Grasshopper, and it was chosen due to its ability to perform structural analysis providing a range of
components that allows the user to define a more detailed representation of structural problems.
Karamba3D is also useful in combining parametric design with optimisation algorithms, to obtain
accurate results through finite element analysis. An overview of the script developed for the analysis of
the canopy is shownin Figure 41.

Figure 39: Overview of the Karamba scriptused in this project

After optimising the topology of the structure and obtaining several options for geometry, the cross-
section optimisation component of Karamba was used. As a result, the canopy would go through two
different processes: layout optimisation in Peregrine followed by a cross-section optimisation in
Karamba3D. In this way, a geometry was generated that minimized the number of elements that
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composed the structure (results from Peregrine), and then the cross-sections would dictate the amount
of material to be used.

To apply the cross-section optimisation, a model of the global structure must be defined. This model
should include the elements that compose the structure (geometry), the support conditions, loading,
cross-section options and material properties. This information is assembled in Karamba through the
‘Assemble Model” component to generate the model, Figure 40.

Figure 40: ‘Assemble Model’ componentin Karamba

In regard to the geometry, the output from Peregrine (as bars that define the layout of the structure) was
introduced in Karamba converting bars into beam-elements through the component ‘Line To Beam’,
Figure 41. This component was responsible for defining the properties of each beam-element in the
structure — including materials and cross-sections.

Options

Figure 41: ‘Line To Beam’ componentin Karamba

In defining the material properties of CFRP, information gathered in other projectswas used [24]. As
already mentioned in this research, the process of fabrication of CFRP involves combining carbon fibres
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with a polymer (in our case, epoxy resin). The conditions at which this combination is made, has an
influence on the properties of the CFRP. For this reason, and in order to generate models closer to the
real conditions, properties of CFRP obtained from previousprojects wereused. Theseproperties include
the elasticity modulus (E), in-plane shear modulus (G12) and transverse shear modulus (G3), specific
weight (gamma) and yield strength (fy). Even though CFRP is an anisotropic material, as it is being
used in rovings — and as a result of layout optimisation the members are working mainly in
tension/compression, whichmeans the predominantforces arebeingcarried in the longitudinal direction
of each member —onlythe longitudinal properties are relevant. Thus, to simplify the model, the material
was defined as being isotropic. The definition of the material properties in Karamba is shown in Figure
42.

Family
Name
Elem|ld
Color

{0}
Material: FRP FIBR 'FacadeCarbonSAFE' E:8700
E 0 [kN/cm2] G12:3350[kN/cm2] G3:3350[kN/cm2]
G12 Mat gamma:13.61 [kN/m3] al_::}'.a'[':i].'..'I'fl[]:],-'rL:“| fy:120
[kN/cm2]
G3

gamma

alphaT
fy

I Isotrop I

Figure 42: Defining the CFRP propertiesin Karamba

Alist of options must be introduced in Karambato performthe optimization of the cross-sections, Figure
43. Contrarily to regular steel structures, in which different sizes of the for the same cross-sections are
available, inwound CFRP structuresthe cross-sections are the result of the number of rovings that form
each member. To represent this, a list of areas referring to the number of rovings in each cross section
was created by taking the diameter of 1x50K roving (d = 2.4749 mm) and multiplying it by the number
of rovings (1,2,3....), i.e. each cross-section was defined by the number of diameters it assembled.
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( rovings |y

Cross Section:

[ oseoron [}

L
Figure 43: List of cross-sectionsis added according to the number of rovings that compose each cross-section

For the supports, the same constraints used in Peregrine were assumed: all rotations and translation
movements were restrained.

Finally, when defining the loading, a more accurate and detailed setup was necessary to implement the
cross-section optimisation — as the amount of material in each element is directly proportional to the
magnitude of force it needs to carry.

Giventhe site location for the canopy andits surroundingenvironment, the loads considered were snow,
wind, dead-load (fromthe roof panels) and self-weight (of the carbon fibre structure). In accordance
with EN 1990 — Eurocode: Basis of structural design [25] regarding the limit states ULS (ultimate limit
state) and SLS (serviceability limit state) the corresponding load combinations were defined. For ULS
the fundamental combination was applied:

Eq = Zj>1Y6iGkj" + "YQ1Qu1" + " Zi>1Yqi%0,iQxi (5)

For SLS the characteristic combination was applied:

Eqg=2j21Gr;" + "Qu1" + " Xi>1 %0, Qi (6)

Given the material properties of CFRP, Karamba is able to automatically calculate the self -weight of
the carbon fibre structure. For the roof panel, polycarbonate sheets of (2 x 1 x0.012) m were considered.
To calculate both the action of wind and snow the procedures in Eurocode 1 (EN 1991) combined with
the UK National Annex [27] were followed.
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In the wind calculations, the basis for monopitch roofs according to ‘Eurocode 1: Actions on structures
- Part 1-4: General actions - Wind actions’ [26] were considered. The following (Table 1) summarizes
the parameters involved in the evaluation of the wind loads:

Table 1: Parametersinvolved in the evaluation of the wind loads

Description Variables Values
Terrain category M
Basic wind velocity Vb 0.20 m/s
Height above ground h 3.00 m
Roof Angle a 1°
Degree of Blockage under Canopy 0] 1
Orography factor co(2) 1
Air density r 1.25 kg/m3
Roughness length 20 0.30 m
Minimum height Zmin 5.00 m
Terrain factor kr 0.215
Mean wind velocity vm(2) 13.33 m/s
Turbulence intensity Iv(z) 0.36
Turbulence factor ki 1.0
Peak velocity pressure de(2) 0.39 kN/m?2

As a result, values for uplift wind and downwind acting on the structure were calculated. Confirming
the assumption made at the beginning, uplift wind had a more relevant impact on the structure than
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downwind. For uplift wind, the result was 0.511kN/m? and for downwind the result was 0.093 kN/m?,
both loads are assumed to be applied uniformly to the roof panel.

For the snow action, the ‘Eurocode 1: Actions on structures - Part 1-3: General actions - Snow loads’

[28] was used, considering the canopy as a roof abutting to taller construction works, Figure 44 (section
5.3.6 of the Eurocode).

Case (i)

Case (ii)

bl | b?<fs
+ -+

[:Cy> This load arrangement applies where b2 < ks

Figure 44: Figure 5.7 from EC1-1-3 [28]

In Table 2 are summarized the parameters involved in determining the snow loads acting on the canopy.

Table 2: Parametersinvolved in determining the snow loads acting on the canopy

Description Variables  Values
Length of snow drift or snow loaded area [m] Is 10
characteristic value of Snow load onthe ground [KN/m2] Sk 0.282
Height of construction work [m] h 5
Width of construction work [m] b1 8.5
Width of construction work [m] b2 2
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snow load shape coefficient (case(i)) M1 0.8
snow load shape coefficient (case (ii)) M2 1.1
snow load shape coefficient due to sliding of snow from the upper roof s 0
snow load shape coefficient due to wind Mw 1.05
Snow load on the roof (case(i)) [kKN/m2] S1 0.226
Snow load on the roof (case(ii)) [kN/m2] S2 0.296

Due to the uncertainty in some of the information regarding the geometry of the surrounding buildings,
some assumptions had to be made. The final result considered for snow acting on the structure was a
load of 0.296 kN/m2.

The loads were applied as point loads in the positions of the connections between the roof panel and the
carbon fibre structure, according to the influence area of each connection. The combinations
corresponding to the worst cases in SLS and ULS were combination number 3 and number 8,
respectively. For SLS, combination 3 included dead load (DL), super-dead load (SDL) and snow (S1)
acting on the structure. For ULS, combination number 8 with DL and SDL as permanent actions and S1
and downwind (W?2) as variable actions — S1 wasthe leading and W2 was the accompanying action. In
the following image, there are listed the combinations considered according to the partial safety factor
they adopt for each SLS and ULS combination. From 0 to 3 are the SLS combinations and from4 to 8
are the ULS combinations, Figure 45. These factors are multiplied by the respective actions later in the
script.
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] 1.3%,1.358,0,0.75,1.8
P': D D=
Figure 45: Defining the load combinationsin Karamba, each line is filed with the coefficients thataffecteach load,
according to the combinations considered

Once all these aspects were defined, Karamba was ready to generate the models. In this phase, the
optimisation had not occurred yet. Karamba assumed the cross-section of the structure as the first one
on the list, in this case a cross-section of 1x50K roving. This first model is connected to ‘Analyze’,
Figure 46, the componentresponsibleforrunningthe firstorderanalysis accordingto the theory of small
displacements.
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Figure 46: ‘Analyse’ componentin Karamba, showing the maximum displacementresulting from each
combination

One of the outputs of this component is the maximum displacement within the structure foreach load
case (this result is in centimetres). For the worst SLS combination (hnumber 3), the maximum
displacement was of 3.4 cm. For a cantilever, the typical vertical defection limit is given by span/180
[29]. In this case the limit would be 1.1 cm. Before the cross-section optimisation was implemented, the
script automatically adopted the first element in the list of cross-sections — in this case a section
composed of one roving — so it was expected that the resulting displacement would be bigger than
intended. This indicated the need to perform a cross-section optimisation, allowing the script to increase
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the cross-sectional area for each element as required. For this, the component ‘OptiCroSec’ was added,

Figure 47.

\c Model Model {0;0707
0.075575
(4 Elemlds liita
0.110145
¢ Grouplds
g Mass 2/0.058324
— CroSecs _ 2/0.154097
II MaxUtil Disp 0.102026
¢ MaxDisp Energy B
— & 0.197675
7 0.116711
0.233061

2.5

Figure 47: ‘OptiCroSec’ componentin Karamba

To perform the optimisation, this component was fed with the previously analysed model and the cross-
section list. It was also needed to add a limit for the maximum utilisation of the cross-sections (adopting
a conservative approach, it was set at 90%) and finally, depending on whether it was necessary or not
for each model, a material safety factor (‘gammaM1’). This factor was added in order to prevent the
occurrence of global buckling. The optimisation algorithm for cross-sectionsalso checks each element
for local buckling, based on the buckling length of each member. Unlike Peregrine, Karamba is able to
consider both global and local buckling in the cross-section optimisation.

To check for global buckling the ‘Buckling Modes’ component is added. Firsta second order analysis
is carried through ‘ Analyze ThII” componentwhich determines the normal N" forces that resultin second
order effects. This information is passed onto the ‘Buckling Modes’ component which computes the
buckling modes as a result. The ‘BLFacs’ outputs a list of the buckling factors corresponding to each
buckling mode for every load combination. Figure 48 shows the snippet of the script that involves both
of the referred components.
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Figure 48: ‘AnalyzeThll’ and ‘BLFacs’ componentsin Karamba

The goal of optimising the cross-sections was to reduce the deflection while also optimising the amount
of material used. In order to measure the amount of material required for eachmodel a script was created
— knowing the length of each element and the number of rovings that composed each cross section it
was possible to calculate the amount of meters of CFRP roving that would be spent, Figure 49. As
previously mentioned, there was also an interest in reducing complexity, so it was also important to
know the number of different cross-sections each model required — to calculate this a simple C# script
was added, Figure 50.

[__No.of Rovings |

1 "'-i

L A . R D| |

R [Wp=q I ( o

== fETE T g
0

{0;0;0;1}
0 0.276787

| | |
Figure 49: Snippetof the script that determines the amountof material required, in meters
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No. of Cross-sections

{0;0;0}
| out . |
X C# 0 [rovingsx3, 41]
results 1 [rovingsxl, 3] )

2 [rovingsx5, 16]

3 [rovingsx7, 2]

Figure 50: Script created to determine the number of cross-sections that compose the structure

3.2.5. RESULTS AND COMPARISON

After analysing each model using both Peregrine and Karamba3D, it became possible to compare all the
possible solutions in order to choose the best one. Ultimately, the best option would be the one which
combined economy, both in material and cost wise, with simplicity in terms of its geometry.

The complexity of each geometry can be demonstrated through the number of bars and nodes within a
structure. Additionally, another good indicator is the number of different cross-sections — in this case
the complexity would come in the construction phase, as usually it is preferred to have a limited number
of different cross-sections throughout the whole structure.

In terms of material quantities, the information was obtained from Karamba. A summary of the
characteristics of each option can be found in Annex 3. To compare all of the optionsavailable, three
main parameters (Annex 3) were selected: number of bars, number of nodes and amount of material
spent. By analysing these parameters, the best options were the ones resulting from A6B5 with 4
connections, Figure 51, and with 6 connections, Figure 52, (refer to the geometry matrix in section
3.2.2). Therendered versions of every option can be found in Annex 4.

Figure 51: Rendered model A6B5 with 4 connections  Figure 52: Rendered model A6B5 with 6
connections

In order to choose the best structure, it was still necessary to understand the behaviour of the roof panel
and how the number of connections would influence it.

45



Optimisation of Carbon Composite Construction with Computational Techniques

3.3. ROOF PANEL

Initially three different kinds of materials were considered as potential choices for the roof panels: glass
panels, acrylic sheets, and polycarbonate sheets. Cost wise glass panels were more expensive and more
fragile to work with. As a result, this option ended up being discarded early on. The other two options
were very similar both in price and in their mechanical properties (density, tensile strength, elastic
modulus). However, there was one detail that distinguished them: their failure behaviour.

Polycarbonate sheets have a ductile failure behaviour while acrylic sheets are brittle. Generally, in
designing structures, the choice for materials tends to lean towards ductile materials. The reason for this
is because they show signs of eminent failure before it occurs — giving enough time for measures to be
adopted in order to prevent failure. For this reason, the final choice for the roof panels material was
polycarbonate.

A model of the roof panel was generated — considering 4 support points (simulating the connections
with the CFRP structure). In this way, it was possible to understand the changes in stress — if the roof
panel could support the stress with only four fixings, then this would clearly be the best option, if not
some changes would have to be considered and studied (e.g.: increasing the thickness of the roof panel
- this would increase the dead load in the canopy which could lead to more roving being spent).
Ultimately it could be a better option to increase the number of fixings to 6.

The modelwas composed by arectangle of (1 x2) m,and0.012m of thickness. The following properties
were used to model a polycarbonate sheet: specific weight (12 kN/m?), elastic modulus (2.1 GPa), yield
strength (56 MPa) and Poisson’s ratio (0.37) [10]. For the loadings, uplift wind (0.511 kN/m?), down
wind (0.093 kN/m?2) and snow (0.296 kN/m?) were considered as well as the panel’s self-weight
(automatically calculated).

To analyse the roof panel behaviour under the different load combinations regarding ULS
(fundamental combination) and SLS (characteristic combination), according to Eurocode 0 [25]
the following were defined (as it was previously described for the carbon fibre models), Figure 53:
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LC {0}

{0} DL,W1,W2, 81

o ||1,1,0,0
1 ||1,0,1,0
2 ||1,0,0,1
3 ||1,1,0,1
4 Wi,0,1,1
5 []1.35,1.5,0,0.75
6 [|1.35,0,1.5,0.75
7 ||1.35,0.75,0,1.5

g8 ||1.35,0,0.75,1.5

.

Figure 53: List of coefficients that affecteach load acting on the panel, according to the considered combinations

In this scenario, DL was the self-weight of the roof panel and SDL was discarded. Again, the worst SLS
combination was the one combining the weight of the roof panel with downwind and snow. Likewise,
for ULS, the worst combination involves snow load as the leading action and downwind as the
accompanying action.

In Karamba3D, the models were generated considering the rectangle as a shell surface which was then
discretized through the application of meshes.

Similarly to the other modelsin Karamba, the panel model went through a first order analysis, and the
output showed the maximum displacements for the SLS load combinations, Figure 54. The worst
combination resulted in a maximum displacement of 1.24 cm on the edges. Considering this is a
lightweight structure and the only consequence of the deflection is merely an aesthetic aspect, this result
was considered to be sufficient.
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Figure 54: Displacementdistribution in the roof panel under the action of the worst SLS combination

Regarding the stresses and the behaviour of the panel, Karamba uses the VVon Mises stresses and the
yield strength to calculate the utilization in the roof panel, Figure 55, as the ratio between yield stress of
the material and the maximum Von Mises stress along the panel’s cross-section hight.
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Figure 55: Stress utilization distribution in the roof panel for the worst ULS combination

The results show that for the worst load combination there are peaks of stress surrounding the positions
of the fixings. Nevertheless, the roof panel’s behaviour satisfies the design criteria as the maximum
utilisation is of 8%.

In conclusion, the model with 4 fixings can be considered as the best choice among all the options
considered.
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3.4. CONNECTION DESIGN

The design of the connections to the wall was done using the Hilti PROFIS Engineering software. This
software usesETAG (European Technical Guidelines) in the design of masonry fixings — ETAG 029
Annex C [30].

Accordingto Annex C of ETAG 029, the design resistance is calculated as follows:

Rd = Rk/yM ¥

In which, Ry characteristic resistance of a single anchor or an anchor group and vy, is the partial safety
factor for material.

There are two methods of design for ULS described in this document, the software follows the general
design method A.

The loads acting on the connection are obtained from the Karamba model — reactionson the supports
for the worst ULS combination (combination 8).

Figure 56 showsthe listof thereaction forces, coordinate positionand reactionmoments of each support,
respectively. The reaction forces in X and z correspond to shear (V, and V,) acting on the anchor and
the force in y represents the axial component (N) acting on the anchor. One detail worth mentioning is
the magnitude of the bending moment values — they are residual — this was to be expected as in
optimising the structure, it tends to work mainly in tension and compression reducing the bending
moments (as already mentioned in Chapter 2).

{0:;0:0;0}
0 {0.723507,2.898023,0.317537}
1 {0,0,0)
2/{0.000603,-0.000215,-0.000047}
Model D - {0;0;0;1}
] Model RF h\ 0 {0.863209,-2.898023,0.412688}

/% RM Hﬂ)uQ&' 1{1,0,0.25

2 {0.000302,0.000042,0.000037
pos (i ng” ! )

1 LCase SumRF D .
0 {-0.723507,2.898023,0.317537}
SumRM D 1(1,0,0)
2 {0.000603,0.000215,0.000047}
' {0;0;0;3}
0/{-0.863209,-2.898023,0.412688}
1/{0,0,0.25}

2 {0.000302,-0.000042,-0.000037}

Figure 56: Reaction forces on the wall
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The software runs the analysis for tension and compression separately and verifies the behaviour of the
anchorage for failure of the metal part, brick edge failure, local brick failure, pushing out of one brick
(for shear), and failure of the metal part, brick breakout failure, bond and pull out of one brick (for
tension). Then it runs the analysis for the combined actions of shear and tension.

The anchorage design, in which the resistance is calculated considering the combined actions of shear
and tension loads, must satisfy the following equations:

By < 1,0 (8)
Bv=10 9)
Bn + PBv < 1,2 for solid masonry (10)
By + By < 1,0 for perforated or hollow masonry (11)

With By and By as the ration between design action and design resistance (for tension and shear
respectively).

Annex 5 provides the reports generated in the design of these connections. These include information
regarding the material of the wall, the geometry of the baseplate and the anchor type considered, load
cases and the verifications considered.
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A

FABRICATION

4.1. OVERVIEW

Since the conceptionstage of this project there has been aninherently co-dependent relationship between
geometry, material, and fabrication. As previously mentioned, this research was influenced by the
ITKE/ICD Research Pavilions, resulting in the choice of CFRP rovings as the material for the
loadbearing structure of the canopy. Given its anisotropic behaviour and in order to take advantage of
the strongest orientation of the fibres, the structure was designed assuming a unidirectional behaviour
of the fibres — thus the choice of Peregrine for generating a geometry. Accordingly, a choice of
fabrication that followed the same philosophy was made.

The approaches adopted in fabrication are controlled by the geometry and the cross-section properties
of the FRP element being produced. Most processes require the use of some sort of formwork for
shaping the components. One example of these well-known methods is called pultrusion — usually used
in the production of sections and sheets [10]. This method consists of pulling rovings embedded in resin
through a heated mould where the polymer will be cured at high temperatures (the rovings can also be
dry and the resin added later into the mould). Many other processes are available depending on the
characteristics intended for the FRP component. The ones that count with the use of moulds usually
forgo the ability to have precise control over the position of the filaments, which is not favourable in the
context of the canopy structure.

In its traditional implementation, filament winding is a fabrication process that consists of pretensioning
rovings (wet, ordry and later combinedwith the resin) winding themaround a rotational mandrel, Figure
57. The production of the mould involves an elaborate process and wasting of material, as usually these
moulds are not reused. This technique is often applied in the fabrication of pipes, vessels, tanks, and
other rotationally symmetrical hollow components [10], Figure 58. Although this processalso involves
the use of a mould — the mandrel — there is a variation of this technique called coreless filament winding
(CFW). As the name suggests, this variation was conceived with the intent of reducing the need for
formwork. [31] The method chosen for the construction of the canopy is based on this process.
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/
Continuous strand roving

Figure 57: Classic FilamentWindind scheme. Adapted  Figure 58: Typical products from the classical filament
from winding technique

https://aliancys.com/en/products/processing/filament-
winding/accessed in 13/06/2020

4.2. CORELESS FILAMENT WINDING

Coreless filament winding is a process that has been studied and developed by the Institute of Building
Structures and Structural Design (ITKE) and the Institute for Computational Design (ICD) at the
University of Stuttgart. This method has been applied to the construction of the ITKE/ICD Research
Pavilions (2013-14 and 2016-17) and of the Elytra Filament Pavilion (Figures 59, 60 and 61). Thus,
these structures were used as a benchmark to understand how to adapt this method in the construction
of the canopy.

Figure 59: ITKE/ICD Research Pavilion 2013-14 made  Figure 60: ITKE/ICD Research Pavilion 2016-17
through the application of CFW [6] made through the application of CFW [5]
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Figure 61: The Elytra FilamentPavilion also made with the application of CFW, displayed atthe Victoria and
Albert Museum, London, UK

Unlike classic filament winding, coreless filament winding is a process that does not require the use of
a positive mould. Instead, it replacesthe traditional mandrel with a spatial framework that provides the
necessary scaffolding for the winding of the resin-soaked fibres [32]. While minimizing the amount of
formwork being used, this method allows for a large degree of freedom in the geometry and layout of
the rovings within the CFRP component [31]. Furthermore, by not requiring the use of individual
moulds, this method reduces the waste of material and saves resources that would be implemented in
creating these moulds — resulting in a more efficient method [31].

As a substitute for the mandrel, a linear frame (usually made of steel) is used as temporary scaffolding
to hold the resin-soaked rovings in place during the winding process. This frame is the discretization of
the continuous mould (mandrel) in a bunch of anchor points located within the spatial framework [32].
This framework also provides a stable base capable of withstand the tension forces that develop during
the winding [33].

The control points are connected through the continuous winding of fibres in a particular sequence. The
final result is a structure geometrically defined by the sequential winding according to the major stress
orientations in order to increase material efficiency and structural performance [33]. Thus, the precision
in the position and orientation of each roving acquires a greater degree of importance as it is closely
linked with structural performance.

The sequence in which the fibres are wound, the precision needed in positioning the control points and
the potentially large number of these points to be wrapped efficiently prompted the development of
robotic fabrication processes.

The method developed for the construction of the pavilions, even though it suffered some adaptations
according to the needs of each structure, usually included the use of two synchronized industrial robots
for the winding process. Onerobot is designated as the master and the other as the slave. The two are
programmed to perform the winding in synchrony generating the intended geometry, Figure 62 [31]. In
these pavilions, the materials were glass fibre rovings and carbon fibre rovings. First, the glass fibres
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were pre-impregnated with resin by going through the stationary resin bath and were the first to be
wound acting as a deformable scaffolding for the later added carbon fibre rovings [33].
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Figure 62: Robotic arms with the metal effectors attached ready to start the winding process:

In order to maintain the precision in the winding process, it is crucial that the relative positions of every
element of the fabrication process is properly defined so that the digital model used for simulation
matchesthe physical setup[33]. Thisincludes the position of bothrobots, the spaceframes, andthe resin
bath.

Finally, after the windingand curing of the polymer, thescaffolding is ready to be removed. This method
was first applied in the construction of large scale monocoque structures [31], and later to smaller
individual components which serve asthe basic components of modular structures [32]. Thus, it seemed
suitable forthe construction of the canopy.

4.3. CANOPY FABRICATION

Contrary to the usual structures that have been created through coreless filament winding, the canopy
hasatruss-like geometry. Itis fundamentally composed of nodes and links, so any change in the position
of nodes or the orientation of fibres will have a major impact on the behaviour of the structure.

The construction of the canopy is based on the concept of coreless filament winding in the sense that it
also employs a spatial framework to define the position of anchor points. However, instead of resorting
to robotic fabrication processes, the winding is done manually. The reason for this decision was that as
aspaceframestructure, the density of fibres was much lower thanthat of previous CFW madestructures,
significantly reducing the complexity of construction. Regardless, the sequence of the winding
maintains its importance.
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In order to simulate the fabrication process of the canopy, a scaled model was built. The model is scaled
at 1:4. Itis based on the resulting structure for A6B5 with 4 connections to the roof panel. It was built
using a cardboard panel that emulates the roof panel and the wall (i.e. the surfaces that include any sort
of fixing) and strings representing the CFRP rovings.

The real fabrication process starts with the roving going through the resin bath and then being tied to
the starting node. This node will define the starting point of the winding sequence. From here the resin-
soaked roving will be continuously wound through the nodes - defined by the scaffolding - creating the
canopy’s geometry until it reaches the final node. There the roving will be tied with a knot, as it was
done with the starting node. In the simulation of the process the resin bath stage will not be included as
it has no impact on the sequence of winding.

To create the scaffolding, fine timber sticks were inserted into the cardboard panel in a way that at the
tip of each stick (top or bottom) was the exact location at which the wrapping of the fibres should occur.
The geometry of the canopy is consistent with that of a space frame, therefore, the precision regarding
the position of each node should be prioritized given the influence it can have in the behaviour of the
structure. Accordingly, special attention to the setting up of the scaffold is required.

The definition of a winding sequence was a process of trial and error. However, to facilitate this an
adjustment was made to the Karamba3D model of the structure. When defining the cross-section list,
the diameter of 1x50k rovings was multiplied by a list of numbers resulting in a sequence of one roving,
two rovings, three rovings, etc. If the list only has odd numbers or only even numbers, it is possible to
predict the direction at which the rovings should be wound. In other words, if a list is created with even
numbers, the fibres always end up returning to the initial anchor point (Figure 63), but if they are odd
numbers, they always finish in the other node (Figure 64).

Figure 63: Cross- sections from a list of even numbers - cross-section with 2 rovings has a A-B-A sequence
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Figure 64: Cross- sections from a list of odd numbers - cross-section with 3 rovings has a A-B-A-B sequence

For this model, the list of cross-sections made of odd numbers was adopted, this way the winding
direction kept moving forward. The completed model is shown in Figure 65, along with detailed images
of the scaffolding (Figure 66) and the node winding details (Figure 67).

Figure 65: Scaled model (bottom view)
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Figure 66: Scaffolding using wooden sticks

Figure 67: Node detail

4.4. CONNECTION DETAIL

Following the same approach used in the reference projects for this canopy — the ITKE/ICD Research
Pavilions — in which aluminium sleeves were included in the winding frame so that the fibres were
wound around them, and as the epoxy resin cured they became a permanent part of the structure [31].
These sleeves marked specific locations that allowed the linkage of components using steel bolts that
creating connections between the modules of the structure or other components [31].
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The same approach was adopted for the conception of connections between the canopy CFRP structure
and the roof panels. Two types of connections were conceived. The first type was the one corresponding
to the connectionsthat carry the forces being appliedin the roof panel to the structure - they have a
structural role, Figure 68. Their position was planned and included in the model. In the sketch of the
detailingof this type of connection, itshowsthe boltgoingthrough the roof panel, leavingenough thread
length (about 10 mm) for the winding of the fibres. This length is covered by the aluminium sleeves -
providing a less rough surface for the winding — and then secured with a washer and nut.

The second type of connection, Figure 69, appeared after the generation of geometries and hasa mere
constructive role in the canopy. These connections hold the fibres in the right position without carrying
load from the roof panel to the structure. The detailing sketch of the connection shows that the boltgoing
through the panel and being secured by groups of washersand a nut at the bottom. The threaded length
should be adapted to the requirements of node, in order to maintain the geometry of the structure.
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Figure 68: Connection of type 1 Figure 69: Connection of type 2
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5

FINAL RESULTS AND
CONCLUSIONS

5.1. RESULTS

The product of this study was the design of the carbon fibre canopy. Which includes the conception of
a geometry, the connections to the wall and the fixings between the roof panel and the CFRP structure.
This section assembles the information regarding the design of the final structure.

The optimal solution in terms of material usage and complexity of geometry was the geometry resulting
from the A6B5 domain (refer to section 3.2.2 for the complete geometry matrix), Figures 70 and 71.

Figure 70: Perspective view of A6B5 geometry with 4 connections

pavase

Figure 71: Side view of A6B5 geometry with 4 connections
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After being adapted to the fabrication process with new cross-sections, each module of the canopy’s
CFRP structure uses 72.3 m of carbon fibre rovings. Overall, it has four different cross-sections. It
weighs 2.07 kg and it was designed to withstand around 112 kg of extra load (besides the weight of the
roof panel and the structure itself).

A final representation of a module of the canopy in the construction site was made (Figure 72) using
Fologram —a plugin for Rhino and Grasshopper that allows the application of augmented reality using
the 3D models created using this software.

Figure 72: Using augmented reality to see the final geometry forone module of the canopy

With regard to the connections, they are divided into roof panel/CFRP structure, and wall/CFRP
structure. The first group has two types of connections: the four connections that are responsible for
transmitting the force between the roof panel to the CFRP structure and the connections that are
responsible for holding the fibres in place.

The connections to the wall were conceived using the HILTI software. Each of these connections
requires a steel plate that is connected to the wall through fouranchorages (). Attached to this plate is
also the connection that holds the fibres.

Lastly, a map of quantities for the material used in the construction of each module of the canopy is
presented in Table 3
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Table 3: Map of quantities for the construction of one module of the canopy

Material Quantity
Epoxy resin [I] (1)
Carbon fibre roving [m] 73
SteelPlate (100 x 100 x 10)[mm] 4 units
Anchorages 16 units
Bolts (M5) 16 units
Metal Washers 48 units
Aluminiumsleeves 4 units
Rubberwashers 32 units
Nut 4 units

(1) This value depends on the volume of fibres used. Usually the volume ratio is 40%fibres and 60% epoxy resin

5.2. CONCLUDING REMARKS

This dissertation presented the development of a workflow suitable for the optimisation of CFRP
structures. This premise was validated with the conception and design of the carbon fibre canopy.

From reviewing several optimisation approaches, it became clear that there is no best optimisation
process, each of them has its own advantages and disadvantages. It is the engineer’s job to be able to
choose the one that best fits the context of the problem.

In the context of this research, the goal was to find the right method for creating a frame structure, while
using CFRP rovings. Given the unidirectional nature of CFRP rovings with its high strength, the final
choice was layout optimisation applied through the implementation of Peregrine.

Regardingthe use of Peregrine,someof its limitations shaped someapproaches in the workflow, namely
the non-inclusion of buckling behaviourin the optimisation process,and the difficulty in modelling plate
surfaces (that lead to the inclusion of imposed connections in the roof panel).

The final structure is the result of a combination of optimisation processes starting with layout
optimisation followed by a cross-section optimisation according to the specificities of the material. This
resulted in astructure optimised according to material usage,and with a acceptable degree of complexity
to be built.

From this research, it is possible to conclude about the high potential of using composite materials in
structural application. Their high strength-to-weight ratio allows great savings of weight while
maintaining the strength — this is a favourable aspect for the design of lightweight structures. The
flexibility in adapting to create complex and even eccentric geometries, opens the opportunity for
engineers and architects to be bolder in the conception of new structures.

Nevertheless, at this stage the selection of CFRP composites as the base material for a structure is still
only being explored and considered in an academical context, with some rare exceptions occurring in
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the engineering practice. Thissituation is due to the cost of production being high and thus not a viable
option in many situations. Also, the fabrication processesare not developed enoughto be applied in
current construction practice.

5.3. FUTURE WORK

Duringthe developmentof this project someaspects that could be explored in the future were identified.

In the generation of geometries, the process adopted was layout optimisation because it allowed the
explicit application of the unidirectional trait of CFRP rovings in discrete elements - in a truss-like
structure. Itwould be interesting to also explore the more traditional topology optimisation methods that
result in a continuum domain of material. In this way it would be possible to study the interaction
between fibres and study new challenges that could arise.

Another discussed aspect was the possibility of designing the wall-connections. The connections would
be tailored to the need of the canopy and later 3D-printed, providing the opportunity to explore this kind
of manufacturing process.

Finally, the actual construction of the canopy in order to validate the fabrication process. By putting it
into practice it would be possible to identify complications and make the respective adjustments to the
process.
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Annex 1
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Annex 2
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Annex 3

Model Comparison
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Annex 4
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1 Input data

Anchor type and gize:
Iltem number:

Effective embedment depth:

Matenial:

Approval Mo.:

Issued | Valid:

Proof:

Stand-off installation:
BilSEplEﬂEﬁ :

Profile:

Base material:

Installation/Use:

Annex 5

- —
HIT-HY 270 + HAS-U 5.8 M8 E

2223854 HAS-U 5.8 M&x150 (insert) / 2092828
HIT-HY 270 (mortar)

Nyt pee = 100.0 mm (h,, ., = 215.0 mm)

58

ETA-19/0160

30/08/2019 | -

Dresign Methed ETAG 029, Annex C

€, = 0.0 mm (no stand-off); t = 10.0 mm

I x L, xt=100.0 mm x 100.0 mm x 10.0 mm; (Recommended plaie thickness: not calculated)

Cylinder, 10; (L x W x T) = 10.0 mim x 10.0 mm

Brick layout: Sireicher, Brick: Mz, 2DF, =12 (sclid brick), Clay, L x W x H: 240.0 mm x 115.0 mm x
113.0 mim;

f,, = 12.00 Nimm’; E,,,, = 3,131.77 Nimm®

Mortar: M2 5 - M9; Verdical joints filled: YES; vertical: 5.0 mm; honzontal- 5.0 mm

Installation conditien: Dry; Use condition: Dry;

Cleaning: compressed air

Temp. shortlong: 40024 °C

" . The anchor calculation is based on a rigid baseplate assumption.

Geometry [mm]
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Geometry [mm] & Loading [kN, kNm]

1.1 Load combination

Case Description Forces [kN] / Moments [kNm] Seismic Fire Max. Util. Anchor [%]
1 Load case: Design loads N=3.000;V, =0.720; V, = 0.320; no no 72
M, = 0.000; M, = 0.000; M, = 0.000;

2 Proof | Utilisation (Governing Cases)

Design values [kN] Utilization
Loading Proof Load Capacity Bu ! By [%] Status
Tension Erick breakout 1.500 2.800 54/- OK
Shear Local brick failure - - -133 OK
Loading i By @ Utilization [8,, ,, [%] Status
Combined tension and shear loads 0.536 0.327 1.000 72 OK
3 Warnings

* Please consider all details and hintsfwamings given in the detailed report!

Fastening meets the design criteria!



Optimisation of Carbon Composite Construction with Computational Technigues

1 Input data

Anchor type and size:
Item number:

Effeciive embedment depth:

Material:

Approval Ho.:
Issued | Valid:

Proof:

Stand-off installation:
BﬂmrjateIlt :

Profile:

Base matenal:

Installation/Use:

HIT-HY 270 + HAS-U 5.8 M8

2223852 HAS-U 5.8 M3x80 (inser) / 2092528
HIT-HY 270 (mortar)

P oms = 50.0 mm (hy, = 215.0 mm)

58

ETA-15/0160

30/08/2019 | -

Design Methed ETAG 029, Annex C

&, = 0.0 mm {no stand-off); t = 10.0 mm

Iy L2t ="100.0 mmx 100.0 mm x 10.0 mm; (Recommended plate thickness: not calculated)

E

Cylinder, 10; (L x W x T) = 10.0 mm x 10.0 mm

Brick layout: Stretcher; Brick: Mz, 2DF, f=12 (solid brick), Clay, L x W x H: 240.0 mm x 115.0 mm x
113.0 mm;

1, = 12.00 Nimm’; E,,,, = 3,131.77 Nimm’

Mortar: M2 5 - M3; Vertical joints filled: YES; vertical: 5.0 mm; horizontal 5.0 mm

Installation conditicn: Dry; Use conditien: Dry;

Cleaning: compressed air

Temp. shortlong: 40/24 *C

F . The anchor calculation is based on a rigid baseplate assumption.

Geometry [mm] & Loading [kN, kNm]

1.1 Load combination
Case Description

Forces [kN] / Moments [kNm] Seismic Fire Max. Util. Anchor [%]

1 Load case: Design loads

N =-3.000; V, = 0.860; V, = 0.410; no no 57
M, =0.000; M, = 0.000; M, = 0.000;
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2 Proof | Utilisation (Governing Cases)

Design values [kN] Utilization
Loading Proof Load Capacity By 1 B [¥] Status
Tension - - - -1- N
Shear Local brick failure - - -157 OK
Loading By By a Utilization B, ,, [*] Status
Combined tension and shear loads - - - - M/A

3 Warnings

* Please consider all details and hints/wamings given in the defailed repori!

Fastening meets the design criteria!
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