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Summary

"This thesis arises from my fascination for glass structures, the ambi-
tion to bridge the gap between architects and engineers and the aware-
ness of the potential of parametric design.”

Where traditionally the architect functions as an entire design team,
nowadays we see that the complexity of design situations calls for di-
vision of disciplines and expertise. With this separation, the need for
integral design and decision making becomes larger. An algorithmic
design format might provide the means to integrate the knowledge of
different experts at the start of the process, where design choices have
the largest impact on all aspects ranging from aesthetics to costs.

With structural glass design it is important to bear in mind the different
possibilities and limitations of the structure from the beginning of the
design as these have a huge influence on the detailing and dimension-
ing of the elements. Therefore, it seems to be an excellent opportunity
to assign the development of an algorithmic design methodology to the
structural glass designs processes, to explore the possibilities within
the boundaries. The research conducted in this thesis, focuses on the
development and application of an algorithmic computational design
tool for the conceptual design phase.

The prototype of this model focuses on all glass roof cover designs. The
thesis is composed of 9 chapters, dealing with various aspects of the re-
search process and to explore the possibilities of parametric tool design
and the applicability to structural glass covers. Chapter one introduces
the research problem: it describes the motive and driving force behind
this thesis with a plan of approach. The chapter is divided in three:
Part one describes the introduction to the problem. Part two states
the motivation, research question and objectives. Part three shows the
methodology to compose the thesis.
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Chapter two provides a brief overview of the literature review regard-
ing structural glass, and shows its limitations and possibilities. Chapter
three is an important chapter, that illustrates the strategy for the tool
development. The knowledge gained during the literature study is
used to provide background information on algorithmic design, to dis-
cuss the characteristics of the initial design phase and to formulate the
requirements for functionality, usability, reliability and performance,
that should be met by the methodology. To increase the legibility of
parametric schemata a flow chart that represents the working of the
tool is divided into several modules: the boundary conditions, base
geometry, structural properties, load generator, structural optimization,
structural analysis and the output report. In order to create a tool tem-
plate, that functions as a solid foundation for further development, this
chapter generates a strategy that exceeds the scope of this research.

Chapter four implements the theoretical framework and flow chart,
composed in the strategy chapter, to create a functioning prototype.
The tool is evolved by test driven development and is pushed until the
basic function of the modules are working. Subsequently the modules
were expanded to become more comprehensive. The tool enables the
user to assign a project specific perimeter, generate a large variety of
design alternatives. and specify standardized values. The tool provides
automatic allocation of cross section, meeting the requirements checked
with the structural analysis.

Chapter five is written to examine the verification of the tool, in or-
der to check that the modules are in line with the requirements and
physical laws. This chapter discusses whether the tool is functioning as
supposed to, whereas Chapter 6 discusses whether the right product is
produced. This is tested by means of a case study at the Grote Markt-
straat in The Hague, where the unnoticeable entrance of a subway sta-
tion is provided with a glass roof cover. During this case study, the
applicability of a scenario like this with a span of more than 30 meters
is explored. Several possibilities of the tool are investigated. It is shown
that with the simple input of the boundary conditions, it is easy to create
all kinds of designs in an instant. However, with completion of the
design process it becomes clear that the prototype needs the proposed
adjustments to be a guidance tool for the structural glass design process
and to provide a better understanding of the consequences of certain
design decisions. Since the prototype is designed, keeping the bigger
picture in mind, this chapter also tests the to feasibility of the develop-
ment. This showed that the script can be easily adjusted, by someone
familiar with the original script and visual programming method and
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the tool enables the user to create an improved design, both structurally
and aesthetically.

Chapter 7 discusses the results, which led to the Conclusions drawn in
Chapter 8 that were used to compose the Recommendations. The test
case shows potential as integral (structural) design tool. It is plausible
that the tool can contribute to the everyday use of glass as structural
material. The tool also has potential for further optimization of different
aspects. The main aim of this thesis is to prove feasibility and the study
shows that there is good potential for an algorithmic methodology for
structural glass covers in the conceptual design phase. The results are
also promising for other types of structures during the entire design
process, unto production. Integration of use of other building materials
in the tool as wood, concrete and steel seems feasible as well. However,
user-based testing and development accordingly is recommended.
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Chapter 1

Introduction

This chapter describes the motive and driving force behind the thesis
and summarizes the plan of approach.

1.1 Structural glass

Glass is already used for different purposes for decades, the implement-
ation of structural elements however, has been done quite recently. In
the past decade, there has been a rapid development of structural glass.
With its high potential for compressive strength it is a material suitable
for construction. An elegant example of an all glass structure is the roof
cover of the Victoria & Albert museum in London, completed in 2009,
comprising 73 laminated beams that span up to 11 meters.

Figure 1.1: Victoria & Albert museum (https://architectenweb.nl/)
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1.2 Algorithmic design

Computational design is capable to provide faster, better and more ef-
ficient solutions. Computational design focuses on the link between
technology and practice to use the theory of computer science. There
are several finite element method (FEM)-based software packages, cap-
able to analyze all types of structures. These however, are not suitable
for the preliminary design phase, because they require a very detailed
representation of the structure.

There is an increasing demand for integral solutions. Tools that are
capable to be part of the visual and aesthetic process of the design, can
easily be connected to FEM of complex geometry’s, production costs
and materials. The advantage of this kind of methodology is the ease of
adjustment, for instance with technological progress and improvement.

1.3 Design process

Although departed from a common origin, there is a discrepancy between
the architectural and engineering design models, education and prac-
tice. In short, the engineering model is characterized by its linear, se-
quential nature whereas the architectural model has a more spiral, cyc-
lical disposition. Study to the similarities and differences regarding
these models concluded that there is a need for reintegration across the
disciplines. (Cross & Roozenburg 1992)

Architects are often stereotyped dreamers and visionaries, likely to loose
touch with reality. Whereas the structural engineers are considered
rigid and conservative, without imagination. During the bachelor of
Architecture and master at Civil Engineering such a trend was notice-
able to a certain extent. At the faculty of Architecture there is much
more attention to innovation and durability as compared to the faculty
of Civil Engineering. The ambition for this research study attempts to
combine the best of both worlds.
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1.4 Problem introduction

Though the fabrication boundaries of glass are pushed wider and the
applicability has increased, the cost of structural glass is still relatively
high and realization of an assignment happens only in a few cases. Con-
sequently, not many engineers have experience with glass and general
tools are lacking. It is desirable to have a structural design methodology
to explore the possibilities of glass as a structural material and to use it
more commonly in the early design phase. A methodology that com-
bines the existing knowledge, though the principles of the structural
design remain the same.

In the past decade, computational and algorithmic aid is entering the
construction industry rapidly. This offers designers more freedom in
complex architectural design. This research project will be used to find
a methodology to fully utilize the computational developments to im-
prove the structural advice and calculation capacity.

Focus remains on the early design phase, where the design decisions
have the largest impact, in an attempt to close the gap between the
architect and structural engineer.

In this report, the term “all-glass” indicates the use of glass for load
bearing elements and minimization of steel support-elements.

1.5 Research design

This section discusses the main question and objectives of the research
study, shows the research methodology and the outline of the thesis.

Thesis objective

The objective of this research is to investigate the possibilities of cre-
ating an algorithmic design for structural glass covers, to create an in-
novative methodology with a broad spectrum of potential applications.
The methodology should stimulate the easy use of glass as a structural
material. It should also contribute to the bridging of the gap between
architects and structural engineers and take advantage of the potential
of parametric design for architectural and structural purposes.
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Research question

In order to achieve the objective of this thesis a research question is
formulated:

‘How to develop a prototype for an algorithmic design methodo-
logy, considering geometrical control with structural feasibility, inten-
ded for structural glass covers in the conceptual design stage, with the
opportunity for further expansion?’

Research objectives

Seven sub objectives are composed to answer the research question.

1.

Provide a theoretical framework concerning the structural glass
and algorithmic design.

. Define which requirements, concerning functionality, usability, re-

liability and performance, should be accomplished by the meth-
odology.

Define a general outline for the algorithmic method taking the
requirements (see Objective 2) into account.

. Implement the theoretical framework (see Objective 1) into the

defined general structure.
Validate the outcome of the produced methodology.

Investigate the impact of the methodology on the workflow / functioning
of engineers and designers by implementation on a case study.

Determine the required successive steps to obtain a fully func-
tional method /model.

Research methodology

To achieve all objectives, and eventually answer the main question,
the research project will be subdivided into various stages. Firstly, a
literature study is conducted, to obtain a thorough understanding of
the material properties of glass, the state of the art of structural glass
and the characteristics of compressive structures and its conditions for
successful application. To be able to efficiently design a parametric tool,
this stage will also be used to get acquainted with Grasshopper and its
possibilities and limitations. When this study is completed the acquired
information will be analyzed and processed and used to determine the
exact parameters, function and requirements of the design tool.
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Secondly, the tool will be developed; before the programming starts
a strategy of the design will be made. This method will be applied
and the performance and outcome of the tool will be checked. The
process will be repeated until the outcome satisfies the requirements
set at the end of previous phase. Thirdly, when a satisfying result of the
tool has been obtained, a case study for the design of a glass cover with
complicated geometry will be implemented in the design tool and then
evaluated for its functionality. Lastly the conclusions and recommend-
ations regarding the tool and process can be drawn.

Thesis outline

The outline of this subsequent report content is described below:

Chapter 2 Theoretical Framework. This chapter shows a summary of the
literature review conducted at the first part of the thesis. This chapter
covers research to glass as a structural material, parametric design and
the role of the designer and engineer in a design process.

Chapter 3 Strategy of tool development.This chapter provides a better im-
age of the user and summarizes the requirements and demands for the
methodology. A detailed architecture of the tool is constructed.

Chapter 4 Tool development. This chapter describes the working, content
and structure of the developed prototype.

Chapter 5 Tool verification. In this chapter verification of the tool is con-
ducted. Evaluation is performed to check that the tool satisfies the con-
ditions imposed in the strategy. Additionally, a technical verification,
based on structural mechanics, is performed using analytic programs
and hand calculations.

Chapter 6 Tool validation. In this chapter three case studies are performed
to explore some of the many applications of the tool and to validate the
prototype.

Chapter 7 Discussion. Discusses the impact of an algorithmic design
method for structural glass covers in the initial design phase compared
to a more traditional approach. We consider the option to augment
the tool with extra functions (e.g. calculating building costs), but also
the possibility to incorporate the use of other structural materials like
concrete, steel and wood in the design tool.
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Chapter 8 Conclusions. In this chapter conclusions resulting from the
research are provided. We also hope to conclude that the tool can help
to bridge the discrepancy between the architectural and engineering
design models, education and practice.

Chapter 9 Recommendations for further research. Recommendations con-
cerning the conducted research and suggestions for future development
are provided.



Chapter 2

Theoretical framework

During the literature study, the researched topics involved are: glass
as structural material, algorithmic design methods - more specific the
working of Grasshopper- and the characteristics of the conceptual design
phase. This chapter briefly describes the most notable findings regard-
ing structural glass, to be used during the research. In the appendices
one can find more information gathered during this study.

2.1 Material properties

In theory, glass has a remarkable high compressive- and tensile strength.
However, when applying glass knowledge and understanding of the
mechanical properties are necessary.

Brittleness

The mechanical behaviour of glass can be characterized as perfectly
linear elastic; a very brittle material with a maximal elongation approx-
imately 0,1%. The lack of plastic deformation results in abrupt failure
and makes it impossible to foresee failure. (Weller et al. 2009) Figure 2.1
shows the stress strain curve of glass compared to the ductile material
steel.

19
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Figure 2.1: The stress/strain relation, compared to steel. (Barou
2016)

Strength

In theory, under ideal circumstances, the tensile strength for float glass
is 6500 to 8000 N/mm2. Nonetheless, the strength achieved in practice
is merely a fraction of this theoretical value. Normative is the state of
the surface subjected to tension, depending on the inevitable flaws. The
surface of this glass is full of flaws due to the production and handling
of the glass panes. (Haldimann et al. 2008)

The flaws and damage of a surface will not influence the structural
behaviour when under compression. When under tension, on the con-
trary, the flaws induce local peak stresses, which might lead to growth
of the initial flaws until it becomes unstable and rapidly leads to failure.
(Balkow & Schittich 1999)

The strength is depending on several factors, regarding the type of
loading, age, size and type of the panes. Due to the flaws in the glass
there is a wide range of test results, which makes it meaningless to
assign an average strength. Research shows that the quality of the edges
are often determining the strength. Veer (2007)

For the characteristic values for (tensile) strength the following lower
bound values are adopted:

* Annealed glass 20 [N/mm?2]
e Heat-strengthened glass 45 [N/mm?2]
¢ Fully tempered glass 80 [N/mm?2]

The Young’s Modulus of glass is 70.000 N/mm?2
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2.2 Structural safety

Glass is a very brittle material that shows no warning when it is over-
loaded. The material lacks ductility, plastic behaviour; so when crack-
ing is visible, the glass will shatter. Several methods have been de-
veloped to address this unpredictability, due to the lack of ductility, and
increase the safety of glass structures. Also the post breakage behaviour
is an important aspect of the structural design. There are several pro-
cedures for strengthening the glass and there are several manners of
processing the material

Pre-tensioning

One of the most important techniques to increase the safety of a struc-
ture is by pre-tensioning the glass panes. Aimed to reduce the ten-
sion stresses, by heat strengthening. Because the practical compressive
strength is much higher than the tensile strength, this method intro-
duces compressive stresses in the outer parts of the cross section, res-
ulting in a higher capacity of the bending moment and reduction of the
growth of cracks due to compression of the flaws. (Schipper 2011)
The image below shows the principle of tempering.

ANNEALED GLASS TEMPERED GLASS

compressive residual stress

open flaws (surface damage) prevents opening of flaws

|W\
H . flawless material | B [ ‘\ >
i i\ inthe core i
T L e i
flaws are closed
by Comp/ressive stress

I ‘——‘1’\—-—-"——”"7\

| , [
I I
flaws are closed

by compressive stress

/ti” )
——

\\(iJ

CH NN

flaws open and grow due to tensile stress

residual stress prevents opening of flaws
high compressive strength, no failure

|H—f—ﬁv—’r—ﬂrf‘—” (2 6. H’\F"_*j—A—,——r—#r_r’”H
l l 4 H T H
CM“ "M N
I | b /o H
Ii il
breakage no tensile (flaw openmg) stress on the surface

Figure 2.2: Principle of tempering glass. (Haldimann et al. 2008)
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Due to residual stresses, It is not possible to process the tempered pan-
els mechanically any further. Annealed glass is free of internal stresses
and can therefore be processed by drilling and cutting without con-
sequences. The same method is used with mechanical or chemical pre-
tensioning as well.

Lamination

Safety can be augmented by lamination (the layering of glass panes
through bonding of interlayers). These interlayers, developed for ex-
treme circumstances like hurricanes and vandalism, enhance the strength
and stiffness. There are high requirements for the glue used in the
lamination; this needs to be transparent and able to cope with high
stress to prevent failure by shear stresses.

The residual stresses of the tempering process influence the fracture
pattern and thereby the structural safety as well. Due to these residual
stresses, the fully tempered glass pane brakes in small fragments and
thereby loses its structural integrity immediately after the first crack.
Whereas annealed glass retains, even though limited, residual load bear-

ing capacity.

Fully tempered glass

The tempering is done by rapid cooling of the glass panes, which leaves
residual stresses. Penetration of the outer surface, for example for cut-
ting or drilling cause immediate imbalance with complete scattering
as a result. The internal forces cause an imbalanced situation, with
complete shattering of the entire panel as result of failure, leaving no
post-breakage load bearing capacity.

Heat-strengthened glass

The process of heat-strengthened glass has a slower cooling rate than
the process for the fully tempered glass. The residual stresses and thus
the tensile strength is lower than that of fully tempered panes. But the
post breakage behaviour is much more desirable due the capacity of the
larger fragments. (Haldimann et al. 2008)

Annealed glass

Due to the gradual cooling process the material is free of internal re-
sidual stresses. Therefore the material can be conducted to drilling
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and cutting, but does not supply additional load bearing capacity. The
fracture pattern of annealed glass is the most favourable, due to the
largest size of the pattern and therefore higher safety post breakage.

Figure 2.3: Comparison of the fracture pattern: annealed glass
(left), heat strengthened glass (middle), fully tempered
glass (right). (Haldimann et al. 2008)

Other technologies to improve the structural feasibility are the use of
sacrificial layers, to function as extra buffer to add safety and protection
to the inner panels, and the use of reinforcement. The latter, known for
providing ductility to the comparable brittle material concrete, has a lot
of potential to improve the structural behaviour of glass elements.

2.3 Manufacturing process

This paragraph describes the practical limitations arising from the man-
ufacturing and transportation process. The figure below show certain
aspects of the manufacturing process.

Recipe Manufacturing Mechanical Thermal Layering and Coating and Transport
Processes Processing treatment bonding sealing

*Soda-Lime (| «Float glass +Bending | sLaminated- (| «coating —
«Borosilicate *Rolled glass «Drilling holes «Enamelling Safety glass *Insulating glass
«Clear low-iron «Drawn glass «Bending «Tempering

«Cutting

Figure 2.4: Characteristics of the manufacturing process of glass,
based on Schipper (2011).
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The use of float glass is beneficial due to its optical qualities and
low tolerances, the latter is an important aspect because of the limited
margins when constructing with glass.

PROCESS RESTRICTION
FLOAT GLASS 3.21x6.00
LAMINATING TUNNEL 2,50x4.50
TEMPERING TUNNEL 2.50x 6.50
AUTOCLAVE 3.20x7.50
COATING 3.30x 6.00

Figure 2.5: Size restrictions, based on (Wurm 2007).

Figure 2.6 shows the size limitation of different aspects of the man-
ufacturing process. Using smaller pieces is not always more profitable;
the smaller the more process costs (think of edge grinding or polishing).

THICKNESS SIZES SURFACE FRACTURE THERMAL AFTER RISK CAN BE
[nmM] ] COMPRESSIVE ~ STRENGTH SHOCK FAILURE SPONTANEOQUS T
RESISTANCE FRACTURE
FLOAT GLASS 2-71 321x6 = * * + NO YES
HEAT- 4-12 3x6 + + + + NO NO
STRENGTHENED
TEMPERED 4-18 2Bx6 + ++ + = YES NO
CHEMICALLY 1-18 05x08 + ++ + + YES YES

Figure 2.6: Comparison of tempered glass, based on (Schipper 2011,
Wurm 2007, Haldimann et al. 2008).

For a big curvature hot bending is expensive and inefficient for trans-
port.

GLASSTYPE  TOLERANCES  OPTICAL COSTS CURVATURE  RESIDUALG  DOUBLE GUIDABLE  THICKNESS FIXATION TRANSPORT

WARM ++ NO + + ++ NO
BENT

COLD BENT t + - YES * YES
LAMINATED a2 52 = YES i NO
FLAT + ++ ++ - NO - + ++ NO

Figure 2.7: Characteristics of the bending of glass, based on Wurm
(2007), Schipper (2011).

+ o+ o+
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2.4 Conclusions

In conclusion:
¢ Glassis remarkable strong in compression, approximately 21000N /mm?2

* Glass is a very brittle material, that shows no warning when it is
overloaded. The material lacks ductility, plastic behaviour.

¢ The safety of the structure can be increased by using strengthened
glass

* Safety can be augmented by lamination. These interlayers, de-
veloped for extreme circumstances like hurricanes and vandal-
ism, enhance the strength and stiffness.

¢ Lamination can improve the post-breakage behaviour

* The residual stresses influence the fracture pattern and thereby
the structural safety as well. Due to these residual stresses, the
fully tempered glass pane brakes into small fragments and then
loses its structural integrity immediately after the first crack. Whereas
annealed glass retains, even though limited, residual load bearing
capacity.

¢ Even more safety can be provided by a steel reinforcement of the
structural elements

* Often a sacrificial layer is used to add safety and protection of the
inner panels
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Chapter 3

Strategy of tool
development

3.1

Introduction

This research project focuses on the feasibility of the envisioned tool and
is therefore only a Proof of Concept (PoC) development and is meant as
a prototype to discuss its added value and potential for implementation
in the design process. The PoC is just a small part of the envisioned tool

and

therefore not production-ready. Later in this thesis the possible

extensions will be described and discussed in the requirements. From
here on, the part of the software that lies within the scope of this PoC is
referred to as the tool or software.

The

life cycle of software development can be divided in 6 stages (Blan-

chard et al. 1990);

1

The

2
3
4.
5
6

. Requirement analysis

. Requirement specification

. Software framework
Programming/implementation

. Testing

. Mantenance/Evaluation

information gained in the literature study is used to develop an ad-

equate software design. To finalize this envisioned product, a strategy

27
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for its content and development needs to be provided. The foundation
of the strategy is described in the software requirement specification,
derived from the user’s need and can be found in this chapter. Hereafter
the details for the software design are described. Chapter 4 illustrates
the implementation and realisation of the prototype and the testing is
described in Chapter 5 and 6. The maintenance stage will be discussed
in the recommendations. Partially this means, keeping the tool up to
date by adding of extensions, to enhance its use. An example of this is
also discussed in Chapter 6.

3.2 Software requirement specification

Prior to this thesis no considerable experience in the field of software
engineering was obtained; therefore the standards and procedures of
the Institute of Electrical and Electronics Engineering (IEEE) are used
as inspiration for the tool development and the base for the structure of
this research. (IEEE 1998)

Product scope

As this research project is a proof of concept, it was decided to con-
centrate on the initial design phase. This part of the process offers a
good opportunity to bridge the gap between architects and structural
engineers. In an attempt to create an integral and workable method,
this research implements the contrasting requirements of structural ne-
cessity, functional utility and aesthetic value. Assuming such collab-
orative development is the only way to create better designs, both ar-
chitecturally and structurally. (Larsen & Tyas 2003) Decisions made
in the early design phase have the most significant impact on design,
feasibility and cost. The later the decisions are made, the more their
influence decreases. (Frederick & Kuprenas 2013) Therefore, the focus
of this research lies in the initial design phase and it is attempted to
shift the knowledge of different parties to the beginning of the design
process; this is shown in figure3.1. We seek to enlarge the availability of
essential design knowledge in the early phase, where it has a decisive
influence on the overall process, as opposed to the more traditional
design process, where this knowledge is introduced gradually into the
process (Zaal 2014).
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A

Impact Level of detail

v

Start End Phase

Figure 3.1: Characteristics of the design phase.

To stimulate the use of glass structures, the PoC is limited to the
development of structural glass covers. The tool provides a platform
with the capacity to collect the available knowledge and will link this to
an integral design method. This might prevent people from reinventing
the wheel. This will lower the barriers for and provide an introduc-
tion for working with this relatively new structural material. A fully
functioning tool will avoid unnecessary repetition of work, calculations
and drawings. The scope does not cover a ready to use product. It
is, however, envisioned for the overall functioning of the tool to be
valuable for further development. This includes the entire design and
production process, as well as all types of structures and materials.

Overall description
This paragraph describes the user and his needs as well as the design
phase and its requirements.
Product features:
The key features of this tool are:
* To generate design variants for glass covers;
* Dimensioning of structural elements;
e Structural calculation of structures;
¢ Structural optimisation of design;

¢ Form finding; Exportation of design.
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User characteristics:

The intended user for the tool are both the architect or designer and the
structural engineer. A distinction between experienced and inexperi-
enced users with glass design is made as well.

The designer, or architect, often has a leading function in a design team
and emphasizes on visual and aesthetic aspects of a design and aes-
thetic appearance. The tool will facilitate creation of integrated designs
where concessions, due to structural soundness, are limited and gives
the designer freedom to discover the possibilities with glass. Designers
need the ability to work with standardized conditions to focus on aes-
thetics.

The structural engineer emphasizes the structural soundness and feas-
ibility of a design. Generalized, the engineer often lacks creative educa-
tion or imagination to fulfil the aesthetic demands of the designer. The
tool will save the engineer a lot of repetitive work, hand calculations
and eventually the writing of reports. However, the engineer needs
control over the different variables and therefore full access to all stand-
ardized values to gain more freedom for optimisation and representa-
tion of reality and Eurocode standards. The inexperienced user in glass
design could also benefit from the exploration of the possibilities glass
structures offer. In future developments, the tool can be complemented
and used as guide for glass design.

Naturally the distribution of roles and dynamics between the architect
and engineer differ per project and design teams will generate a more
integrated design. However, there is still plenty to gain in the integra-
tion of the design process. Even with a more integrated design process
a lot of adjustment and refining will be necessary because of inadequate
and time consuming communication. This tool provides the possibility
to shift a part of constructors knowledge to the beginning of the design
process and on the other hand to give engineers the possibility to take
the role of a designer. It also has the potential to facilitate contact with
the client and authorities; adjustments and additional requirements can
be included in the design right away during gatherings.

For the development of the product, the focus lies on these two tar-
get groups, future development could, however, customize the tool for
other users, like researchers, municipalities and manufacturers.
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Operating environment/(product perspective):

The 3D modelling program Rhinoceros (Rhino) proves to be very ef-
ficient for parametric design. Rhino offers a visual scripting add-on
Grasshopper, which is used as base for this tool. The versions used are
Rhinoceros 5.0 and Grasshopper (Build 0.9.0076). For the analysis Kara-
mba (version 1.2.2) and, as form finding generator, Kangaroo (version
2.2.1) are used.

Design and implementation constraints

The user’s needs are leading design objectives for the development and
dictate the structure and boundaries. To develop a user-friendly tool, it
is important to keep in mind the two extremes: the designer or architect,
inexperienced with Grasshopper and the structural engineer, experi-
enced with Grasshopper. The inexperienced user should be provided
with:

* a complete and simple tool with proper guidance;

¢ explanatory notes at different elements of the script;

* preset values or suggestions with common ranges of values;

¢ automated input and limited design variables;

* a clear overview of the necessary input and optional variables;
* notable signs when the structure is insufficient or overloaded.

Whereas the more experienced user with affinity for structural mechan-
ics desires more freedom of design for advanced adjustments, modifica-
tions and optimization. In case the user needs to modify certain aspects
of the script, it is important that it is readable and easy to adjust to avoid
time loss. Even with simple algorithms, this is often not the case.

The aim to stay useful and up to date, is only feasible if the script
is redeveloped. To do this a legible structure is required. Another
important aspect for the tool to be implemented in the initial design
process, is instant visual feedback, providing the user visualizations of
the consequences of design choices; the only way to become an exten-
sion of the brain. To realize this everything needs to be interconnected.
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3.3 Framework

For the continuity and future development, the framework of the tool
is designed with care. The visual method of scripting comes with a
downside; the numerous connections between the different compon-
ents cause a spaghetti of connections and obstruct the legibility of the
tool. The need for modification of the script is inevitable and described
as “erase, edit, relate and repair” (Woodbury 2010). When the structure
of a script and the internal relationships are not clear, changes are hard
to make; it might then be easier to start all over with a blank sheet
(Burry 1996). To prevent this and increase the clarity, the computa-
tional framework is an essential part of the strategy for development.
Modular programming appears to increase the legibility of parametric
schemata (Davis et al. 2011). For this research, the schema is divided
into interchangeable modules, each responsible for a specific task or
aspect of the desired tool, separating the functionality of the script. The
extra time put in generating a clear structure, will be beneficial for the
development, use and redevelopment.

All modules have the following general characteristics (Sharp 1992):
* A module performs one task and is named accordingly.
* Data enter the module through defined input parameters.
* Date leave the module through defined output parameters.

¢ Interconnectivity between the modules is accomplished by data
through these parameters.

Certain benefits of modular scripting are described below (Mall 2009):
¢ The independent code can easily be reused and shared.

¢ Simultaneous development of separate modules by different de-
velopers is possible.

¢ Troubleshooting can also be done at a module level as opposed to
the program level.

* Due to clearly naming of modules and in- and output parameters
the function of the module is understood without the need of
external documentation.

The division of the tool corresponds with the key features. A distinction
is made in different modules: the boundary conditions, base geometry
(form finding), structural properties, loads, analysis, optimization and
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report. Each module is supposed to be easily adaptable or replaceable.
In addition, new modules can be implemented to increase flexibility.
The image below depicts the key features that establish the tool. The
modular structure and its colors are implemented in the developed tool.
Each module is subdivided in different units and components. This
content will be elaborated on further in the next chapter.

STRUCTURAL
PROPERTIES

BOUNDARY CONDITIONS
LOAD GENERATOR

OPTIMIZATION
STRUCTURAL ANALYSIS

BASE GEOMETRY

VISUALIZATION/REPORT

it

Figure 3.2: Structure of the script.

Modulel Boundary Conditions captures or assigns the coordinates of
the outer perimeter of the structure.

Module2 Base Geometry is used to create the overall shape of the design.

Module3  Structural Properties assigns material properties, cross sec-
tions, supports and nodes to the design

Module4 Load Generator assigns a gravity simulator and variable load-
ing to the design.

Module5 Optimization is responsible for optimization of the cross sec-
tion of the structural elements.

Module6  Structural analysis performs a structural analysis on the in-
put provided by the modules mentioned above.

Module7 Visualization is mentioned separately, but functions through-
out the entire process and is responsible for the visualization
of the design and analysis.
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System features

The tool can be used by both designers and engineers to generate ar-
chitectural and structural designs, while respecting the mechanical and
structural properties. Besides support of the design process, the tool
contributes with form finding and structural optimization. The struc-
tural analysis of the tool can be viewed with real time values. A fully
functioning tool will avoid unnecessary repetition of work, calculations
and drawings. The fundamental factor for the architecture of the pro-
totype are the functional and non-functional requirements, determined
by the research conducted in the previous stages. The requirements
state the needs, desires and purpose of the tool. For the continuity of
the tool it is important to consider all relevant requirements needed for
the tool extension. The functional requirements capture the intended
capability and are clustered per main module and divided into three
sections: input, process and output and are listed in the tables below.
When requirements have only relevance for future developments they
stated in this section in grey.
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Table 3.1: Requirements Boundary Conditions.

Module: Boundary conditions

Identifier Requirement

REQ-1 Input of different potential outlines in the
three-dimensional space.

Input
REQ-2 Standardized possibilities to facilitate the
perimeter input.
REQ-3 Provide for the possibility to import the outer
perimeter from AutoCAD into Rhino and from
Rhino to Grasshopper.
REQ-4 Possibility to define the shortest span.
REQ-5 Tool provides the possibility to create surface of
Process the enclosure.
REQ-6 Tool provides the possibility to visualize the
perimeter.
REQ-7 Tool provides the possibility to show dimension
in view port.
REQ-8 Tool provides the possibility to find the shortest
span.
Output REQ-9 Tool provides the possibility to create a mesh of

surface enclosed by perimeter.

REQ-10  Provides 2D visualization of the perimeter.
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Table 3.2: Requirements Base Geometry.
Module: Base geometry
Identifier Requirement

REQ-11  Tool shall provide the possibility to explore

different types of structures. Namely: grid,
Input catenary and a projection on a random surface.

REQ-12  Give the user freedom to adjust centre to centre
distance among process.

REQ-13  Give freedom to adjust maximal height of
structure for form finding.

REQ-14  Give freedom to adjust the direction and number
of beams.

REQ-15  Provide possibility to select materials, building
codes, and structural analysis.

REQ-16  Provide both 2D and 3D visualization of base
geometry.

Process REQ-17  Automate centre to centre distance.

REQ-18 Provide instant visual feedback.

REQ-19  Incorporate form finding based on limitations
concerning flat, single and double curved plates
and beams.

REQ-20  Provide user notifications with consequences of
design discussions and explanations of limits.

REQ-21  Automated location of supports.

Output REQ-22 2D and 3D visualization of base geometry.
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Table 3.3: Requirements Structural Properties.

Module: Structural properties

Identifier Requirement

Input  REQ-23  Tool provides user the possibility to adjust
supports, material, cross sections and add hinges.

REQ-24  The tool shall use rules of thumb for
dimensioning the height of the elements.

Process REQ-25  Tool shall apply simply supported beams as
standard input.

REQ-26  Tool will assign glass as standard material.

REQ-27  Tool shall contain data-bases of material’s
properties and cross section profile. (Strength,
stiffness, max. size, types, thicknesses.)

REQ-28  User notifications with consequences of design
discussions and explanations of limits.

REQ-29  Implementation of the Eurocode in the hard code
of the tool.

Output REQ-30 The module shall extract the information needed
for the structural analysis.

Table 3.4: Requirements Load Generator.

Module: Load Generator

Identifier ~Requirement

REQ-31  Tool provides user the possibility to adjust type

Input and magnitude of loads and load combinations.
REQ-32  The user will be provided with 3 loads that can
easily be changed in magnitude.
Process REQ-33  The tool shall apply gravity and variable loads

that interact with the parametric structure.

REQ-34  Implementation of the Eurocode in the hard code
of the tool.

Output REQ-35 The module shall extract the information needed
for the structural analysis.
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Table 3.5: Requirements Optimization.
Module: Optimization
Identifier Requirement

REQ-36  The tool shall integrate a module for structural
optimization of the cross section.

Process REQ-37  The tool enables allocation of multiple,
laminated, rectangular cross sections.

REQ-38 Implementation of the Eurocode.

REQ-39  The system takes design and glass limitation into
consideration, and informs the user about these
restrictions.

REQ-40  Tool shall implement limitations from glass
production and processing for optimisation.

Table 3.6: Requirements Analysis.
Module: Analysis
Identifier Requirement
Input  REQ-41  Tool shall provide user the ability to decide
which calculations are performed and shown.

REQ-42  The system supports principle stress analysis and

visualization in the structure.
Process

REQ-43  The system shall provide calculations and checks
for bending moment, torsion moment, shear
force, displacement, principal moment and
principal shear stresses.

REQ-44 Implementation of the Eurocode.

REQ-45  Tool shall provide both numerical as visual
results of calculations.

REQ-46  Tool shall provide real-time visual feedback.
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Table 3.7: Report.

Module: Report

Identifier Requirement
Input  REQ-49  Provide user the ability to visualize the stresses,
deflections, reaction forces, moment distribution,
normal and shear forces as well as cross sections,
name tags, loads and materials used.
REQ-50  Tool shall assign tags to cross sections, beams and
Process loads.
REQ-51  Provide real-time visual feedback of design
choices.
REQ-52  Tool shall implement analysis methods and
design code checks.
REQ-53  Tool provides users with report of geometry,
Output calculations and analysis.
REQ-54  The tool provides interoperability with other
software.
REQ-55  The tool provides 2D drawing extra extraction.
REQ-56  Provide warnings if assumptions are made or

tool is incomplete.
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Other Non functional requirements

To facilitate the experimental and intuitive design process, while im-
plementing simultaneous optimisation and structural analysis, some
features concerning usability are required:

Table 3.8: Non Functional Requirements.

Non Functional Requirements

Identifier Requirement

NFR-1  No experience needed to make use of tool.

NFR-2  The response time shall not interfere with
the user’s natural workflow.

NFR-3 Provide immediate feedback.

NFR-4  Diminish creative obstruction of designer.

NEFR-5 Provide real-time visual and numerical feedback.

NFR-6  Provide freedom to adapt structural properties.

NFR-7  Provide freedom to choose analysis.
NFR-8  The hard code shall be easily alterable and extendable.
NFR-9  The system will be transparent to avoid a black box.
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3.4 Flowchart

As mentioned before, the continuation and handling of the tool demand
a legible structure. Therefore, the flow chart depicted below will be
leading for the tool development. The general constraints, preference
for a modular structure, functional and non-functional requirements
were taken into account for the generation of the flow chart.

An important constraint for the tool, if used as design aid, is to avoid
obstruction of the creative design process. Therefore, it is possible to
use standardized and automated input, supplementary to the manual
input and adjustments. A distinction is made between the mandatory
input and the optional input and design variables. This distinction can
be seen in the horizontal division of the flow chart. The structure will
also be obtained in the structure of the script.

The first column of the flow chart shows the manual input; the bound-
ary conditions of the project. These data are necessary to start the pro-
cess for design and dimensioning. Although these variables are limited
as much as possible, to increase freedom for the designer, some basic
input is inevitable. The adjacent column shows the actions that can be
used as design variables, especially to create different aesthetic designs,
but also to add several design conditions related to costs, transportation
or properties of the existing building. In the third column, the user is
offered the possibility to gain more control over the structural analysis
and outcome. Here several input variables can be adjusted or added
to the equation to give the engineer the freedom needed to create a
desirable solution. This partition can be seen in the vertical division
of the flow chart, situated on the next pages.
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Chapter 4

Tool development

4.1 Introduction

Aforementioned strategy and computational framework are leading for
developing the final product and implementing its structure. Its modu-
lar configuration for the sake of future development and readability of
the tool renders the ability to add, adjust and remove modules. In order
not to hinder the intuitive design process, interference with creativity is
avoided by minimizing the mandatory manual input. It is fully up to
the designer to choose the design variables. Contrarily, for engineers,
augmentation of the control is desired to gain more design freedom. In
line with these desires, the partition of the computational framework is
implemented in the tool to increase clarity.

The proof of concept (PoC), covered in this thesis, studies the feasibility
of a design tool for structural glass roofing in the initial design phase
and the potential for further use. As mentioned before, the focus lies
on realization of a limited part of the envisioned tool, in order to enable
the verification. This chapter described the process of development as
well as the description of the prototype and its functioning.

45
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4.2 Test-driven development

The previous chapter described the ambition for the tool, but the re-
maining question is: “where to start?”. In order to make the process
manageable, the tool development is based on test driven development
(Beck 2003). A process that starts with the writing of a small test; fol-
lowed by quick adjustment of the test until it works; completed with a
clean-up of the test, eliminating the duplication needed for the test to
work. The process is characterized by a simple start, clarification of the
script and addition of design decisions, one at a time. This principle
functions as base for development of this research project and is shown
in figure 4.1. New functions are adjusted until they work properly; only
then a new function can be added.

Test Driven Development

[ Start ]

Fail [ Write test ] Pass

Instead of task:
Featu're Fail
Function
Objective
Action Fix ]
Operation T

Test

Figure 4.1: Test driven development.
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Phasing

The tool development is divided into several stages, not per module,
but with use of a hierarchical scale: from coarse to fine. First the vital
functions are established, then the tool gets extended with the more
advanced elements. Only when the first phase functions, new tasks
and eventually entire modules can be added and the whole will become
more comprehensive. In this way the tool will reach a higher level
of detail and complexity until all requirements are met and a good
foundation is made to check the feasibility of the concept. The extension
of the tool for future development can be done following the same
principle. In the Appendix A an overview is given for the tasks per
phase, envisioned to create the prototype of tool. Further extension is
recommended to amplify the usability of the tool. For example the use
of other materials or a link to cost efficiency, to be suitable for usage in
all phases of the design process, even during construction.

For the prototype, we discern five phases:
Phase 1: Outline

Phase 2: Optimization

Phase 3: Form finding

Phase 4: Extension

Phase 5: Future developments

Phase 1 — Outline. The development in this stage is restricted to the
vital functions of the tool, the connection between the geometry, the
analysis and the immediate feedback between the two. The outline
therefore covers merely the basic functions of the tool. The perimeter is
limited to a rectangular shape, the user can vary the width and length.
The span is in shortest direction and the centre to centre distance is
adaptable. This can be done with either the distance or the number of
beams leading. The dimensions, span and centre to centre distance are
displayed in Rhino’s interface. For this phase, the structure is bound
to the 2D surface and either spans in one or two directions. There
are standardized values for the cross section, material and loads. One
can adjust the supports and loads. An analysis is made, with imple-
mentation of Karamba, for the stress distribution, reaction forces and
deformation. The focus lies on the interactivity between all parameters
and functions that induce real-time feedback in Rhino’s interface.
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Phase 2 — Optimization. This stage focuses on the optimization
algorithm and follows the first phase. The optimization of the cross
section in this stage depends on the maximum stress and deflection.
The algorithm relates to the model, so in case of adjustment of the
loads, span, centre to centre distance or material properties another
cross section will be assigned. Real-time feedback is expected and for
the output a name tag of the profiles should be interactive with the
dimensions.

Phase 3 — Form Finding. This stage focuses on the implementation
of form finding in the existing tool design. This will be done with
different methods, one of these intended methods is inspired by the
hanging models as used by Gaudi. There are different possibilities
to implement the hanging models, which will be explored. Due to
the interactive design, any adjustment in geometry will result in an
immediate adjustment of the structure. This stage will elaborate on the
previous stage and should be connected to the optimization module,
this way cross sections are assigned to different elements automatically.

Figure 4.2: Hanging Models of Gaudi. (Xie et al. 2005)

Phase 4 — Extension. Now that the key features of the design are work-
ing, further expansion of the tool is started to explore some of the pos-
sibilities for future development. The outline of the tool is expanded
to a polygon with 4 corner points, a third dimension is added as well.
Manual input of free-form perimeters, made in Rhino or imported from
AutoCAD, is also made possible in this stage of development. For the
geometry, a new method is introduced where the beams, of any pattern,
are projected on a surface which can be changed during the process.
Triangulation of the catenary structure will also be added to the script.
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Phase 5 — Future Developments. The execution of this phase is not a
part of the research project, but important to bear in mind for devel-
opment of a functional foundation. It is aknowledged that the proto-
type needs more extensive testing and development to be fully func-
tional. The vision for future development connects to the prototype,
but should contain a more detailed approach of the work than is done
in this study and extensions are advisable.

For each phase, mentioned above, different tests were written as guid-
ance. The descriptions of the tests, per phase, are illustrated in Ap-
pendix A.

4.3 Framework

This section discusses the realization of the prototype.

Graphical user interface (GUI)

The graphical user interface of the researched design method is provided
by Grasshopper. The main screen of Rhinoceros provides the visualiz-
ation of the design decisions and the opportunity to ‘bake” a design
variant to make it manageable by Rhinoceros. The tool and its manage-
ment are accessible in Grasshopper.

&
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Figure 4.3: Graphical user interface prototype.
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The modular set-up, used to divide the requirements and structure
of the development process, is used to provide a legible structure for
the tool. Each module is responsible for different features of the tool.
The modules are separated with the horizontal division of the script.
Another partition in order to increase the usability of the tool is visible
in the vertical distribution.

* On the left, in the first column, the input that is required to start
the process. To increase the simplicity of the tool, the required
input has been minimalized.

* The second column contains all design parameters. Contrary to
the first column the input of this columns is maximized, to enlarge
the potential of the creative process and design possibilities by
increasing the influence of the designer. Naturally there is an
optimum of the number of parameters. Too little means a decrease
of influence, whereas too many leads to a decrease of distinctness.
A choice of limited variables is made, this should be customized
to the user and its needs.

¢ The third column contains the elements responsible for the execu-
tion and performance of the functions and represents the opera-
tional process.

¢ The fourth column contains the output of each module.

* The fifth column contains enables the visualization of the secundary
aspects needed to clarify the generated drawings.

There is an overlap between the second and third column, focused on
the engineer regarding the structural model and analysis. It is possible
to change the conservative standardized values, however it is recom-
mended to do this only when one possesses the knowledge to do so.
Therefore, an extra barrier is built-in to discourage the inexperienced
designer. Changes for matters like supports, loading and analysis are
done by referrals to the relevant part in the script to adjust the settings.
Figure 4.4 shows the Grasshopper code. The modularity and vertical
distribution can be recognized.
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Input  Variables B Operational Output Visualization

Structural properties Base geometry Boundary conditions

Load generator

Structural optimization

Structural Analysis

Figure 4.4: Overview of the script, corresponding to the flowchart.
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Script structure

Certain aspects are essential for a clear set up of the modules (Davis
et al. 2011) which can be adopted for parametric design methods:

1. Title of the module, concise and corresponding to its task

2. Inputs, defined and grouped on the left of the layout.

3. Outputs, defined and grouped on the right of the layout.

4. Group. The module is grouped together for easy identification
5. Description. A brief description of the procedure

These aspects are adopted for the structure of the individual modules.
This section elaborates on the realized prototype that is based on the
strategy and main flow chart. The functions, and to a lesser extent the
content of the script, are described per module.

Boundary conditions

e
—

Variables  Operational Output

" T
FEIE
gL
L

Figure 4.5: Overview of the script for the Boundary condition mod-
ule.

Boundary conditions

This module handles the necessary input for the start of the design
process. In consonance with the requirements it allows the user to
assign the perimeter and to set the design and dimensioning process
in motion. The number of possible outer perimeters is endless. There
are different techniques to mimic them, but the most efficient technique
differs per situation. Therefore it is not a solution to provide all altern-
atives, because the script will become illegible.
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For the proof of concept, elaborated in this thesis, it is decided to
provide different approaches that cover all possible perimeters. De-
pending on the specific user’s needs, a script can be manually imple-
mented for more efficient methods. The controllable input is limited to
rectangles, four-point polygons and two approaches for free-form, com-
posed of line and curve elements. Although it is not time consuming
to extend these possibilities, this was not considered as adding much
value for this PoC.

The mandatory input, shown in the left column of the script, is reduced
to the assignment of the method of input and the dimensioning of the
outer perimeter shape. The specific dimensioning is done with the
variables in the second column of the script. This part also provides
the dimensioning of the perimeter in the Rhino interface, later on this
can be easily implemented in the output report. For the prototype the
user can choose to show these dimensions during the design process.
The operational process, placed in the third column is responsible for
the generation of the perimeter. The requisite input for the continu-
ity of the design method and adjacent module is a surface, which can
function as base for the geometry of the roof cover. The surface that
represents the roof area is used as input for the next modules and will
stay interactive during the rest of the process. This is one of the main
advantages of the parameterized script. For example, the user can vary
the height of the supports to gain aesthetic and structural improvement
or even the location of the supports. While doing so the calculations
and dimensioning will be adapted at the same time.
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Figure 4.6: Selection of method for the boundary condition module

As mentioned before, the development started with a basic rectan-
gular geometry, of which the user can adjust the width and length of the
base. The rectangle is scripted in a way that it is always oriented with
the shortest span in y direction. The perimeter can be assigned with
4 corner points, each with a separate x-, y- and z-coordinate as well.
There are different possibilities to assign the coordinates of these points.
The first is to add points placed in the Rhino interface. The second op-
tion is to adjust the location of the corner points by dragging the point
manipulator in Rhino. Usually Rhino’s interface is not interactive with
Grasshopper and merely functions as visualization of the Grasshopper
script unless one bakes the elements to make it tangible. The third
option is to adjust the parameters of the x-, y- and z-coordinates of the
points.

The user has the freedom to implement every single shape imaginable
to create a more random perimeter in the 3D space. This is done by
NURBS in Rhinoceros, that encloses the roof surface and represents the
surrounding buildings or outer perimeter of a structure. Both straight
and curved lines can be adapted.There are two methods to do so:

1. Assigning the curves that represent an enclosed outer perimeter
and create a surface in between. These can be added by right click
on the curve container in the tool and select ‘set multiple curves’'.
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2. To ’loft” multiple NURBS curves that run from different corner
points, to create a surface that represents the area of the roof.
This last option provides more freedom and grip on the geometry,
because these curves can be adjusted during the process.

Rectangle

Figure 4.7: Width ‘a’ and length b’ (left) and the physical ma-
nipuation of a ’'GH point” in Rhino (right).

Therefore, the output of this module is a surface. One might think that
at this point the remaining script and method is the same for all types,
as all perimeters are converted to surfaces. However, to facilitate the
user, it is attempted to maximize the automatic detection of supports,
span and so on, which differ per scenario.

Base geometry

Variables Operational  oupw
AR I

Base geometry
“imagg g

Figure 4.8: Overview of the script for the base geometry condition
module.

This module has the largest influence on both aesthetics and the struc-
tural aspects of the design. It offers the user 4 different alternatives to
create the geometry of the design. It is considered that on the one hand
a large variation of geometries is desired, but on the other hand this
detracts from the clarity of the script and its use.
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Similar to the first module, a selection of the endless possibilities is
elaborated upon in the script, to show the potential of the algorithmic
design. The user can vary with multiple parameters and different pos-
sibilities can be explored and compared in an instant. Firstly, the mod-
ule contains an algorithm for a geometry in the 2D plane, in either one
or two directions and every random pattern; secondly an algorithm
with a catenary form finding; a third option with projection, which
gives much more freedom; fourthly is a combination of the catenary
surface and projection of a beam pattern; and lastly, of course: a full
manual input is possible as well. For future developments, every ima-
ginable extension can be implemented.

The different types of geometries are discussed hereafter, but what they
all have in common is the adaptability of the center to center distance
or mesh size, direction of the span, use of secondary beams and the
beam configuration. When the boundaries of the roof structure are
imported, the direction of the span will be determined. For structural
feasibility, it is desired to find the shortest span of a structure to avoid
unnecessary use of material. Often another direction is preferred due
aesthetic motives. Therefore, detection of the optimum span and free-
dom of the span direction is desired. The user has different options to
determine the span. He can decide to do this manually, define either the
shortest span or a direction which might be more pleasing for whatever
reason. The direction of the shortest span can be visualized in the
Rhino interface as well. To avoid devious spans, a sanity check will be
performed, for the user. Especially for plans with protrusions this can
save a lot of material. Another possibility in case of a non-rectangular
plan is to let the user appoint one side and the opposing side. Then the
tool can divide this in equal sections.

There are different possibilities for the user to define the center to center
distance. The standardized value for a parallel system is 2.1 meters, so
no secondary beams are needed. This module continues on the input
of the previous module and uses this surface, to convert it to a sur-
face mesh. The only mandatory input is the choice of geometry. All
other properties can be adjusted with the design variables of the second
column.
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Figure 4.9: Selection of method for the boundary condition module

Form finding - grid To create the basic geometry, the user can influ-
ence the structure with several parameters. First a base is created in the
2-dimensional plane, all types of perimeter from the previous module,
except the lofted curves, can function as a base for this 2D plane. The
user is free to make use of secondary beam:s, since this has a substantial
aesthetical influence. The next step in this sequence is to determine
the center to center distance of the beams. There will be the possibility
to do this manually, to choose between several options or automatic
assignment of a suitable distance. When the beams are not parallel, the
maximum distance will be leading. With the use of secondary beams
the distance between the main beams can be increased. When the 2-
dimensional distribution is provided, the user can choose to give the
structure a third dimension. This can be done with several extensions.
For the prototype several possibilities are added.

Form finding - hanging models The remarkably high compressive
strength of glass led to the requirement to include a hanging model
generator in the prototype. Efficient from a structural point of view
and lots of design freedom with visually interesting results. This prin-
ciple of a structure under pure compression, solely loaded by gravity,
executed by hanging a chain model and turning it upside down, can be



58 Tool development

simulated by several numerical form finding techniques categorized in
three groups: (Adriaenssens et al. 2014)

e Stiffness matrix methods, based on using the standard elastic and
geometric stiffness matrices.

* Geometric stiffness methods, using only a geometric stiffness, be-
ing material independent.

* Dynamic equilibrium methods, solving the problem of dynamic
equilibrium, to arrive at a steady-state solution, equivalent to the
static solution of static equilibrium.

The traditional physical form finding methods provide great insight in
the structural behaviour, but are time consuming to compose. These
models can also be simulated digitally with the particle spring sys-
tem, a dynamic equilibrium method. A system consisting of particles,
springs, forces and anchor points to simulate a structure. The springs
are hingedly connected to the particles, which might be subjected to a
force or fixed to a specified point. Since the system has no capacity to
resist moment forces, all loads are transferred through axial forces. This
method is suitable for a quick exploration and offers a lot of freedom of
design parameters and offers insight in the structural behaviour.

There are several software packages that use the particle spring method,
but most of them cannot be implemented into computer aided design
and are difficult to use. However, Kangaroo 3d, a plug-in for Grasshop-
per developed by Daniel Piker, offers the user interaction with real
time simulations, and will be the base of the hanging model in this
module.(Tedeschi 2014)
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Figure 4.10: Particle spring method.(Tedeschi 2014)

The Kangaroo plug-in offers a lot of possibilities; the ones imple-
mented in the prototype are described below. The main component is
the solver, and stores all ‘goals’. The solver is turned on and a threshold
is added with a low value, 1.00E10-6 , to automatically stop the itera-
tions when a steady state solution is reached and start the calculation
when adjustments are made.

The goals connected to the solver provide information regarding the
starting length, rest length, spring stiffness and dynamic loading in the
negative z-direction, opposite to the gravity. This dynamic loading is
used to manually control and adjust the height of the structure. The
difference can be observed in figure 4.11
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Figure 4.11: A change of height, induced by an increase of gravity.
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The pattern of the particles and springs are converted from the sur-
face output of the boundary condition module, both the 4-point, rect-
angle as free-form principle. This surface is used to create a 2D surface
mesh, which in its turn is used for different patterns. This 2D structure
will turn into a catenary net with an appointed height. The gravity
generator is reversed in order to get immediate visualization of the
result. At the moment a script is added for a simple grid, divided in
u and v direction, triangulations of this grid and diagonalization of
this grid. The u-,v-division is a parameterized variable for the user.
The triangulated grid offers the most stability, compared to the other
distributions, however, it causes an extra difficulty for the connection of
the glass elements. Therefore, the grid distribution is the default setting.

Another variable and goal for the solver are the anchor points. For the
prototype several configurations are programmed for each principle of
the boundary condition module. The supports are fixed at one point,
done with a high anchor strength with a magnitude of approximately
1.00E+106. The four configurations: fully supported on all sides, sup-
ports of the corners, supports of two opposite sides and supports of
the corners and midpoints of two opposing sides. The selection is done
with the component ‘naked vertices” which sorts the vertices of a mesh
into lists according to whether or not they are surrounded by faces.

The user can influence the form finding process by adjusting the mesh
size and the location of the supports; these do not need to coincide
with the end of the beams. Another function that is implemented in the
prototype is triangulation of the mesh, which offers higher stability and
a change of looks. Thus the hypnotizing patterns of Calatrava’s steel
structures can be the inspiration for glass design. Another, structural
glass related, feature is the possibility to use straight or curved glass
beams and flat, single or double curved glass panes. This might be
preferable for the costs of a project due to the consequences of glass
production and transportation.

Form finding - projection The third form finding technique allows
the user great freedom, possibilities and influence. The principle is
quite simple, it involves a surface and beam pattern, to be projected
onto the surface. All perimeters generated with the boundary condition
module can function as base surface. The lofted surface, as shown in
the first module, offers a lot of design freedom. The user can assign or
adjust several NURBS curves which are used to compose the basic area
surface. The end of these curves and the outer curves are in line with
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the outer perimeter. The curves get lofted to create a surface, which
will be adaptable during the entire process with help of the control
points on the curves. But, virtually all surfaces might be used. For
the composition of the beam, also practically all patterns can be used.

One of the possible patterns that are integrated in the prototype is de-
scribed below. It is a technique with radial curves originated from two
source points, located outside the perimeter. The position of these two
points can easily be adjusted, both ‘physically’ from Rhino’s interface,
by adjusting the script in Grasshopper or by assigning another point.
The user can adjust the number of rays and the angle over which the
rays appear. These lines get projected onto the surface and will become
the beam elements of the design. This leaves the user great freedom
for both the shape of the base surface as well as the beam pattern. The
range of the radial projection is set to 0.3*pi to 0.8*pi, respectively 0.8*pi
to 1.3*pi, so that it covers the projection surface. The number of radials,
distributed over this range, can be manually adjusted by the user. In
this way one can alternate and optimize between the number of beams
and height of the beams. For future developments, this could be added
to a multi-objective optimization.

The next step in the script is to extract the edges of the lofted surface
and project the rays, as defined before, onto the surface. All curves
are flattened and entwined into a collection of data streams. Next, the
parameters of the intersection are solved, sorted and filtered for du-
plications. Subsequently a domain is drafted between each intersection
and used to divide the original curves. These elements are rebuild into
smaller segments. The user is free to change the subdivision of the
elements. Varying from one governing height, up to a more organic
distribution revealing the load transfer. The latter option assigns the
cross section only where needed, but might be less economic, due to
lack of standardization, depending on the production process.
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Figure 4.12: The difference of the segmentation.

Due to the parametric nature of the script, this process is repeated
after each adjustment. Note, that during the entire process both the sur-
face and the beam pattern can easily be adjusted, while simultaneous an
update of the analysis and optimization occurs.

Output In order to implement this module into the prototype, it is
important that the generated information is transformed into a format
usable for continuation of the process. When the aspects mentioned
above are assigned and defined, all beam elements are assembled in
a collection of line segment, which is needed later on to be converted
to beam elements, detectable by the module for the structural analysis.
This is the end of this module, the output can be connected to other
modules.

Structural properties

Structural properties

Figure 4.13: Overview of the script for the module of structural
properties.



Framework 63

This module is the link between the aesthetical and structural part of
the prototype and forms the base for the analysis. For this part of the
script all parameters, that are usually needed to be specified repeatedly
in structural analysis programs, are standardized; the mandatory input
has been eliminated. The main reason for this is the reduction of cre-
ative obstruction, when combining the structural analysis in the early
design process. However, the ability to easily influence and adjust all
aspects of this module still remains.

The elements needed for the analysis procedure are supports, hinges (if
present), cross sections and material allocation. These elements are all
standardized to increase the design freedom. For this PoC the default
settings are as follow:

Supports: The default location of the supports coincide with the sup-
ports used for the form finding, extracted from the naked vertices com-
ponent, and are linked to the support components. A different part of
the script is needed for each type of boundary condition and are there-
fore automatically regulated with a stream filter to assign the supports
corresponding to the assigned perimeter. With a double click on the
icon, the user has the possibility to move the script to the part where
the supports can be adjusted. By default this is set as simple support,
but the user can adjust the translational and rotational restrictions of
the supports to create a roler, hinged or fixed support on either sides.
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Figure 4.14: The link to adjust the operational code.

A notification is given for the consequences of the type of supports
on the glass design, as they need to be designed with care to avoid
local peak stresses. This applies also for the influence it has when a
connection should be demountable or not.

Cross section: The default setting for the cross section is a rectangu-
lar shape, composed of laminated panes with available varying thick-
nesses. For the first phase of the development the rule of thumb is used
to provide the initial dimensioning of the cross section, because the
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optimization module was not yet implemented. The rule of thumb was
used to determine the initial height and width of the elements. In case
of a horizontal beam the height becomes 1/10th of the span and lower
for an arched beam. This depends on the angle for the arched beam,
1/30th of the span, when the total height exceeds 1/6th of the span.
The formula for the width is nonlinear, and rounded off to combine
with existing pane thicknesses.

Karamba provides a component, that can generate several cross sec-
tions. For the prototype, several cross sections are available besides
the rectangular shape: the I-section, hollow box, circular, trapezoid
and plate or shell cross section. The height of the profiles has a lower
limit of 100mm and upper limit of 1000mm. Automatic naming of the
cross sections, according to their dimensioning, is provided as well.
These standards will be overridden, when the optimization module is
activated. For the optimization, the complete list of cross sections and
its smallest member is needed. This list is sorted from most to least
favourable, starting with the smallest cross section and can be directly
implemented in the module for optimization. The plate thicknesses and
composition of the profiles are discussed in the optimization part. All
cross sections are collected in one component to be further used as input
for implementation of other modules. Manual input is always possible
and other shapes can also be realized. The beams are aligned from the
upper part of the beams to fit the glass panes, and therefore are shifted
half of its height to its local z-direction. If necessary this alignment can
also be changed.

Material: The part of the script that assigns the material to the design is
identical for all alternatives and therefore no extra arrangements were
made. Karamba provides components to assign all kinds of material.
Therefore the prototype already provides the possibility to use different
strength classes for concrete, steel and timber. The default settings are
set to match the properties of structural glass. The user has the ability
to adjust the material; this provides the possibility to easily compare
the application of different materials. Optimization between materials
is something that could be a future addition for the tool. The used
material properties are as follow.

Young’s modulus E : 7000 kN /cm?2
Shear modulus: 3000 kN/cm?2
Gamma: 25 kN/m3
Thermal expansion: 0,000009 kN /cm?2
Yield strength 40kN/cm?2
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Hinges: By default, no hinges are applied to the structure. An extra
feature would be the hinged connection (single, or double in case of two
clamped supports). The optimal position could easily be determined
by the program. This will not be part for the PoC, but could be a first
extension to get a better grip on the design.

Output: The mandatory input of this module is completely eliminated,
by standardization. The design variables provide easy selection and
exploration of different pre-set options. The output of this module is
collected, in order to create an uncluttered overview of the information
generated by the module, so that other modules can be easily imple-
mented.

Load generator
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Figure 4.15: Overview of the script for the module of load gener-
ator.

This prototype is intended for the initial design phase, therefore it is
decided to implement a simplified and conservative representation of
the loads described in the Eurocode. Any load module could be added
as separate load to complement or replace the default settings. The
extension of this module is quite limited for the proof of concept. It
is considered important to implement the dead load of the structure as
well as imposed loads and to apply basic load combinations to show
the many possibilities. Of course, the tool offers possibilities of optim-
ization and this should be exploited in future developments. The load
generator can easily be automated and connected to the Consequence
Classes of the norms. This automatization enlarges the suitability for
the more detailed design phase.

Also for this module, components of the Karamba plug-in offer a vast
variety of loads for a structural model. The user can add point, line and
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mesh loads, but can even apply load due to initial strain, temperature
and imperfections, later on to be used for the module of structural ana-
lysis.

The script assigns automatically a gravity loading to the structural ele-
ments and a roof surface, mimicking the roof plates. The load generator
provides different load cases, the applied factors for the loading 0.9,
1.0 and 1.2 in the negative z-direction and two load cases are applied,
one for the ultimate limit state (ULS) and one for the serviceable limit
state (SLS). The area over which the variable loads need to be applied is
depending on the shape of the structure and therefore depending on the
type specified in the module for boundary conditions. This means that
the output from the other modules is filtered again with the stream filter
component before it is connected to the script of the load generator.

There are several methods to apply the variable load, representing the
wind-, snow- and maintenance loading, to the structure. It's possible to
use point loads on all intersection points of the beams, line loads on the
beams in one direction or a mesh load that is projected onto the struc-
ture. For the latter, the load will be automatically distributed uniformly
over all beams, however, it is possible to apply beam identitifications of
specific beams to control this. The factors used for the load vector are
1.5 and 1 for the ULS and SLS. For all loads there is the possibility to
set the orientation of the load with respect to the elements or the global
orientation. To prevent mistakes from happening, it is decided to avoid
dependence of the local orientation and use the global orientation to
assign the loading.

Figure 4.16: A random example of the assignment of a mesh load to
a mesh surface.
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One of the central key features is, like the rest of the modules, the
interactivity with the geometry of the roof. When this changes, the
shape of the loads will change with it and when larger cross sections
are applied, the dead load will change accordingly. This safes the user
a lot of extra steps and prevents mistakes from happening. The output
of the loads is connected to the assemble component, together with the
structural properties, so that the analysis can be performed.

The mandatory manual input of this module is eliminated. The val-
ues for the load generator are quire conservatives, as they are used
for the initial design phase, and are intended to be connected to the
Eurocode. This would require basic project information as input. The
design variables are responsible to easily adjust these factors. The auto-
mated process can also be adjusted, for example to add point loads and
asymmetric loading. All types of loading are collected in an output
parameter for easy connection with other parts of the script.

Figure 4.17: The load distribution depends on the geometry.
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Structural optimization
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Figure 4.18: Overview of the script for the structural optimization
module.

There are many possibilities to implement algorithms for optimization.
In the prototype the focus lies on the optimization of the cross section
lead by the mechanical behaviour. As can be seen in the flow chart the
maximum stresses and deflection are leading. One of the variables is
the factor for this unity check (UC), the ratio between the maximum
allowed value and occurring value. The standardized values for the
UC for the stresses and deflection are taken into account with a factor
of 0.8, to incorporate a buffer for working in the initial design phase.

The 4th phase of development is used to interconnect the optimization
module with the other modules, in accordance with the setup of the
tool and therefore no extra actions are demanded to apply to all scen-
ario’s. This is done so with the stream filter in order to determine and
filter the elements subjected to the optimization module, the maximum
deflection and the structural model.

Within one scenario, assignment of different elements or identifiers of
multiple elements gives the opportunity to apply a different type of
cross section to specific parts of the structure.

For the dimension optimization of the elements are several possibilities.
The size of the objects to be optimized can differ from infinite small to
a single element that represent the entire structure. The user is free to
change this and can find one governing size for all beams or a com-
pletely specialized output, where the beams fluently differ in height.
This module could therefore also be used as another design algorithm,
with structural feasibility as leading factor. Figure [xx] shows the dif-
ference between a small interval and the entire elements, cut between
intersections.
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Figure 4.19: Small segments (upper left) to large segment (lower
right).

As mentioned before, the optimization module uses input from the
structural properties module. The flow-chart, as described in the strategy
for the tool development, shows the unity check for both stresses and
deflection of the elements, hence the need to interact, and iterate, with
the module for structural analysis as well.

This module automatically assigns the first cross section that fulfils the
given requirements on the list of cross sections; the tool calculates the
stresses and deflection when the smallest cross section is assigned. A
script is composed to detect the span of the structure, which is used
to determine the maximum deflection of 0,004 times the span. If the
requirements are not met, a profile, one step bigger, is assigned. This is
repeated until it satisfies the requirements.

The expression ‘round(3+x/15, 2)" is used for the width and therefore
grows non-linear with the height. Adjustments can be made easily.
Each cross section gets a name tag that shows the dimension of the
cross section. For this prototype, a range for the height is used, that
varies from 100mm to 1000mm and increases in 30 steps. The standard
rectangular cross section can also be varied
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Structural analysis
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Figure 4.20: Overview of the script for the structural analysis mod-
ule.

Structural Analysis

This module is responsible to examine the generated designs. Its most
important feature is to produce instant feedback, both numerical and
visual. Accomplished by assembling all design variables and aspects
into the analysis. Everything is interconnected, the boundary condi-
tions, the basic geometry, the optimization, structural properties and
the load generator. Even the slightest adjustment in one of these fields
will lead to a re-calculation of all other modules in less than a second.

To explore the many possibilities the plug-in offers, the script is mainly
composed of Karamba components. The first step of this module is col-
lecting the output of previous modules. Karamba provides components
to assemble this information and generate a model from these inputs.
This is connected to the element responsible for the calculation. For this
prototype, focused on the initial part of the design, the overall form and
dimensions are most important. The structural analysis focuses mainly
on the stress distribution, maximum deflection and support reactions
of the structure.

The output is standardized and parameterized for the sake of simplicity.
It allows the user to switch on or off certain aspects of the analysis.
There are different options to display the internal forces. This can be
done textual, showing the maximum values or the values per element
or sub element. However, this last option is not very clear, because with
an increasing number of elements, the clarity decreases rapidly. A more
legible option projects the outcome in the visualization of the structure
in Rhino’s interface. It is possible to show the stress distribution or
deflection along the structure, accompanied with a legend.
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Figure 4.21: The stress distribution (lift) and Deflection (right).

The internal forces can be projected along the elements axis. This
provides a clear image of the stress distribution of the structure, and
shows where adjustments or extra arrangements need to be made. The
scale of these distributions can also be modified, to provide as much a
clear oversight when looking at the entire structure, as when completely
zooming in to examine a connection.

Figure 4.22: he anticline beams under compression (blue) and syn-
clyne beams under tension.

The structure can be visualized in the deformed state; in the section
‘display scales’ the user can exaggerate this by adjusting the scale of the
deformation as showed in the figure 4.23. This holds for the support
reactions, as much as for loading, local axis and internal forces. One can
choose to show and calculate the support reactions, the displacement,
axial stresses, Mx My and Mz, as well as Nx, Vy and Vz. The calculation
can be performed with different load cases, which are easily adjustable.

Figure 4.23: The highly exaggerated deformation

It is decided to provide the user with three sets of analysis, for each
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base geometry. Therefore, a different stream filter sequence is used. In
this way the user is free to keep the desired settings, that are principle
specific. This can also be used to quickly compare a different analysis
for the same type of structure.

For glass structures, the design of the connections might be the most
important part of the design. The prototype offers a clear insight in the
force distribution of these connections. This method has the potential to
link a file to all connections, their conditions and limits, to automatically
assign to the structure according to the occurring forces.

In case the tool will be used for a more detailed part of the design pro-
cess, the module can easily be extended with tests for lateral buckling
and stability. For the prototype, different possibilities are implemented
already. The Karamba elements work like a black box and therefore will
be checked in the next chapter to ensure that the working is as expected.
It should be noted that the tool should not be executed without the
permission of a specialist, a structural engineer. The tool should be a
design assistant to avoid unnecessary repetition of work. Sanity checks
and comparison between the input of the tool and the physical situation
of the project always need to be done. One cannot blindly trust the
output of any structural design tool, because mistakes in the input or
inadequate use of the method are inevitable.

Output and visualization

During the design process, all individual steps and decisions are sup-
ported by the visual representation in the interface of Rhino. The user
can choose to show or hide certain information. The name tags, di-
mensions or material of the elements and the outcome of the structural
analysis can be switched on and off when desired.

For this prototype, the report that should be created by the tool here-
after is neglected. Nevertheless, some notifications are implemented in
the tool that could be incorporated in a report. When the stresses or
deflection are exceeded and also when the largest cross section is used,
a notification appears. Moreover, a short overview with the maximum
moment, stresses, deflection and support reactions is given, as well as
the applied loads and type of supports.

When the design satisfies the expectations, it can be exported to other
programs. First the structure will be baked, in order to transfer it to
Rhinoceros, this means that the model is not connected any more to
its parameters. It can only be changed by hand in Rhino or other pro-
grams. Another possibility is to open it in GSA for further structural
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analysis. The script is constructed in such a way that this will perform
automatically and the procedure will be described in the case study.

Workflow

This tool can be used on three levels. Firstly, for the recreation of a
certain design, created outside the tool, mimicked with the settings
provided by the tool. Secondly, for the creation of a design, with help
of the tool, optimized in a conservative manner provided by design
variables. And finally, for the creation of a design with help of a more
advanced development, elaborating on the existing tool. A short de-
scription of the integral use is described below:

The only input needed from the user is the immediate surroundings
of the project, which can be done manually or with help provided by
the module for boundary conditions. From here on the designer is free
to explore the design possibilities with the provided variables, options
and written suggestions. Instantly he will see the visual result of the
changes, both visually and structurally. Due to the module for optim-
ization, not only can the tool provide instant structural feedback, it also
assigns profiles fulfilling the structural requirements.

The standardized options enable the user to choose, which type to use
as a base for the structure. This prototype provides four options, ran-
ging in degree of adaptability from a minimal surface, spanning between
the boundaries (that leaves no means for modification), to a surface
lofted through control point curves, providing maximum influence on
the shape. Different measures are taken to facilitate the process of en-
tering this outer perimeter in the tool. Subsequently, the prototype
already offers different options to generate different geometries; the
most remarkable being the catenary function, the projection and the
combination of the two. All options are also equipped with sub design
variables. Think of the division patterns, influenced by shape and mesh
grain. For the structural properties everything is standardized; the
main design options are the location of the supports, divided into sev-
eral configurations, ready to use. Also, besides the default rectangular
shape, simple change of cross sections and material are provided for.

The last three modules are especially interesting for the engineer and
offer a lot of freedom to adjust and optimize the design as discussed in

the description of the concerning modules.

In short, the mandatory manual input is minimized and the design
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freedom for inexperienced user is amplified with a substantial amount
of possibilities and combinations. It is also encouraged to let the user
explore the possibilities beyond the default setting and look into a fur-
ther extension of the tool. In order to do s,0 a basic understanding of
the method and working of Grasshopper is necessary. The clear set-up
and modularity contributes to this purpose. The amount of possibilities
is endless as the combination of all types of supports with the different
boundary conditions, the wide range of patterns etc., and five meshes
translate into infinite possibilities. As mentioned in their description,
the modules are not implemented using parallel computation, but are
combined in an iterative process. At first, the different options were
developed as loose scripts, processed simultaneous, later all different
functions were integrated with the help of several stream-filters. Two
types of stream-filters are distinguished. The ones that add all types
and possibilities to a single function and the ones that divide these into
groups.

4.4 Work in progress

This research is part of a bigger ambition, and therefore in order to see
the feasibility of the tool and its further development, it is decided to
explore certain parts, and make a start on the prototype to show the
possibilities and uncover possible pitfalls.

The research conducted to further expansion includes the incorpora-
tion and adjustment of various functions regarding several modules as
described below.

One of the most important extensions is the structural analysis for plate
structures. At the moment this is limited to single plates or entire shell
surfaces, but fully implemented in the structure of the prototype. Ex-
posed to the same loading components, connected to the optimization
module and varying the thicknesses. The analysis shows reliable res-
ults, however, the script needs to be evolved in order to simulate single
panes, matching the glass plates. In order to do so it is important
to simulate the possible connection method, varying from structural
sealant along the edges to bolted point fittings. It was too much effort to
implement the plate analysis into all the scenarios provided by the tool,
therefore it is decided to check the principle based on a single plate.
This turned out to be reliable and so it is recommended to pursue this
research. This principle is already used to specify that the beams should
be straight or curved.
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Figure 4.24: The plate analysis combined with the analysis for
beams.

Another important progress regarding structural glass, is the de-
velopment of the base geometry module controlling the curvature of
the glass panes. This is, as mentioned in the literature review, because
the costs increase significantly, when a curvature or double curvature is
needed. In order to discover the possibilities, two methods are explored
using Kangaroo’s form finding components. Both methods include di-
agonalization of the mesh. The first gives the diagonals infinitely high
spring stiffness and the second method ensures the diagonals to main-
tain an equal length relative to each other, both ensuring the panes to
stay flat. Both methods do not yet provide a perfect result and the
second creates distorted parts. However, it shows already promising
results for a first try-out.
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Figure 4.25: Restriction of the panelling to flat panels

Incorporation of automatic placing of panels to the structure and
analysis, restricting the panelling to flat panels, single or double curved
is possible as well. A simple start is made for rectangular perimeters.

Figure 4.26: Restriction of the panelling to flat panels



Conclusions 77

4.5 Conclusions

The prototype already covers a large part of the design process and
different possibilities can easily be discovered by the ‘design handles’,
offered by the tool.

The downside is the complex character of the script and the required
knowledge of not only the program language, but also the specific script
itself. There are multiple strategies thinkable, therefore the script might
still be experienced as a puzzle, even though a lot of time is put into the
legible and logical arrangement, composed with logical reasoning.

Besides, it is impractical that the user is unable to ‘get a hold’ on the
visualized elements. Everything, all alterations, with few exceptions,
need to be scripted, even the smallest modifications. Whereas often the
user is used to modify and alter the geometry from a visual point of
view, instead from a theoretical point of view. So, the tool provides
visual exploration, but cannot compete with the intuitive process: it
only provides handles to mimic this.

For example, with a physical mock up, the designer can wonder what
happens, if he turns it around, tweaks a certain part, removes this part,
adds that, and so on. With the algorithmic method everything needs
to be scripted, so in one way ‘everything’ is possible, but on the other
hand the possibilities are limited until they are made possible. This
causes a devious process, when it is not properly developed. A proper
design language needs to be created to let the designer speak as he
is used to. In order to cope with this discrepancy, it is of importance
to become more familiar with the usual design process and extensive
testing should be conducted in order to further research the needs that
will lead to the requirements for further fine-tuning.

The prototype offers the designer already a lot of options, if the user
is willing to adhere to the available options. When the designer is
willing to explore these possibilities it’s possible to refine the design
in the physical space, for example baked in Rhino with a single click.
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Chapter 5

Tool verification

5.1 Introduction

There is a difference between the, often interchanged, terms verification
and validation. Verification is an objective process, done by developers,
to ensure the functionality of a software system. This chapter contains a
description of the verification and covers the question: Are we building
the product right? This needs to be done to continue with the valida-
tion, that is covered in Chapter 6. The validation is a more subjective
process, executed by testers, to check if the functionality meets the in-
tended behaviour and covers the question: Are we building the right
product?

Software testing is described, by the IEEE, as the process to detect dis-
crepancies between existing and required conditions and to evaluate
the features of the software item. The Institute prescribes several pro-
tocols for the development and testing of various kinds of software.
These documents have provided guidance for the development and
validation of the software prototype, but do not meet the requirements
and protocols of the IEEE standards. (IEEE 1998)
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5.2 Testing methods

There are different types of testing: (Copeland 2004)
1. Unit-testing: Testing of isolated software units.

2. Integration-testing: Testing the interaction of combined software
parts.

3. Functional/System-testing: Testing of the complete, integrated sys-
tem.

4. Acceptance-testing: Testing to verify that the acceptance criteria are
met.

5. Regression-testing: Testing the existing functions after implement-
ing new ones.

This thesis covers a combination of these methods.

5.3 Modules

Module Boundary conditions:

The requirements composed for this module, ensure the general applic-
ability of roofing envelopes and the visual feedback of this input.

Verification: For the simple, rectangular shape, all requirements are
fulfilled. Some features, however, require further development. At
this moment, the automatic function to find the shortest span and di-
mensioning of the structure is not suitable for more elaborated shapes.
The most important feature, implementation of all possible perimeters,
is working well. As described in previous chapter, there are different
algorithms to facilitate this process.

The boundary condition module (BC) functions as the base of the design
and structural analysis. Therefore, the interconnectivity is important
and will save unnecessary repetition of work. We limit ourselves to
simple sanity checks for the internal collaboration of the individual and
combined modules. The perimeter of the subsequent module, the base
geometry, responds automatically to changes in BC with a regeneration
of the geometry. The same applies for the input and output of the load
generator, optimization and analysis modules. An increase of the span,
causes an increase in the loads, cross section, stresses and deflection,
as it is supposed to do. Hereafter, a more elaborated check concerning
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the structural analysis is performed to see whether the analysis, mainly
performed by Karamba, is reliable.

For verification, we also review the interoperability with other pro-
grams, since the geometry cannot be inserted in Grasshopper right away.
An additional action is needed: Import of the geometry from software
X into Rhino’s interface and from Rhino into the tool. Architectural
and structural drawings are often produced in programs like AutoCAD
(*.dwg/ *.dxf), Revit (*.rvt) and Adobe (*.ai/ *.pdf). Files from Auto-
CAD, SketchUP and Adobe can be imported straight into Rhinoceros
and there are several methods to import from Revit. DWG ACIS solids,
for example, gives the user a lot of influence. The model can simply be
exported from Revit into a .DWG file and imported in Rhino’s interface.
It is not possible to preserve materials, but objects can be assigned to
different layers. For optimal use, it is important to keep a low level of
detail and limit the selection to what is necessary.

Requirements | Test Remark

REQ-1 Pass -

REQ-2 Pass Limited number of parameterized input
REQ-3 Pass -

REQ-4 Pass Limited to rectangle outlines

REQ-5 Pass Not automated for all perimeters, manual input is possible
REQ-6 Pass -

REQ-7 Pass Limited to simple outlines

REQ-8 Pass Limited to simple outlines

REQ-9 Pass

REQ-10 Pass

Figure 5.1: Verification test of boundary conditions module.

To verify the interoperability, we used a complicated outline that was
drafted in Autocad and represents the streets in the Hague’s city cen-
ter, (see Figure 5.2). This went quickly and was easy to implement in
the tool. However, it became clear that this module is not yet fully
automated; we had to manually assign a surface between the facades.
The knowledge of scripting was needed to select the right elements.
Depending on the original geometry file and cleverness with Grasshop-
per this can be time consuming, therefore it is recommended for the
inexperienced user, to limit the geometry solely to the curves that will
be used.
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Figure 5.2: Import AutoCAD to Rhino and GH.

Conclusion: The module for boundary conditions offers the pos-
sibility to enter all imaginable roofing peripheries and a good visual
representation of these perimeters. Further attention should be given
to the automatic detection of the implemented geometry.

Module Base geometry:

The requirements for this module are set to provide the designer a quick
overview of the design possibilities. An important feature is to offer the
opportunity to play with the variables while providing instant visual
and numerical feedback.

Verification: All algorithms are tested separately and offer a vast vari-
ety of possibilities. There is a choice between several geometries and
each geometry has multiple design variables. Each adjustment gives
instant visual response and the adjustments are interactive with the
other modules.

The working of the module has been extensively described in Chapter
4, we see that the module already offers the user different possibilities
to play with the structural design. The user can vary, for example, the
center to center distance in both directions, the height of a structure,
adjust the mesh and height of a catenary structure and can even manu-
ally adjust the geometry in every possible way. To check the interactiv-
ity, we look at the discrepancy between the expected and occurring
consequences of the other modules in response to a change of design
variables in the base geometry. An increase in the loads per element
and so the cross section will occur, when the center to center distance
increases significantly. Also, a change is expected of the load path,
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when secondary beams are added or the mesh of a structure is adjusted.
If the catenary height changes, it is expected to influence the horizontal
and vertical reaction forces of the supports and the load distribution of
the structure. When tested, all assumptions are in line with the working
of the model.

Further verification of this module will be covered more extensively
during the case study, where we will show the added value compared
to a more traditional approach.

Requirements | Test Remark

REQ-11 Pass -

REQ-12 Pass -

REQ-13 Pass -

REQ-14 Pass The direction of the beams is not yet easily adjustable for all perimeters
REQ-16 Pass -

REQ-17 Pass -

REQ-18 Pass Further elaborated in the case study
REQ-19 Pass -

REQ-23 Pass -

REQ-24 Pass -

Figure 5.3: Verification test of base geometry module.

Manual input is possible as well, but depending on the user’s ex-
periences, might be time consuming. It is also possible to import a
design from other software, but as yet there is no automatic conversion,
however. A standardized algorithm to recreate a design is still limited
to very specific options (both simple and complicated).

Conclusion: The test case will tell if this module offers a helping hand
for the early design process, to see if it can compete with the pencil as a
tool for an extension of the brain. But we can already conclude that even
a user without a ‘structural’ background can directly see the impact
of a change and therefore gain a better understanding of a structure’s
mechanics and explore the boundaries of the different possibilities.

Module Structural properties:

From a structural engineer’s point of view, this module represents the
heart of the tool. The part where the engineer can influence the design
and manipulate the structure to fulfil its demands. Seen from a de-
signer’s point of view, we could call the base geometry the heart of the
tool and this module is expected to work in a conservative, safe manner
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to facilitate the designer.

Verification: The user’s requirements for this tool are conflicting. On
one hand, conservative standardized values are desired. On the other
hand, the possibility for optimization requires freedom of the factors. If
the values provided by the tool are sufficient for the structural design,
we will check by comparing it with the features of a regularly used
program: Technosoft Raamwerken version 6.07 (build 2046), in short:
TS:

Materials: Technosoft offers the freedom to choose either steel, con-
crete, wood, aluminium or a material added by the user. The choice for
steel, concrete and wood are connected to the most common libraries
and can be specified for different qualities. The materials are character-
ized by the value for the Young’s modulus, density and the Poisson’s
ratio. The prototype already offers the possibility to choose different
types of material and it’s quality as well. This is done with the material
selection component provided by Karamba, the values for this tool are
set to glass.
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Figure 5.4: TechnoSoft menu (left) and Tool input (right).

Cross section: Technosoft also provides libraries for the most com-
monly used cross sections and to enter these manually. There is a func-
tion to add tapered profiles that morph from one cross section into the
next. Technosoft liggers (version 6.22) also offers a function to assign
cross section over several sectors of an element. In the tool the use of
cross section libraries is limited, for the ease of use it is recommended
to extent the selection of cross section by providing libraries for the
different common types, that will allow the user to select some pre-
defined cross sections. However, the possibilities to add a cross section
are very thorough. Some standard shapes, the I, Box, circular hollow
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and trapezoid cross section can be implemented easily and there is a
component that can generate and modify all kinds of cross section with
the help of 20 variables for different properties; although the surface
(A), moment of inertia (I) and Young’s modulus ( E) of a cross section
are already sufficient. The standard value for the tool is a rectangular
glass cross section, with the smallest height set to 100 mm: the starting
value for the optimization. For future development eccentricity of a
cross section could easily be assigned to an element and reinforced cross
sections should be added.

Supports: Just like TS, the prototype offers the choice between a
hinged, roll or clamped support. In programs like TS, supports are
assigned manually. The advantage of a parameterized tool is that this
can be done automatically. At the moment, the tool assigns the supports
at the cross section of an element with the perimeter. It is also pos-
sible to assign the supports manually, however, a understanding of the
programming and process is needed. For future developments, extra
algorithms should be introduced to offer more choice for the automatic
supports placement.

Technosoft offers three more features that are often used; hinges, springs
and induced displacements and rotations. These features become more
important in the detailed design phase and are therefore not implemen-
ted in the prototype. The engineer has the freedom to add hinges and
springs manually, which are already implemented in the script. For
this verification, we checked if this could lead to problems, when used
without proper knowledge, but the analysis stops when the structure
becomes Kinematic indeterminate and changes into a mechanism.

In order to check the interactivity of this module, we varied the input
of the perimeter: the supports and definition of the elements changed
accordingly. The same goes for adjustments in the base geometry. For
the interactivity with the loads and analysis we changed the settings of
the supports. The simple supported beams have a moment distribu-
tion and deflection as can be expected. The same goes for the beams
clamped on two sides and the cantilevering beam. For the link with the
optimization module, we lowered the yield strength and observed how
bigger cross sections were assigned.
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Figure 5.5: Verification of interconnectivity.

Requirements | Test Remark
REQ-25 Pass
REQ-26 Pass
REQ-27 Pass
REQ-29 Pass -
REQ-30 Should be extended more for further developments

REQ-31 Future?
REQ-32 Should be elaborated upon

REQ-33 Pass

Figure 5.6: Verification test of the structural properties module.

Conclusion: It is safe to conclude that all elements of this module
are linked to the other modules. For future developments, it is im-
portant to introduce a reset function; to set the variables back to the
standard value. In the current version, this is restricted to the paramet-
erized input, like the sliders and value lists, but in the nearby future
we recommend standardizing the settings of all important components.
This is especially necessary, when used by someone without a structural
background, to enhance the safety.

Module load generator

The most important feature of this module, is the interactivity with
the parametric structure and the freedom for the user to apply, adjust
and remove loads; also to offer the potential for implementation of the
Eurocode.

Verification: As for the module for the structural properties, we will
make use of other programs to verify the working of the tool. If we
compare TS liggers with TS Raamwerken, it becomes clear that, due to
the extra dimension, TS Raamwerken has more features concerning the
load distribution on a design. Therefore we take this for benchmarking.
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TS provides exact assignment of the type of loading, the location of
the loading and its properties. The codes of different countries are
implemented in the script and can be related to the loads; the user only

needs to specify that it concerns a permanent or variable load and if so
what kind of load.

Implementation of the Eurocode is time consuming and therefore it was
neglected to focus on more important parts of the script. For the first
tool setup, we have chosen to use a permanent load of the gravity and
loading for the roof plates, which are not accounted for otherwise. We
also added a variable wind load and added a load combination with
the factor for consequence class 2.

Karamba supports the following types of loads: gravity, point, imper-
fections, pretension, uniform distributed mesh loads and prescribed
displacements at supports An arbitrary number of these loads and one
gravity load may be combined to form a load case of which an arbitrary
number may exist.

Requirements | Test Remark
REQ-34 Pass -
REQ-35 Pass Easily extendable
REQ-36 Pass -
REQ-37
REQ-38 Pass

Figure 5.7: Verification test of the load generator.

Conclusion: Further implementation of the Eurocode is a must.

Module structural optimization

In order to be implemented in the design process, it is important that
this module reacts instantly on the changes of the user and can provide
instant feedback.

Verification: We see that the optimization module automatically as-
signs cross sections to elements or parts of elements, based on the load
bearing capacity. Furthermore it is possible to set the maximum deflec-
tion as a restriction. For the prototype, that focuses on the initial design
phase, is chosen to use conservative values with a factor of 0.8 for both
the load bearing capacity as well as the governing deflection; this can be
changed by the input for “MaxUtil” and “MaxDisp”. It is also possible
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to select different parts of the structure to be optimized, this can always
be a designers choice.

As the tool only shows the outcome, we give a brief description of the
procedure:

1. Assign the first cross section in line.

2. Determine section forces and deflection at “nSamples” points of
the beams.

3. Select the first sufficient item on the list.

4. Repeat step 2 and 3 until no other profile is selected at 3, until
the iteration has reached the biggest section or until “Displter”
iterations are executed.

A notification appears in the output section whenever the load bearing
capacity of the biggest cross section of the list is insufficient.

The optimization list should be ordered from best to worst choice; this
can be done either by the height of a profile but also the costs could be
leading, or another motivation. The sequence is important, because the
tool assumes that the most desired section is placed first. It is possible
to use different types of cross sections, so one could also use a combined
glass I profile.

Freedom of settings provide choice in the amount of maximum itera-
tions for both the ultimate- and serviceability limit state and the number
of samples among the beam where cross section forces and resistance
are compared. It’s also possible to choose for an elastic or plastic cross
section design or to change the material safety factor. It is required
to implement the buckling length in the algorithm to provide feasible
cross sections.

Figure 5.8 shows a simple optimization example of a cantilevered beam
with a uniform distributed load. The optimization module places the
higher sections, closer to the support and smaller sections at the end,
where the bending moment is reduced to zero. The situation on the
right shows that the number of steps between the smallest and biggest
section have more than doubled.
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Figure 5.8: Element optimisation.

It is possible to set the element size very small. However, this will
lead to big local differences at points with peak stresses. However,
the outcome can be used as design help. The user needs to keep in
mind that this is the minimum cross section that fulfills the prescribed
factors; it is always possible to deviate from this, when the cross section
increases.

Figure 5.9: Big cross sections assigned near peak stresses.
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Requirements | Test Remark
REQ-39 Pass -
REQ-40 Pass -
REQ-41
REQ-42
REQ-43

Figure 5.10: Verification test of the module for optimization.

Conclusion: The output of this module is the optimized cross sec-
tions, including warnings when these are insufficient, with notifications
for the mass of the structure, the internal energy of each load case and
the maximum displacement of each load case at the end- and mid-
points of the elements.

Module Analysis:

The most important part of the module is the reliability of the analysis,
but also the interconnection with the different modules, and like the
other modules, the instant visualization of the outcome.

Just as with the optimization algorithm, the utilization of the elements
are determined according to the Eurocode 3 EN 1993-1-1, buckling and
lateral buckling are considered. To check the reliability of the ana-
lysis elements of Karamba that are implemented in the tool, we look at
three common cases that we can compare with several ‘forget me nots’,
simple hand calculations. The outcome can be seen in the appendices.
In addition to this basic check, the outcome of the tool could be com-
pared with the results of any structural design software . A comparison
of these results shows a compelling resemblance with the findings of
the algorithmic tool.

Requirements | Test Remark
REQ-44 Pass
REQ-45 Pass
REQ-46 Pass -
REQ-47 Should be elaborated upon
REQ-48 Pass

Figure 5.11: Verification test of the analysis module.
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5.4 Conclusions

The prototype fulfils practically all the requirements drafted during
the development strategy and thus offers the user an abundance of
possibilities. As long as this person is willing to adhere to the supplied
options and explore these possibilities.

The tool has the capacity to check extreme scenario’s and to prevent
mistakes due to malicious design, mistakes with loading or inexperi-
ence with a specific material. However, at the same time this becomes
a disadvantage, when a user interferes with the original script, without
proper knowledge and competence.

More extensive testing, comparison with hand calculations and FEM
models is needed, to check extremely complicated designs, to test the
boundaries and to see up to which level the tool provides reliable res-
ults.

Briefly, the tool shows high potential to function as a design aid on
different levels throughout the process. The usability for everyday use
should be tested.
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Chapter 6

Tool validation and testing

For this chapter, we step into the role of the tester and validate the
tool with help of a case study. As described in the previous chapter,
this validation focusses on the question; ‘Are we building the right
product?’.

6.1 Design

In the literature study the potential and limitations of glass as structural
material and the importance to provide safety for the design were ex-
plored. The tool should facilitate the development of innovative design,
exploring the limits and boundaries of structural glass.

Design principles

One of the intended qualities of the tool is evidently the multi applic-
ability; therefore it can be tested for a large amount of scenario’s. In
consultation with the graduation committee it was decided to apply
the tool on a challenging test case, bridging a wide span. The tool will
be tested for a cover at the broadest part of the Grote Marktstraat in
The Hague. This could function as the entrance of the subway, which
is currently quite anonymous. The application of the testcase in the
parametric design tool has been translated into the following design
principles:

¢ The roof cover is self-supporting and should provide for its own
stability.

* The roof spans at least 30 meters, placed 4 to 20 meters above
street level.

93
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The structure will provide an open space, all supports (columns)
are placed in line with the facades.

Load carrying elements are executed in glass.

Lateral stability is provided by the glass panes.

The load transfer to the facades should be spread.

The cover will highlight the entrance of the subway.

The project is situated in the urban inner city of the Hague.

The load on the structure is assumed to be as described in the
Eurocode, complemented with the Dutch Annex.

Structural calculations 6208 en the additional research currently
conducted at the TU Delft.

Focus on the conceptual design process.

Material properties from literature study, with design strength of
40MPa en a safety factor of 2 for this fictitious design assignment.

Figure 6.1: Scenario of the case study.
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Configurational assumptions

The project is located at the city center of the Hague and is meant to
highlight the entrance of a subway, which is now quite concealed. The
wide street profile poses a challenge to test the extreme possibilities of
the tool.

Figure 6.2: Situation of the case study.

6.2 Algorithmic design approach

Boundary conditions

The boundaries are determined by the location. The margins for the
location of the supports are shown in the image below, there is the
possibility to play with the exact location. We added sliders to the
boundary condition points for the vector in z-direction. Later on it will
become clear, how this will influence the design. The coordinates of the
supports are kept flexible throughout the entire design process.

Figure 6.3: Restricted zone for supports.
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Base geometry

For this test case, we generated a large number of alternatives, with
straight glass beam elements and both single and double curved glass
panes. The minimum height is restricted by the free passage of fire
trucks and is set to 4 meters. There is no limit to the maximum height,
this is depending on functional, structural and aesthetic considerations.

For this specific situation, we added an algorithm to mesh the base
geometry and automatically locate the elements at the facade sides.
We want this to be reassigned automatically when the mesh is altered
(characterized by its UV partition). To accomplish this, we create a
pattern, U+1, V-1, V-1, U+1, that can partition the list of naked points
(point locations of vertices not surrounded by faces). These points do
not need to coincide with the supports of the structure.

Figure 6.4: Automatic support at the facade.

Structural properties

We can conclude that the initial values of the prototype are sufficient
for this tool design.

Supports — As described before, the supports are automatically assigned
to all sides of the structure; however, it is only allowed to place
columns or supports on two sides of the envelope, coinciding
with the two facades. Therefore we need to adjust the script to
automatically select the supports corresponding to the ones par-
allel to the facades in the same manner as the adjusted algorithm
of the base geometry module. By default, all beams that intersect
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with the facade function as supports. However, for the case study
we added the possibility to play with this parameter. It is pos-
sible to support all beams, only to corner points or something in
between. For this test case, we experimented with the possibilities
of the base geometry.

There is a considerable influence on the sequence of design. Discarding
supports in the catenary engine will create high deformations and a
vault like structure, with relatively low cross sections. If the supports
are removed after the form finding process, high beams in the facade
are needed to span from support to support. These edge beams could
be easily replaced by steel elements. Corresponding supports for the
form finding module and support module, generally produce the most
efficient structure.

Figure 6.5: Form finding discarding 8 potential supports.

The type of supports appointed in the module of boundary condi-
tions, are simply supported and don’t need further action. The choice
of type of connections will have consequences for the detailing of these
connections, just like other materials and will be discussed later in this
chapter.

Material - the assumption for material properties for the test case and
that of the tool design arise from the same literature study and are
therefore similar. In case of diverging values it is easy to adjust the
aforementioned sliders.

Cross section — we use the optimisation module for appointment of the
dimensions. Further we use the default settings with rectangular
profiles and combinations of the available glass thicknesses as can
be seen in the literature review.

Load generator

For glass design the Eurocode turns out to be insufficient, therefore the
Dutch NEN 2608 will be leading. However, the NEN-EN 1991-1, the
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norms for loading in general, will be used to determine the load cases.
The considered loading for the tool is summarized below:

The self weight of the glass panes and the self weight of the beams
G =t[m] x 25 [kN/m3]

The wind load is determined based on wind zones for canopies with
an angle of 30 degrees as worst case scenario . The structural factor cscd
=1 for regular, low-rise buildings. Cf = force coefficient for windzones
for canopies with free flow of wind (¢=0) the overall force is depending
on the angle of the roof. With maximum values:

A +2.2/-3.0

B +3,2/-3.8

C +2,4/-3.6

and overall force +1,2/-1,8

Ze=h=15 qp(ze) = 0,80

for Urban regions situated in area II

Fi=1*-3,8V +3,2)*0,8 = -3,04/2,56 kN /m?2
Overall force Fi = +0,96 / -1.44 kN/m2

The factor for wind friction: cfr 0,01

The snow load depends on the geometry of the structure. Because snow
does not run off like water, accumulation of snow will occur and can
cause high loads; 0,7*1,6*1,0*1,0= 1,12kN/m2 is the worst case
scenario

As maintenance (1 kN/m?2) is highly unlikely to occur simultaneous
with snow loading, we consider the snow load as leading. Composition
of the load combinations are stated in the appendix as well and are
summarized in the figure below.

Currently, the standard load combinations are in line with the ones in
the test case. It should be made possible to use deviant consequence
classes and load factors without manually adapting the load combina-
tions. The exact values of the imposed loading is facilitated with num-
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ULs Load case zafety factor

1 self-weight only (G) 1,35%G

2 self-weight plus snow load (Qsn) 1,2*G+1,3*Qsn
3 self-weight plus wind upwards (Qw+) 1,2*G+1,3*Qw+
4 self-weight plus wind downwards [Qw-) 0,9%G+1,3*Qw-
SLs

5 self-weight only 1,00%G

f self-weight plus snow load (Qsn) 1,0%G+1,0*Qsn
7 zelf-weight plus wind upwards (Qw+) 1,0%G+1,0¥Qw+
g self-weight plus wind downwards [Qw-) 1,0*G+1,0%Qw-

Table 6.1: An overview of the load cases.

ber sliders and therefore accessible and simple to adjust for the case
study.

Structural optimization

We apply the algorithm as described in Chapter 4 Tool development,
for the test case. The specific and standardized boundaries of values
are:

¢ Height — ranging from 100 to 1000 mm divided in 30 intervals.

e Width - the width of the cross section increases non-linear with
the height and is rounded up, to combinations of available thick-
nesses.

* Maximum utility — utility of the elements multiplied with a factor
0.9

* Maximum displacement — the deflection (maximum span x 0,004)
multiplied with a factor 0.9.

Structural analysis

For the analysis of the structure we use the module as described in the
tool development and verified in the tool development chapter. We
adjust for the height and number of beams until the notification of the
outcome report shows that there are no more cross sections that fail the
requirements.
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In the previous chapter, we concluded that these values are reliable and
conservative and therefore it is assumed to be oversized.

Figure 6.6: An example visualization of the analysis applied to the
structure.

As mentioned before, additional calculations concerning buckling
and lateral buckling are required and the roof design should also provide
for a proper water drainage to avoid water accumulation.In this case the
overall shape prevents water accumulation.

Design alternatives

Figure 6.7 illustrates a selection of design alternatives generated in just
minutes with the help of the catenary engine.
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Figure 6.7: Design variants.

6.3 Roof design

With the outcome of the tool we already have a jump-start for structural
design. However, there are some very important steps that need to be
done before continuing the project. Since these choices will have a high
impact on the (structural) design, it is recommended to keep this in
mind already during the conceptual design phase.

Structural integrity

The tool designs the element with extra safety measures to ensure the
structural safety of the single elements, by the use of heat strengthened
glass, lamination and layering of the elements and the notification to
avoid peak stresses for the detailing phase.

However, in case of failure of one element we want to avoid progressive
collapse, failure of the entire structure or major parts of it.

An extra measurement, applied to this test case design, will be the
reinforcement of the main beams. In case of complete failure the rein-
forcement will keep up the entire structure.
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Figure 6.8: Reinforced main beam

Detailing

It is wise to design connections that gradually introduce the loads from
one element into the other. Therefore we prefer embedded connections,
laminated into the elements. One of the design restrictions is the de-
grees of freedom of the connections. In the main direction, the elements
have no rotational freedom. This will be visible in the connections,
which need to be larger than for hinged connections. In the secondary
direction, coupling is provided with hinged joints. Stability is provided
by the roof planes, connected with a structural sealant.

Furthermore, we consider it practical to use demountable connec-
tions for maintenance, replacement and reuse. It is important to keep
the realisation and construction approach in mind during the detail
design. More deviant elements generate more room for mistakes.

To construct this design, the two smallest outer arches will be placed
with temporary supports. Then alternatively the secondary beams and
roof planes are placed, followed by the next arch until the entire struc-
ture is completed.

Figure 6.9 shows a first design concept for three typical points: the
hinged support, continuation of a main beam and a section where four
beams come together. The supports are designed in such a way to
visually disappear in the faade. The main beam is split into different
sections and the secondary beams hang on these elements. The glass
is protected with a soft neoprene interlayer between the shoes and the
glass.
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Figure 6.9: Left: supports and detail of the Victoria and Albert
museum Middle: continuous beam Right: intersection

6.4 Further development

This research study is a proof of concept, designed to function as base
of a much more extensive tool. Since this tool is a prototype, no self-
contained program, further development is essential. During the pro-
cess, it is assumed that extension of the tool is easily done. To be able to
evaluate the feasibility of the tool and further development, the adapt-
ability is explored with help of two additional case studies.

Case study 2

Appendix D shows the expansion of the prototype, applied to a second
test case: a roof cover for a conservatory at the faculty of Architecture
in Delft, covering 50x30 meters. The expansion of the prototype make
the addition of mid supports necessary. Besides the supports at the
perimeter, that support all intersections with the glass beams, supports
at the middle of the roof are required. This is done by adjustment of the
structural properties module as shown in Figure 6.10. Four points are
introduced that indicate the intended position of the internal beams in
the 2-dimensional space. The element ‘line to beam’ is used to extract
the end points of the beams produced during the form finding process
described in the appendices. These points are then used as attractors
for the supports, so that these are automatically assigned to a junction.
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Necessary because the exact location may change due the parametric
adjustments. Finally, the output of the additional support component
is connected to the support collection component in order to be fully
implemented in the tool. The main beam is split into different sections
and the secondary beams hangs on these elements. The glass is protec-
ted with a soft neoprene interlayer between the shoes and the glass.
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Figure 6.10: Implementation of mid supports.

Case study 3

Appendix D shows the application of the tool for the third case study,
used to explore and exploit the functionality of the tool. To check the
feasibility of future developments the third test case involves a pavilion,
covering a larger surface, executed in timber. Compared to the previ-
ous test cases, this case study pushes the boundaries of the supports
even further and a construction method is implemented, that allows
the pavilion to be built up from one intertwined surface of elements,
pushed up into place from under. The module structural properties is
used to implement the material properties and cross section for wood.
For safety reasons conservative values for the yield strength are used.
The material properties are implemented as follow:

Young’s modulus E: 1050 [kN/cm2]
Shear modulus G: 360 [kN/cm2]
Density Gamma: 6 [kN/m3]
Thermal expansion, alphaT: 5.0E-6 [1/C°]
Design strength f,.0.4 =:

fm;0;repKmod / Ym = 400,85/1,2: 28 [N/mm?2]

The cross section is adjusted as well. In order to create a more feas-
ible structure, the edge beam will be executed with an increased cross
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Figure 6.11: Implementation of the mid supports.

section and the inner elements are provided with a possibility for 10
cross sections, connected to the optimization module. The elements are
distinguished with a family and name tag.
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Figure 6.12: Implementation of the cross sections.

The same method as mentioned in the second case study is used to
add the mid columns for the pavilion. However, for this occasion, with
the flexible timber components, the edge beams will also be part of
the form finding. Therefore the supports of the perimeter are locally
interrupted to create openings for entrances; this is accomplished by
addition of multiple cut patterns, connected with number sliders to
vary the number and size of openings in an intuitive manner. The image
below shows the support pattern generated with this extension.
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Figure 6.13: Support pattern.

The user can influence the form finding process by adjusting the mesh
size and the location of the supports. Another function that is im-
plemented in the prototype is triangulation of the mesh, which offers
higher stability and a change of looks. It is possible to use all kinds of
grids and patterns, every pattern is connectable to the current module.
We prefer the triangulated grid due to its high stability and feasibility
regarding construction. The pattern of the elements is defined in the
part of the script that can be seen below. The effect of the different
patterns is shown in the appendices.

1] HexGﬂ

=
S
=
o~
Ry £
o
(=]
[
(=]

Figure 6.14: Implementation structural pattern in script.
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During optimization, the complexity of the structure caused difficulty
with finding a sufficient structure. Eventually this was done with intu-
itively replacing of the supports.

6.5 Conclusions

The tool offers a lot of possibilities for structural glass design and provides
awareness of certain pitfalls. One of the most important aspect of glass
design, the detailing is not provided by the tool. Therefore, attention
should be paid to the implementation of warnings for design consequences
and to create awareness of the importance.

The first test case shows that the prototype already contains ‘know-
ledge’, that the average architect respectively engineer does not pos-
sess. However, it also shows, that much more knowledge regarding
structural glass, its possibilities and limitations, should be implemented
to extend its functionality. The prototype seems to have potential to
be a platform, to explore the opportunities within the limitations in
a conservative and safe manner. The knowledge can be implemen-
ted, responding to the modular structure, and impediments could be
automatically resolved. This can be conceived by a module applying
joints with corresponding connections and segmentation, automatically
every 6 meters or less.

The third test case showed that with an increased complexity, the gen-
eration of a feasible structure becomes more difficult and demands a
structural background. The second and third test case show that the
modularity of the script contributes to the simplicity of the extension.
Although the prototype was effortlessly expanded, it was not a matter
of copy pasting of new modules since everything is interconnected.
Both the prototype and extension are developed by one person. There-
fore, the ease of extension by a person not primarily involved cannot be
confirmed; prior knowledge of Grasshopper and the specific script of
the prototype seems necessary, due to the complexity of the tool.
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Chapter 7

Discussion

This chapter discusses the process, results and application of the al-
gorithmic design prototype.

In 1.5 we stated the main research question, thesis objective and the
research objectives:

Thesis objective

The objective of this research is to investigate the possibilities of cre-
ating an algorithmic design for structural glass covers, to create an in-
novative methodology with a broad spectrum of potential applications.
The methodology should stimulate the easy use of glass as a structural
material. The methodology should contribute to the bridging of the gap
between architects and structural engineers and take advantage of the
potential of parametric design for architectural and structural purposes.

Research question

In order to achieve the objective of this thesis a research question is
formulated:

‘How to develop a prototype for an algorithmic design methodo-
logy, considering geometrical control with structural feasibility, inten-
ded for structural glass covers in the conceptual design stage, with the
opportunity for further expansion?’

Research objectives

Seven sub objectives are composed to answer the research question.

Section 7.1 reflects on the achievements of the prototype, this leads us
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to an answer on the first part of the Thesis objective. In order to answer
the Research question, Section 7.2 reflects on the research objectives in
relation to the conducted research and development; it looks back on
the research process and discusses the two main objectives of this thesis:
Bridging the gap between architects and structural engineers and the
capacity to stimulate the easy use of glass. Section 7.3 summarizes the
limitations of the prototype and the intended tool. Chapter 8 formulates
conclusions on the Thesis objective.

7.1 Reflection on achievements

A first prototype for the algorithmic design tool has been developed.
It offers architects, structural engineers and third parties involved an
instrument to create and check (structural) designs of glass roof covers.
It involves automatic optimization and assignment of cross sections,
loads and it performs structural analysis. The tool provides the user
a quick image of the consequences of different possibilities regarding
structural feasibility and aesthetic qualities. The tool thus gives more
freedom in the artistic design. It is possible to both generate different
design alternatives in a short amount of time and perform more extens-
ive analysis in a specific case. The following aspects can be discussed
regarding the functionality of the tool:

* Grasshopper offers a very intuitive and visual approach of script-
ing in either predefined components or individually scripted ele-
ments. Grasshopper has a steep learning curve, thus attractive for
inexperienced users.

* The tool offers insight in the flow of forces and automatic dimen-
sioning. This allows the (inexperienced) designer to create and
explore with a more solid structural foundation.

* The tool assists the decision making in the conceptual stage and
can be extended to support decisions throughout the entire design
process upon realization.

* The tool can support both architects and engineers as well as other
parties like manufacturers, authorities, researchers and students.
The tool supports these parties with the possibility to rapidly gen-
erate alternatives, to analyze specific designs and to compare design
alternatives.

* The tool provides the user a quick image of the consequences of
different possibilities regarding structural feasibility and aesthetic
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qualities. This possibility to investigate the influence of different
design parameters, enables the user to make better informed de-
cisions, throughout the most critical part of the design process.

The integrated design approach is not limited to the scenario of
the case study, as described in chapter 6, but is applicable to sev-
eral design scenario’s and is more widely applicable.

The tool supports structural optimization; the module for cross
section optimisation already functions on all possible structures
generated in the prototype.

Verification showed no significant inconsistencies or large discrep-
ancies from the maximum allowed tolerances.

One of the most important conditions of the tool is the instant
feedback of design choices and is already implemented in all fa-
cets of the tool.

And the following aspects, more specific about the application of
glass structures:

The tool offers the user assistance for glass design, by automatic-
ally assigning thicknesses in available combinations and assign-
ing material properties.

The tool provides user awareness for the difference of glass design
from more traditional construction methods, with notifications
linked to design choices.

The segment for catenary generation makes it possible to create
glass structures with a big span.

The tool proves to be helpful in the design process for a specific
glass roof cover and looks very promising; however there is still
need for further enhancement.

Especially concerning glass design, not all necessary variables are
implemented in the prototype. Expansion of the specific glass
variables and measures are needed in order to be sufficient for
structural glass design. A lot of detailed and extensive completion
is necessary as described in the recommendation.
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7.2 Reflection on research objectives

During the research-process the seven objectives turned out to be valid
to create a sound foundation for the tool and they are stated below:

"'Provide a theoretical framework concerning the struc-
tural glass and algorithmic design.’

The results of the research concerning structural glass are summarized
in the theoretical framework, Chapter 2, and the results for the research
for algorithmic design iareimplemented in the strategy for tool devel-
opment, Chapter 3.

"Define which requirements, concerning functionality, us-
ability, reliability and performance, should be accomplished
by the methodology.’

With the knowledge of the literature study, the requirements were draf-
ted, and an important part of the tool development strategy was formed.

"Define a general outline for the algorithmic method or
model taking the requirements into account.’

Substantial time was invested in this flowchart and it turned out to be
of good guidance for the developing the general structure.

‘Implement the theoretical framework into the defined
general structure.’

The thorough flowchart was quite literary adopted into the Grasshop-
per script. Slight interaction arose between the flow chart and the de-
velopment of the script.

"Validate the outcome of the produced methodology.’

and

"Investigate the impact of the methodology on the work-
flow /functioning of engineers and designers by implement-
ation on a case study. ’

The case study was performed to investigate the impact of the tool,
which gave a good impression of the role that it could have.

"Determine the required successive steps to obtain a fully
functional method /model.

This objective to determine the successive steps needed to obtain a func-
tional model, is discussed throughout the thesis, as can be seen below
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in the recommendation section.

All these research objectives were used to fulfill the main research
objective:

“To develop a prototype for an algorithmic design meth-
odology, considering geometrical control with structural feas-
ibility, intended for structural glass covers in the conceptual
design stage’

A first prototype for the algorithmic design tool has been developed.
It offers architects, structural engineers and third parties involved an
instrument to create and check (structural) designs of glass roof covers.
It involves automatic optimization and assignment of cross sections,
loads and it performs structural analysis. It is possible to both generate
different design alternatives in a short amount of time and perform
more extensive analysis in a specific case.

We can now discuss to which extent the thesis objective has been
met. The tool proves to be helpful in the design process for a specific
glass roof cover and seems to be very promising. However, there are
still opportunities for further enhancement (7.3).

The tool provides the user with a quick image of the consequences
of different possibilities regarding structural feasibility and aesthetic
qualities. The possibility to investigate the influence of different design
parameters, enables the user to make better informed decisions, through-
out the most critical part of the design process. The tool thus gives more
freedom in the artistic design.

Looking back at the original research objective and question, it is note-
worthy that the intended algorithmic design method covers several as-
pects: glass structures and more specific structural glass roofing, the
gap between architects and structural engineers and the focus of the
initial design phase. This led to a broad spectrum of research and de-
velopment and less to an in-depth product. The purpose remained un-
changed during the process, but the formulation and thus the focus of
both the research question, aim and objective fluctuated throughout the
project. The focus shifted from the potential of a design tool for double
curved glass roof structures to the possibility to apply this on glass roof
structures in general, specific in the initial design phase. This change
of focus was induced during the literature research, after realizing the
power that such a parametric design tool could generate by combin-
ing the best of two ambivalent and proud disciplines: architecture and
structural engineering, as described in Section 1.3.
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Bridging the gap between architects and engineers

Section 3.2 explains that the initial design phase has the potential to
bridge the gap between architects and engineers. In this part of the
process the design decisions have the largest influence on the entire
process and project. In order to estimate if the prototype has the ca-
pacity to influence this gap, it should be considered if the prototype
is suitable for the initial design phase. The prototype is composed so
that it provides an alternative design method. Section 5.3 shows that
the prototype enables the user to assign any arbitrary outer perimeter.
Furthermore, if the user embraces the new parametric design method,
it is possible to generate multiple designs in a matter of seconds and
explore these option, as seen in Section 6.2.

The prototype provides the means to generate a structurally feasible
design, with automatic assignment of appropriate cross sections, without
a structural background requisite. The tool also assists in generating
efficient structures with appealing appearances; for example by making
use of the hanging model base geometry, qualified to generate a wide
variety of design.

However, the third case study, as described in Section 6.4, shows the
difficulty to explore the boundaries of the design possibilities, espe-
cially without a structural background. As soon as a span or canti-
lever becomes too large, the prototype will not be able to automatically
provide a cross section that suffices the maximum allowable stress and
deflection (but will give a warning). The same goes for a complex
structure, with elements intertwined, large openings, asymmetric form
or irregular set-up. When it is necessary to manually optimize the
position of internal beams or slight changes of the design, that might
lead to significant improvement of the structural feasibility, a structural
background or at least a sense of load distribution is essential.

As mentioned in Section 1.3, the structural engineer is often accused
of lacking imagination. The prototype facilitates already an wide range
of design options, thus empowering the engineer, even without a very
great imagination, to easily create eye-catching structures. A more ex-
perienced designer can refine this as desired.

Facilitate structural glass design

The literature study in Chapter 2 emphasizes on the fragility of glass
and the importance of careful design of the elements and detailing, to
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avoid local peak stresses. One of the objectives of this tool is to provide
a platform to collect the available knowledge regarding glass structures
and to implement this in a design method.

At the moment the material properties of glass are implemented in
the prototype, a glass design is linked to an interactive structural ana-
lysis and optimisation module, after automatic allocation of loads. The
limitations due to the manufacturing process have not yet been fully
implemented. The tool takes the different thicknesses of the glass panes
into account and the size limitation influencing the grid size. Also
a reduce factor in stiffness of laminated beams, by applying an equi-
valent thickness, is added to the prototype. The module for catenary
structures is introduced due to the high compression capacity of the
material. The tool provides user awareness for the difference of glass
design from more traditional construction methods, with notifications
linked to design choices.

Further development

The prototype is merely the base of a much larger ambition, therefore
the continuation of the tool is important. In 6.2 the ability to expand
the prototype was explored. The modularity facilitates this process,
however it is not a matter of copy pasting this into the script. Because of
the complicated and interactive features of the tool, a specific extension
needs to be interconnected with different parts of the script.

7.3 Reflection on limitations

This section discusses the limitations of the current prototype:

* The tool is developed in Grasshopper, a plug-in in Rhino, with
the help of extensions. Therefore calculation and visualization
are bundled into one single model. The downside is that the
paid service of Karamba is needed for a fully functioning tool.
Therefore it is not possible at the moment to use a free trial.

¢ The prototype offers the possibility to create the base for an ef-
ficient glass structure. However, the most important aspect, the
detailing, is not implemented in the prototype. Connections have
a large impact, both from a structural as an aesthetic point of
view. The tool can be used to automatically intersect beams, lar-
ger than 6 meters or any other value, depending on the type of
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beam and automatically assign connections. An addition that
automatically assigns standardized details, corresponding to the
mechanical joints assigned by the user, would be useful.

* Due to the adoption of restricted design conditions regarding struc-
tural glass, the prototype is solely fit for the very first beginning
of the design process and not yet for the general initial design
phase. Not all the necessary variables are implemented in the pro-
totype. Expansion of the specific glass variables and additional
safety measures are needed in order to be sufficient for structural
glass design, as described in the recommendation.

¢ It should be noted that the outcome of such a tool always needs
a second opinion from a specialist. It should function as a design
assistant to avoid unnecessary repetition of work, but can never
fully replace the function of an engineer. Sanity checks and com-
parison between the input of the tool and the physical project
related situation is always needed. One cannot trust the output of
any structural design tool blindly. However, this tool can be used
to bring the many possibilities of glass design to the attention.

* The verification of the structural analysis module is merely ex-
ecuted on the basis of simple 'rule of thumb’ formulas. For more
complex situations a comprehensive check with a FEM program
should be performed.

¢ The optimisation algorithm of the prototype is limited to size op-
timisation. Shape and topology optimization could be considered
as well as multi-objective optimization.

* Merely components provided by the used packages were imple-
mented in the script; this can lead to devious algorithms. Custom-
ization of the components will lead to more efficient scripts and
quicker results, when the algorithm gets more complex.

¢ Currently, the script is not protected from adjustments by the user.
To avoid accidental alterations of the script, certain components
should be protected from changes. At the moment it is possible to
return to the standardized values for the parameters without los-
ing the manual input, however this function could be extended.

¢ Currently, the Eurocode is not fully implemented in the algorithm.

¢ Addition and development of the algorithm demands knowledge
of both Grasshopper and the composition of the script of the tool.
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¢ Software packages suitable for the initial design phase are not
widely available. This prototype anticipates on this and seems
to be a potential solution for several design problems. As shown
in Chapter 6, the tool provides a wide range of design options,
but it cannot respond spontaneously to the fluctuating demands
of the user and therefore the tool will always be one step behind.
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Chapter 8

Conclusions

The motivation to promote the use of glass as a promising structural
element, along with the ambition to combine the best of both worlds of
architecture and engineering and to close the gap between them, led to
the development of an algorithmic design methodology for structural
glass covers in the conceptual design phase.

Bridging the gap between architects and engineers

As discussed in previous chapter, based on the conducted case study
described in Chapter 6, it can be concluded that the prototype has po-
tential to be used as a design aid for the conceptual design phase. How-
ever it needs further expansion to facilitate a broader functionality with
other form finding techniques.

The tool provides quick analysis and an optimization of design options.
However, the case study also revealed that with an increase of complex-
ity of the design, the urge for structural background increases as well.
Therefore, it may be concluded that the prototype is partly suited for
designers and architects without structural background and makes a
limited contribution to bridging the aforementioned gap.

Because of the ease of generating diverse and appealing design vari-
ants, as tested in Chapter 6, it may be concluded that the engineer is
provided with a design aid to put himself in the architect’s position.
Hence the tool is contributing to bridging the gap.
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Facilitate structural glass design

The research conducted in Chapter 6 shows that the prototype has po-
tential as a design aid for the use of structural glass, with the imple-
mentation of thicknesses, material properties, restrictions due to man-
ufacturing and efficient configurations. The tool can contribute to the
ease of designing with structural glass, but needs further expansion of
the available knowledge and research regarding structural glass.

From the case study the conclusion is drawn, that the prototype does
not provide sufficient guidance regarding safety measures, needed for
designing with structural glass.

Further development

From the quick expansion of the prototype during the validation, it can
be concluded that the tool can also be used for other materials and
configurations. However, as this was done by the developer of the
prototype, it is only safe to say that it is possible to expand the script.
Further research should confirm, that this can also be done with ease
by outsiders. As discussed in the previous chapter, it can be concluded
that although the complex nature of the script might hinder further
exploration, the modularity contributes greatly to the ease of expansion.

Concluding: The prototype has fulfilled the research- and thesis- ob-
jectives, with some limitations. For further development more investig-
ation and tests are needed; this will be elaborated upon in the Recom-
mendations.
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Recommendations

This chapter provides recommendations for continuation of the research
and further development, needed to make the tool ready for use. The
chapter is divided into two sections, providing recommendation re-
garding usability, described in Section 9.1 and functionality, shown in
Section 9.2.

9.1 Usability

* The main focus, from an architectural point of view, is minimal
interference in the creative process. We attempt to accomplish this
with instant visual feedback of design decisions and consequences.
Currently, the representation from an architects point of view is
limited to the experience gained as a bachelor of architecture. To
increase the benefits and use of this integral tool, further research
should be conducted to map the demands and desires of design-
ers and subsequently to conduct user tests for the tool.

* The user would benefit from better guidance in the parametric
design process. In this way the full potential can be utilized. User
tests should be executed to establish where the tool needs better
explanation.

¢ It is recommended to complement more standardized values to
facilitate the design process; this is necessary for the creative design
process and also to implement the calculation and analytic pro-
cess.

¢ The manual input should be kept to a minimum, when more mod-
ules are added to the tool in order to give maximum freedom to

121



122

Recommendations

9.2

the creative process.

Research has been done for interoperability between different soft-
ware (5.3) and the focus on usability for Building Information
Modelling (BIM) to a certain extent. We can use this knowledge
to enhance the tool, so that it will become part of the commonly
used software.

Further studies and testing of the user interface, visualization and
database management is recommended.

Restructuring and cleaning of the Grasshopper script is necessary.

Assemblage of component combinations into single components
is recommended.

It is important to introduce a reset function, to set the variables
back to the standard value.

Research for better understanding of underlying algorithms and
the development of alternative components is recommended.The
outcome of the analysis is verified and checked, but still consists
of elements that work like a black box. For example, the compon-
ent that uses the first order theory for small deflections already
considers buckling, but the exact underlying algorithm remains
an enigma.

More extensive verification and validation of the tool is desirable
to enhance the quality of the tool.

Further research should be conducted to facilitate the ease of ex-
pansion.

Functionality

To amplify the capacity for bridging the differences between ar-
chitects and engineers, the tool needs further expansion. This
could be done with the help of other formfinding techniques.

To be multi deployable, it is recommended to expand the func-
tionality to entire structures for all types of geometries with addi-
tion of columns, walls and floors. Extension of several modules
will be inevitable.
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In order to be useful throughout the entire structural design pro-
cess, it is important that the calculation and analytic section is
extended as well. Buckling, lateral buckling, vibrations, analysis
for plate structures and stability should complement the tool.

As mentioned before, standardization is the key. Load combin-
ations, loading, material factors and other elements of the Euro-
code (& national appendix) should be implemented to limit the
manual input.

For the entire design process it is necessary that there is more
attention to the detailing of the structure. The effect of certain
choices, moment resisting or hinged connections should be ex-
plained and examples be provided.

Other modules that should be investigated are: other construc-
tion materials, costs, climate control and building physics, wind
simulation, optimization for a given set of requirements and fire
engineering.

The modular set up contributes to the flexibility and continuity of
the tool; this creates a lot of development potential, which should
be discovered and utilized. This gives a perspective for use in the
education process. Thus students can make additions to the tool
as part of their study:.

Recommendation regarding structural glass

With glass design, aspects concerning safety, detailing, produc-
tion, transport and costs need extra attention. This should be
integrated in the outcome report.

It is recommended to complement specific aspects of the glass
design like connections, details and consequences.

Design restrictions arising from the manufacture, transport and
construction process should be further implemented. An example
is automatic division of glass beams into segments of 6 meters and
allocation of connections in between.

Connect the design decisions to accompanying costs. to provide
insight in the price and possibly contribute to a more economical
design. Add also notifications, when expensive methods are ad-
dressed; this could amplify the cost reduction; for example when
using double curved glass panes, panes with a large curvature,
large components or expensive surface treatments.
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¢ The tool has the potential to be coupled with an extensive data-
base, functioning as an online encyclopedia.
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Appendix A

Requirement tests

Table A.1: Requirement tasks for phase 1.

Phase 1 Outline

Module

Tests

Boundary conditions

Provide user with the possibility to adjust length and width of rectangle.
Show the outline, always orient the shortest span in y-direction.

Shows dimensions connected to the outline in Rhino interface.

Show shortest span in Rhino interface.

Base geometry

Create beams with standardized center to center distance (h.o.h.)

Provide freedom of controlling either the number of beams or the distance
between.

Show center to center distance in Rhino interface.

Convert elements to beams detectable by Karamba 1.2.2.

Structural properties

Assign basic material properties of glass to the beams.
Assign hinged support at end of all beams.
Assign a random cross section to the beam elements.

Load generator

Assign a dead load and one mesh load (corresponding to the perimeter)
projected on the structure.

Optimization

Structural analysis

Perform structural analysis of the input generated so far, limited to UC of
stresses and deflection.

Provide options for conditions.

Visualize the stresses and deflection in Rhino interface.

Show cross sections, loads, moment distribution and deflection in Rhino
interface.

Report
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Requirement tests

Table A.2: Requirement tasks for phase 2.

Phase 2 Optimization

Module

Tests

Boundary conditions

Base geometry

Allow user to add secondary beams and define h.o.h.

Structural properties

Load generator

Optimization

Optimize element based on the stresses and deflection of these elements.
Apply height as variable for this optimization.

Change the thickness non-linear with the height and increase with steps
linked to glass production.

Enable manual adjustment of the width distribution.

Attach name tags to cross sections.

Link the optimization to parameterized input.

Provide real-time feedback.

Define maximum height.

Structural analysis

Report

Table A.3: Requirement tasks for phase 3.

Phase 3 Form finding

Module

Tests

Boundary conditions

Base geometry

Add catenary form finding to the design process.

Implement a particle spring engine to induce catenary principle.
Give possibility to determine maximal height.

Make form finding process interactive with the parameterized input.
Provide form finding process with instant feedback.

Structural properties

Load generator

Optimization

Notify when elements do not satisfy the conditions.

Structural analysis

Report

Table A.4: Requirement tasks for phase 4.

Phase 4 Extension

Module

Tests

Boundary conditions

Add a 4-point polygen, not limited to 2d plane but extend to 3" dimension.
Provide a geometry flexible and based on more points.

Base geometry

Add triangulation of the structure.
Provide freedom of base surface geometry.
Provide projection of beams on any given surface.

Structural properties

Provide user freedom to adjust types and location of supports.
Provide user choice of material and possibility for adjustments.

Load generator

Optimization

Structural analysis

Report
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Table A.5: Requirement tasks for future developments.

Future developments

Module Tests

Boundary conditions | -

Base geometry Provide design options to generate a geometry using only flat panels.
Structural properties | -
Load generator Load combinations concerning the Eurocode.
Enable asymmetric loading.
Optimization Make increase of thickness dependable on available glass thickness

combinations.
Optimize costs, material use and other design variables.

Structural analysis Implement a stability check and additional analysis methods.
Provide the envelope of the structural outcome.

Visualization -

Report -




Appendix B

Structural verification of
the prototype

To check the reliability of Karamba, three common cases are considered
that can be compared with several ‘forget me not” formula’s, simple
hand calculations. In addition to this basic check, a comparison with
the results of any structural design software could be compared to the.
A comparison of the results shows a compelling resemblance with the
findings of the algorithmic tool

Test case 1 — Cantilevered beam:
B2 '— \ - 1
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General info
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Test case 3 — Double clamped beam:
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[10-0, -41. 666667, 0.01

1.0, 41, £86EET, 0,0)

Test Case 1 Test Case 2 Test Case 3
Karamba FMIN Karamba FMN Karamba FIMIN
M oy [ENmM] 100 100 56.25 56.25 4167 4167
& e [N/mm2] 120 120 67.5 67.5 50 50
uc -] 3 3 1.4 14 125 125
umazx [m] 0.2289 0.2230 0.0724 0.0724 0.0092 0.0089

The outcome of the test case shows a perfect resemblance with the find-
ings of the algorithmic tool, the only differences found were obtained
by a rounding difference. We consider the outcome of the tool reliable
and will continue to use it for the structural analysis.



Appendix C

Case Study 1

This appendix shows an overview of different design possibilities. The
variables are the height of the structure, location of the supports, dis-
tance between the beams and overall curvature of the structure. Below
we show the top and side views and a perspective view.

Figure C.1: Design Alternative
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Figure C.2: Design Alternative

Figure C.3: Design Alternative
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Figure C.4: Design Alternative

-
[ Front 1]

Figure C.5: Design Alternative
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Figure C.6: Design Alternative

Figure C.7: Design Alternative
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Figure C.8: Design Alternative
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Figure C.9: Design Alternative



Appendix D

Case Study2

The second case study consists of a central laboratory for building tech-
nology at the faculty of Architecture. The structure will essentially be a
full glass structure distinctive for its transparent characteristics. For this
assignment, it is important to minimise the use of components other
than glass. This is obviously to enlarge the main function of the ma-
terial; transparency. However, for certain functions the characteristics
of glass are not optimal. This will become clear, for example, in the
section of the connections. We will minimize the use of other materials,
considering the added functional value against the loss of transparency.

The boundary conditions for the design are described with
the following requirements:

¢ The building is built of glass and doesn’t obstruct the view of the
building.

¢ Other materials are minimized and only used where functionally
necessary.

* The enclosed area should be as large as possible

¢ A straight corridor should be created from the main entrance to
the road.

* A minimal offset of 3 meters between the facade and glass struc-
ture is mandatory

* The glass building should accommodate 550m?2 of laboratory space
* A loading place for the truck should be available at the front of
the building.
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* All supplies should be able to get into the structure and be moved
through the corridor.

Three designs will be created and chosen for further development.

Conceptual design phase - Orientation

The use of glass as a structural element slowly finds its way in today’s
construction industry. With its high compression strength glass is very
applicable. However, in order to work with glass it is important to
get familiar with the material, due to its still unknown and to a certain
extent unpredictable nature.

For this assignment, a system is designed with use of hanging models
to enlarge the compression in the structure and allow bigger spans. This
can be applied in several assemblies, we will discover several possibilit-
ies during this research. Important starting points for this design were:

* Maximal transparency
e Structure and architecture intertwined

* Efficient structural system, keeping properties of glass in mind
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* Detailing, keeping properties of glass in mind
* Repetition of elements

The requirements for the boundaries have a considerable influence on
the design concept. A corridor in the centre of the plan, to the entrance,
prevents columns to be placed in the middle. The offset of three meter
from the existing facade, in combination with maximizing of the sur-
face, dictates the outer shape. However, we have a lot of freedom for
the shape of the roof surface. In this report, we will focus on this part
of the design. The figure below shows the boundary conditions.

S .

The restrictions led to a subdivision of three parts, the center
and the side parts. The internal columns will be placed on
the borderlines. This will result in an unobstructed view
when entering of leaving the main building. For the feasib-
ility, the design will be mirrored along the x axis.

To minimize the tensile stresses, we revert to the hanging
model, that is subjected to gravity. Karamba provides the
possibility to simulate the behaviour of hanging models, with
help of the “Analyze large deformation” component. The
geometric non-linearity is handled by an incremental ap-
proach: The external loads get applied in steps. After each
step, the model geometry updates to the deflected state. The
more and the smaller the steps, the better the approximation
of geometric non-linearity. The purely incremental method
however incurs an unavoidable drift from the exact solu-
tion. For form finding this error should be negligible in most
cases.
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The user can influence the form finding process by adjusting
the mesh size and the location of the supports. Another
function that is implemented in the prototype is triangula-
tion of the mesh, which offers higher stability and a change
of looks. It is possible to use all kinds of grids and patterns,
every pattern is connectable to the current module.

Design variants

There are different possibilities for the hanging model. The first variant
shows a difference in height between the internal and external sup-
ports. The second shows equal heights of the internal and corner sup-
ports. The third option shows all supports at one level. The first and
third option ensure the possibility to use a standardized solution for
the connection with the facade elements. From a structural point of
view, the first option is least efficient and the third most efficient. We
will elaborate on this third option, because this means obstruction of
the view on the building is minimized. In the next chapters, we will
discuss the principles for connections and assemblage. In the chapter of
structural analysis, we will discuss the final dimensions of the elements.
Optimization might also lead to a change of the grid size.

Overal dimensions
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Figure D.1: Variant 1

Sizing and manufacturing of elements

Due to the size limitations of the lamination furnace we limit the max-
imum component size to 5.4 meters. Bigger sizes are possible, but we
want to reduce the costs. The main beams are split in three parts. The
secondary beams are placed as a whole in between.

The central main beams spanning in the x direction have a
height differing from 340mm to 610mm. We use the govern-
ing height and apply it to all sections of this middle beam.
The beam is built from 4 layers of 19mm sheets and a sac-
rificial layer at each side of 6 mm. 6-19-19-19-19-6, in total
88mm and 76 mm that is accounted for in the calculation.

The beams that are placed perpendicular to the main beam
have a governing height of 4990mm. The beam is built from
4 layers of 16mm sheets and a sacrificial layer at each side
of 6 mm. 6-16-16-16-16-6, in total 76mm and 64 mm that’s
accounted for in the calculation. For the secondary beams,
we use a height of 100mm, built from 3 panels of 12 mm
And as mentioned before, we use 12-12-12-12-6 for the roof
panes.

Construction

An important aspect of the feasibility of the glass structure is the con-
struction process. We will focus on the structure itself and assume
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Figure D.2: Variant 2

the foundation is designed properly to transfer the loads and house
the pipes for the water drainage. The image on p.149 summarizes the
assembly sequence. First the glass brick columns in the corner of the
plot will be placed. The facade elements with the glass fins are placed
between the outer columns. The mid main beam is placed on top of
the columns before the perpendicular beams are placed. The straight
shape of the brick columns and glass fins are efficiently shaped for the
rectangular container and are therefore transported in one piece and
hoisted in place. The arched main beams are not and are transported
in three pieces and assembled on site before hoisted. the edge beams
are placed and subsequently the roof panes are mounted to the beams
and provide stability of the whole. This process is repeated until the
structure is completed. It is important that the different connections
are accessible during construction, but also for maintenance and repair.
The middle part near the street is assembled last, for every part to be
easily accessible during construction.

Connections

The connections are a critical aspect for glass design, it is important to
prevent high local stresses in the material. Naturally, it is necessary to
connect the different elements of the design. One of the most important
aspects of these connections is to reduce the visual impact of the non-
glass elements, while ensuring the desired strength and mechanical
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Figure D.3: Variant 3

performance.

There are different types of connections using holes, adhesives, and
metal inserts. Understanding of the material is important. Holes and
bolts which are in direct contact should be avoided, to prevent local
high stress concentration. The stresses should be introduced over a
bigger area. Adhesives are a good alternative, but the right thickness
is needed for optimum strength. The surfaces also should match and
need to be clean (so no dust during construction).
We will look at the connection of:

e Edge beam to edge beam
® Mesh beam to edge beam
¢ Column to edge beam

e Beams to facade

Main beams

Due to cost efficiency, the main beams are split in three parts, the con-
nection between the elements needs to take up the occurring bending
moment. One of the design restrictions is the degrees of freedom of
the connections. In the main direction, the elements have no rotational
freedom. This will be visible in the connection. To transfer the loading,
the metal insert is placed between the glass panels. The middle panels
are set back to create enough glued connection to transfer this loading.
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An extra measurement will be the reinforcement of the main beams.
In case of complete failure the reinforcement will keep up the entire
structure.

Secondary beams

In the secondary direction, coupling is provided with hinged joints.
Stability is provided by the roof planes, connected with a structural
sealant. The connection principle for the secondary beams is showed
in image below. However, due to the visual impact of the steel ele-
ments, we decided to eliminate the secondary beams by limiting the
span between the main beams.

Roof structure to columns

For the columns and the connection to the roof we are inspired by the
principle used in the thesis of Vania Gatsiou, shown in the figure below.

However, we will make some adjustments to deal with an important
aspect of the load distribution, water accumulation. The shape of the
roof make this an important aspect for the detailing, therefor we would
like to implement water drainage to the columns of the structure. The
moment distribution in the supports of the column is 105 kNm and
the the vertical reaction force is 400 kN. We design the connection to
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£45m

withstand these loads.

For the opening of the water drainage we use NEN-EN 1991-1-3 art.
7.2. We need at least a free centre of 170x170mm with bricks of 100mm
we’ll need columns of 400x400mm.

The type of the connection between the glass beams and the glass
brick column in the roof uses the glass bricks mass in order to stabil-
ize the beams and avoid the local torsional buckling. The beams are
connected with the use of steel elements which are glued at the top of
the column. After adding the bolts in each element, customized glass
bricks are glued at the four sides in order to cover the whole length
of the beams. They can be easily removed in case of maintenance or
replacement of the elements. An addition to the design is the opening
of the top and different configuration of the steel elements, which allow
water to pass and prevent water accumulation.



149

Roof to facade

The focus of this report is the roof structure, therefore we will only
discus the principle of the facade. This exists of glass fins, with ver-
tical glazing in between. The image bellow shows a hinged connection
between the glass fins and the roof beams. These supports are placed at
every intersection and therefore only need to withstand relatively small
forces. If needed a secondary fin will be placed in between to prevent
the fins from buckling.

Risk Analysis and Safety

For the overall safety of the structure we want to minimize the risk. The
risk is defined as follow:

Risk = consequence * probability

The higher the probability the lower the risk should be and vice versa.

We determine the consequence of a failure in terms of injuries, ranging
from first aid to catastrophic consequences with many deaths. And
the probability depends on the possibility of a scenario to happen and
the exposure of the structural element. First, we consider different
scenarios that might occur, during the structure’s lifetime, subsequently
we search for methods to reduce the consequences and probability of
the scenario, to reduce the risk.
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Scenario’s:

Vandalism: Delft is city with a lot of students, known for their drinking
and becoming reckless. The building is close to the city
center. Therefore a slightly increased risk for vandalism

Collision: The structure is exposed to the Julianalaan on one side of
the building. Therefore there’s a risk of a vehicle crashing
into the structure. The threat can also come from inside the
structure, for example when a forklift truck accidentally hits
one of the columns.

Fire: A fire with an extreme high temperature, reducing the bond
of the lamination of the main structural elements and even-
tually complete failure.

Reducing the consequences:

Sacrificial layer: effective for vandalism. When a rock hits the outside of
an element, this layer will take the hit.

Second load path: we increase the redundancy with alternating the load
path of the structure. This will be done with reinforcement in the main
beams. Even if a complete column fails, and causes failure of the main
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beams, the roof will hang between the next columns.

Thermal pre-stressing: this will not prevent failure when this fire hap-
pens, but provides extra time for the visitors to leave before the ele-
ments collapse. This will reduce the consequence to material damage.

Structural analysis

For the analysis, we’ll apply a load generator. The most important
feature of this module, is the interactivity with the parametric structure
and the freedom for the user to apply, adjust and remove loads. This is
a big advantage compared to the use of GSA. For the load distribution,
we distinguish the permanent and variable loads and consider com-
binations of the two to check the serviceability and ultimate state. the
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values that were applied are described below:

Permanent load

The self-weight of the structure and dead load of the facade elements
or cladding subjected by gravity. These are implemented in the script
and linked to the elements. Density of Glass 25 kN/m3

The dead load depends on the cross section of the elements and there-
fore interactive in the script.

Roof panes: For the roof panes, we will use a conservative value. We
use a protective layer on the top side of the glass panes, due an in-
creased risk of damage. When checking the panes for maximum allow-
able stress and deflection (umax = 0,004 * 1) with help of an algorithm for
shells and supports on two sides, we see that we need panes of 40mm
+ 6mm, deflection is governing in this case.

We cannot assume that the entire cross section works as a solid cross
section, therefore we take 85% due the lamination. Instead of 40mm we
will use 47mm as minimum. We use 12 12 12 12 6 for the roof panes.
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Variable load

wind load: The wind pressure is estimated 1 kPa, so 1000 N/m.
Fwind = Cs x Cd x Cf x qp(Ze)
Compression wind load: Qd =1,0x1,0x0,7x1=0,7 kN/m =700 N/m
Tension wind load: Qs =1,0x1,0x 0,25x1=0,7 kN/m =250 N/m
We consider the wind load as both horizontal and vertical loading.
For further analysis, we recommend taking asymmetric loading into
account as well. For now, we decided to focus on the optimization and
neglect this effect.
Snow load: Snow loads are determined according NEN-EN 1991-1-3:
Qs=12x10x1,0x0,7=0,8kN/m

Maintenance: For this conceptual design phase, we’ll ignore the
point load of 1kN, that’s more favourable than the wind load.

Load combinations
We will allow for the following load combinations; the grey combina-

tions have not been taken into account:

Final Structural Analysis

The structural analysis is performed with the analysis module in Kara-
mba and shows, as mentioned before, instant results. All optimization
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detefmining the shdw lbading

s = Characteristic value of the snow load on the ground [kN/n?] (0.7 KN/ In
s=4-C,-Crg the Netherlands)

M, = Shape coefficient, dependend on roof angle o

C, = Exposure coefficient (1,0 for most cases)

C. = Thermal coefficient (1,0 for mast cases)

The shape coefficent can be determined
with the shown diagram. Note that |, is
only applicable where snow accumulation
can occur. For complex roof shapes and
more information, see NEN-EN 1531-1.3

models are calculated with the load combinations as described before.
For the final analysis, we’ll discuss the outcome of the optimized struc-
ture for the critical combination, ULS LC3 and SLS LC 7. We will briefly
discuss the outcome. We will use the roof panes as an extra load of the
structure (0,054 * 25 = 1.35 kN/m2). We will use this for the dimen-
sioning of the structural elements, keeping in mind the maximum stress
should be smaller than 40 N/mm?2 and the deflection smaller than 0,004
times the span.

For the analysis of the structural glass we considered an equivalent
thickness of 85% of the laminated panes, to take into account a reduce
of the shear interaction.
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ULS Load case safety factor

1 self-weight only (G) 1,35*G

3 self-weight plus wind upwards (Qw+) 1,2*G+1,5*Qw+

4 self-weight plus wind downwards (Qw-) 0,9*G+1,5*Qw-

5LS

5 self-weight only 1,00*G

7 self-weight plus wind upwards (Qw+) 1,0*G+1,0*Qw+

8 self-weight plus wind downwards (Qw-) 1,0*G+1,0*Qw-
Stresses

In the figure above, we see that, due to the form finding, the tensile
stresses are reduced. The highest stress can be found in the central
main beams spanning in the x direction, and the lowest stresses are
found in the secondary beams of the grid. During detailing of the
connections, It is decided to eliminate the secondary beams. This is
possible everywhere except one place near the edge. Therefore, the
beams near the edges (on both sides) will remain.

The secondary beams are not necessary, but used to decrease the de-
flection and stresses of the roof panes and build in an extra safety factor.
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Deflection

As expected the biggest deflection occur at the middle of the span.
And all happen to be below the maximum allowable deflection. UC
most deflected element j 1, the requirements are met.

Axial forces

As expected the axial forces are mainly compression forces, normative
at the supports.

Bending moment

The bending moment is limited and the positive bending moment oc-
curs also at the parts with the biggest span. Highest moment are found
near the inner supports. Figure below shows bending moment:
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Conclusions and discussion

During the design, we noticed that the connections between the sec-
ondary beams cause a big decrease of transparency. It was decided to
reduce this effect and eliminate most of the secondary beams. Also,
during the design we tried to develop a structure with solely flat pan-
els, this did not lead to a satisfying design and therefore we dropped
the percentage of flat panels to about 80%. A further optimization of
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shapes in compression, but with solely flat panels is recommended.
The solution can also lie in the fixation of the panes to the underlying
structure. If these can bear the differences, without losing transparency.
This could even lead to an interesting 3d arrangement.

The choice to support the edges on a small interval, without using an
edge beam, resulted in a load bearing facade with glass fins. For future
development, this might be reconsidered. Depending on the execution
the facade with fins can be almost as transparent as without, but they
draw quite some attention. As can be seen in the image below.

It is very important to perform a detailed finite element analysis on
the connections of the design, to check the local peak stresses. Due the
parameterized design method, It is possible to use the same method for
different projects or with change of requirements. It is recommended
to extend the functionality of the design tool, in order to fully utilize its
potential.

Visualizations
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Appendix E

Case Study 3

The third case study explores the use of a new material; timber. It
concerns a design for the great exhibition, also known as the Crystal
Palace exhibition. The exhibition was the first universal Exposition and
many more followed, used to expose the most recent developments
and state of the art products of a countries involvement and to draw
attention to urgent matters.

The aim of this assignment is to provide a design for a high-profile
pavilion for the Expo 2020 in Dubai. With help of the structural prin-
ciples discussed during the course, using generative and algorithmic
design. The main goal is to translate the requirements into a design
which needs to be converted to a logical and buildable structure.
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The many pavilions build for previous editions function as inspiration for the design. For this
assighment, we stepped into the role of both the designer and the structural engineer. The first
part provides a brief overview of the structural design considerations and concludes with a
choice of concept. The second part represents the structural optimization and analysis of the
chosen design. The report is concluded with a representation of the final design for the Dutch
pavilion of the World Expo 2020 in Dubai.

Conceptual design phase - Orientation

For this concept, we explore a different kind of special structure, the grid shell. This structural
principle is suitable for two very interesting types of form finding, which can be explored with
several types of form finding; the minimal surface (generated with soap films) and the funicular
surface (generated with the hanging model). We would like to further invest the fascination for
the hanging models, used by many engineers and architects, like Gaudi.

A very impressive reference is the Multihalle of Mannheim, both in its size and method. The
shape is generated with a hanging model. The model is subjected to the gravity and fully under

tension, when reversed the model is fully under compression when no other loads are applied.

Different distributions or patterns are possible, grid, triangulation or a fluctuating distribution.

+ Interesting structure

+ Suitable for parametric design

+ Several materials possible

+ Efficient load distribution

+ No additional supports needed

- Labor intensive

- Relatively high costs

- Long erecting time

- Limited supports: risk for collapse.
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We want to use the funicular surface to function as base of the model and project the beams on
this surface. This procedure provides a lot of design freedom and is very suitable for parametric
and algorithmic design.

The requirements are discussed in the introduction and will be further discussed in the next
part.

Design variants

The first module is scripted in a way to find the potential shape and consist of two parts; the
boundary conditions and form finding.

Boundary conditions:

For the boundary conditions, we set the different requirements, stated in the chapter before.
The most important aspect is the visitors flow. The building needs to be big enough to house all
visitors, but we also want a routing in the pavilion, to guide this flow. The third requirement is
the openings for the visitors flow, these need to be big enough to avoid congestion; we set the
entrance and exit to be at least 10 meters wide.

The perimeter of the pavilion is defined by a NURBS curve and its control points as can be seen
in the figure. These points can be controlled from both the Grasshopper script as Rhino’s
interface. Due to the algorithmic design, it is possible to change the boundaries throughout the
entire design and analysis process, and therefore for the optimization of the structure.

The scenery routing, to guide the users, will be generated with strategically placing of circular
columns inside the pavilion. This also creates a waving surface, with local high peaks, to simulate
the wavy and round character of the sea, and a more interesting structure.
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Form finding

The first optimization already starts at the generation of the shape. To minimize the tensile
stresses, we revert to the hanging model, that is subjected to gravity. Karamba provides the
possibility to simulate the behavior of hanging models, with help of the “Analyze large
deformation” component. The geometric non-linearity is handled by an incremental approach:
The external loads get applied in steps. After each step, the model geometry updates to the
deflected state. The more and the smaller the steps, the better the approximation of geometric
non-linearity. The purely incremental method however incurs an unavoidable drift from the
exact solution. For form finding this error should be negligible in most cases.

In the image below you see the parts that are used for supports. It’s visible that not the entire
boundary is supported to increase the irregular and wavy character of the design.
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The user can influence the form finding process by adjusting the mesh size and the location of
the supports. Another function that is implemented in the prototype is triangulation of the
mesh, which offers higher stability and a change of looks. It’s possible to use all kinds of grids
and patterns, every pattern is connectable to the current module. We prefer the triangulated
grid, because of its high stability and feasibility regarding construction. The pattern of the
elements is defined in the part of the script that can be seen below. We use a triangulated grid
that functions as base geometry, the grid size is adjustable (throughout the entire process,
naturally).

Dr-DomZNuvn!

N

We also make a distinction between the inner elements and the edge element which will be
assigned a slightly bigger cross section.
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Structural properties
We also parameterize the structural properties in the script.

Supports:
The supports for the form finding coincide with the supports for the structure. Therefore, we can
use the same output as described above

Material:

We implemented the material properties for wood. This is set by default, but can be adjusted by
the user. In case people want to compare different material, this is a possibility. Optimization
between materials is something that could be a future addition.

For safety we use conservative values for the yield strength. We use the following values:

Young’s modulus E:1050[kN/cm?2]
Shear modulus G:360[kN/cm?2]
Density Gamma: 6[kN/m3]
Thermal expansion, alphaT: 5.0E-6[1/C°]

fm;0;d = fm;0;repkmod/gM = 40-0,85/1,2: 28 N/mm?2

Cross section
We use one cross section for the edge beam and the possibility for 10 cross sections for the
inner elements, which we will use for optimization.

Assemblage
Eventually all elements are converted to Karamba elements and all properties are assembled in
one component.

Load generator:

For the analysis, we’ll apply a load generator. The most important feature of this module, is the
interactivity with the parametric structure and the freedom for the user to apply, adjust and
remove loads. This is a big advantage compared to the use of GSA.

For the load distribution, we distinguish the permanent and variable loads and consider
combinations of the two to check the serviceability and ultimate state. The values that were
applied are described below:

Permanent Load:

dead load
The self-weight of the structure and dead load of the facade elements or cladding subjected by
gravity. These are implemented in the script and linked to the elements.

Density of timber 600 kg/m3
Density of facade fabric: 0,4 kg/m?2

The dead load depends on the cross section of the elements and therefore interactive in the
script.

Variable load:
wind load:



169

The wind pressure is estimated 1 kPa, so 1000 N/m.

Fwind = Cs x Cd x Cf x qp(Ze)

Compression wind load: Qd =1,0x1,0x 0,7 x 1 = 0,7 kN/m = 700 N/m

Tension wind load: Qs =1,0x1,0x 0,25 x 1 = 0,7 kN/m = 250 N/m

We consider the wind load as both horizontal and vertical loading. For further analysis, we
recommend taking asymmetric loading into account as well. For now, we decided to focus on
the optimization and neglect this effect.

Snow load: since the change of snow in Dubai in the period of January to June is highly unlikely
we don’t consider this as a governing load and don’t take the load into account.

Maintenance: For this conceptual design phase, we will ignore the point load of 1kN, that is
more favorable than the wind load.

Load combinations:
We will allow for the following load combinations, the grey combinations have not been taken
into account:

uLs Load case safety factor

1 self-weight only (G) 1,35*G

3 self-weight plus wind upwards (Qw+) 1,2*G+1,5*Qw+
4 self-weight plus wind downwards (Qw-) 0,9*G+1,5*Qw-
SLS

5 self-weight only 1,00*G

7 self-weight plus wind upwards (Qw+) 1,0*G+1,0*Qw+
8 self-weight plus wind downwards (Qw-) 1,0*G+1,0*Qw-

We will derive the governing forces, moments and stresses from the most critical Ultimate Limit
state combination, and the deflection from the most critical Serviceability Limit State.

In the figure below we show how the loads are assigned to the structure. The variable load is
projected onto the structure and redistributed to the grid and the dead load is connected to the
elements and their material properties.
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Structural optimization

For the optimization, we make use of different options. The first step is done in the form finding,
with the help of the hanging model. This will generate one extra optimization parameter, the
overall height. The boundary conditions also provide the possibility to optimize the structure:
with the location of the inner columns and outer supports. The grid pattern and size is also used
as optimization variable and had a considerable influence on the structural feasibility.

Cross section

For the optimization of the cross section we use an algorithm that assigns the smallest cross
section that suffices the maximum stress and deflection. The list of available sections is
described in the section before. We optimize all internal elements. The outcome shows if all
elements meet the requirements. The optimization component is connected to the structural
analysis and material properties.

Further optimization

We used the maximum deflection and stresses as leading for the optimization, keeping the
architectural value in mind. First, we looked at the effect of the different patterns. The
triangulated grid showed the smallest deformations, as expected. Compared to the hexagonal
grid, it’s much easier to be erected on site, therefor we choose this pattern over possible more
interesting patterns. The figures below show the use of a hexagonal grid and 2d squared grid.
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The next step, was the placing of the columns. We tried different options, a combination of
internal, external, line and point supports. For both structural as architectural point of view we
decided to use a combination of internal point supports and external line and point supports.
This would limit the span and at the same time create an irregular wavy shape.

Optimization of supports: No internal culumns, only line supports:

.
-
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Only point supports: no line supports:

Both line and point supports:

Top.

Subsequently, we adjusted the overall height of the structure. We noticed that this parameter
has no linear effect on the optimization. Due to the complex shape the height has a different
effect on each part and there for a change in height has a positive effect on a certain part at the
expense of an adjacent part. We vary between 6 and 20 meters and find an optimum at 8
meters.

Another optimization was done with the mesh size. We reduced the size of the grid to one
meter, to reduce the maximum deflection of the structure.

The last part of the optimization consists of refinement of the height, exact location of the
supports, grid size, the curves of the perimeter. This was necessary to create the final and
feasible design as described in the next part. The figure below show the effect in change of
height.
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Find the optimum of the structure concerning the material use. When using a denser mesh, the
cross section need to be bigger, there’s an optimum to be found. This is depending on different
parameters, including not only the mesh size, but also the pattern and cross section shape.

Final optimization

We tweaked the different buttons in order to keep optimizing and reducing the overall material.
At a certain moment, it became difficult find an optimum. This is caused by the interconnection
of the entire structure.

The four images below show the process to find an optimal shape. At first the maximum
displacement exceeded above the entrance. Then at just one node above the entrance, but also
near the exit. After reshaping the boundaries, we moved the critical deflection to the center of
the structure. After changing the height, boundaries and inner columns, we generated a
structure that didn’t exceed the maximum deflection nor stresses.
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Conclusion:

It is clear that the integral tool provides instant visual and numerical feedback, therefore the
impact of a design decision is very transparent. However, with a complicated design as this
project, a lot of components are intertwined and therefore the optimization can become quite
random, since the relationships are not always directly visible. We can conclude that the
optimization part was a bit more complicated than expected, because of the interactivity of the
complex shape.

While chancing these settings, we received instant visual feedback of the structural analysis,
which made it possible to design while structurally optimizing the structure. However, an
adjustment to resolve a local problem, shifts the problem to a point elsewhere in the structure.
This made it difficult to resolve. As this will also be the case when using external finite element
methods, we can conclude that the integral process has an advantage as opposed to the more
traditional verification.
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Structural analysis

The structural analysis is performed with the analysis module in Karamba and shows, as
mentioned before, instant results. All optimization models are calculated with the load
combinations as described before. For the final analysis we’ll discuss the outcome of the
optimized structure for the critical combination, ULS LC3 and SLS LC 7. We will briefly discuss the
outcome.

Axial force:
Compression 190 kN
Tension 20 kN
Shear force: 9 kN
Moment: +0,7 kNm

As expected the axial forces are mainly compression forces, normative at the supports. We see
some tensile members at parts with larger spans, this could be expected. Figure below shows
axial forces.
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The bending moment is limited and the positive bending moment occurs near the entrance and
exit, also the parts with the biggest span . Figure below shows bending moment.

In the figure below, we see that, due to the form finding, the lowest stresses can be found near
the supports and fulfill the requirements; the deformation is governing in this case.
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Deflection:

Ve AVAVAY
“uuv‘

Biggest deformation: 13 mm
Span: 35/250 = 14 mm
UC most deflected element < 1, the requirements are met.

Detailing and erection
We designed rotational connections, to make it possible to erect the structure as a hole. One
middle support will be fixed, while the others are pushed towards this center point. Lastly the
side supports are pushed into place. This process is performed with jacks, from under the grid,
that push the structure upward.
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The erection scheme is shown below:

> Excavation> > Foundation>> Fix base >> Jackstructure>> Attach facade>> Innerﬁnishing>

Detailing

To allow this kind of erection method, the connections need to be able to rotate, since the
timber elements need to be able to shift, relative to each other.

The timber elements are connected in 3 different layers to each other. To provide the rotational
freedom for construction we’ll use the pined principle in combination with shear blocks.

The supports are hinged connections that offer the freedom to rotate freely from horizontal,
needed at erection, to the angle needed for the structure. As soon as the supports are pushed
into place, they’ll be fixed to the concrete underground.

The fabric will be placed at a small offset of the structure on a rails.
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