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Flexible Transparency

A study on thin glass adaptive facade panels

Summary

This research studies the use of thin g|oss on odop’rive facade pcme\s with the objecﬁve of increasing the
know|ec|ge of the use of this material in the built environment. Thin g|oss is a material that is harder, stronger
and flexible than common g|oss. As some of the main current cho”enges faced in g|oss design are material use
and bui|o|ing element’s Weighf, thin g|oss can be seen as an interesting and sustainable alternative to common
g\oss. While many different opp|icoﬁons of thin g|oss in the built environment are possib\e, this research focus on
embr@cmg its main characteristic, the ﬂexibihfy, by 5+uo|ying the use of this material in odopﬁve fogode pone|s,
The behavior of thin g|oss in this context o|epenc|s on different factors, first the g|oss size and thickness define its
bending limits, while the desired geometry and movement affect ifs stiffness and visual outcome. To integrate
these factors different conﬁguroﬁons of pone|s were cmo|yzeo| in numerical models. These ono|yzes showed the
importance of undersfonding the desired movement and geometry in order to correcﬂy define the supports and
degrees of freedom of the pcme\, ovoidmg stress concenfration (espedo”y on the edges) and o||owing for an
unobstructed movement of the pone|. The o|eve|opmerw of these Qno|yses resulted on the conception of a design
exomp|e, Toking in consideration the design guio|e|ine5 deve\oped in the research. This exomp|e was then opp|ieo|
in a case eruo|y, in order to ono|yze it in a real context. A\Though there is still the need for research to be o|eve|opeo|
so that thin g|oss can become a bui|o|ing material, this research showed that this is possib|e and that interesting
results, regording visual effect, ventilation and dead load reduction (in |orger scale, an environmental impact

reduction is also possib|e) can be achieved.

Keywords: thin glass, adaptive panels, glass structures, glass design, lightweight fogode, kinetic Fogode.

Contact: rrs.silveira@gmail.com

Transparéncia Flexivel

Um estudo sobre o vidro fino em paines Qd@pfd\/eis para fachadas

Resumo

Esta pesquisa estuda o uso do vidro fino em painéis Qdopfdveis para fachadas, com o objeﬁvo de aumentar

o conhecimento sobre o uso deste material no ambiente construido. O vidro fino é um material que ¢ mais

duro, forte e flexivel que o vidro comum. Como o\guns dos principais desafios de projetar estruturas em vidro
estdo |ig0dos Qo peso dos elementos e uso de matéria-prima, o vidro fino se apresenfa como uma alternativa
interessante e sustentdvel para o vidro comum. Entre as diversas possiveis op|icog6es para o vidro fino no
ambiente construido, o foco desta pesquisa é definido pe\o sua caracteristica mais marcante, a flexibilidade;
sendo este estudo concentrado no uso desse material em painéis Qdopfdveis para fachadas. O comportfamento
do vidro fino neste contexto depende de diversos fatores; o tamanho do poine| de vidro e a sua espessura
determinam a sua copocidode de flexdio, enquanto a geometria e o movimento desejodos afetam sua rigidez e
o resultado visual. Para infegrar esfes fatores, diferentes conﬁgurogées de panéis foram analisadas em simu|og6es
numéricas. Estas andlises mostraram a importancia em enfender o movimento e a forma o|esejoo|os de modo

a definir corretamente os apoios e 0s graus de liberdade do poine|, evitando a concenfragdo de tensdes
(especio|men’re nas laterais) e goron’rindo a movimentfag¢do ndo obstruida do poine\‘ O desenvolvimento dessas
andlises culminou na concepcdo de um exemp|o de poine\ odopfo’ve| para fachadas em vidro fino, considerando
as diretrizes projetuais desenvolvidas na pesquisa. Este exemp|o foi entdo op|icqo|o em um estudo de caso, de
modo a ser possfve\ analiza-lo em um contexto real. Embora ainda exista a necessidade do desenvolvimento

de pesquisas para que o vidro fino se torne um material voltado para a consfrugdo civil, esta pesquisa mostra
que isso seria possfve\, e que resultados interessantes, visando um efeito visual, venﬁ|ogdo e redugdo de cargas
permanentes (em \orgo escala, uma redugdo no impacto ambiental também poo|e ser considerada) poo|em ser

oﬂngidos.

Palavras-chave: vidro fino, painéis adaptdveis, estruturas em vidro, projeto em vidro, fachada leve, fachada

cinética.

Contato: rrs.silveira@gmail.com



Flexible Transparency

Development of thin glass adaptive facade panels

Introduction

(Ultra) thin glass is silently present in the daily life
of people today. It is a very common material for
protecting mobile electronics screens from scratches
and impacts.

Although these functions do not seem appropriate for
a brittle material like glass, (ultra) thin glass presents
a much different behavior than common g|oss.

A combination of material composition, production
process and s’rreng’rhening, make (ultra) thin g|oss
harder, stronger and surprisingly, flexible.

On the other hand, g|oss design for the built
environment faces cho”enges related to weighf and
material use, due to the high density of glass and the
necessity of laminating many layers of this material
’roge’rher to ensure stiffness and sofe’ry. But also
challenges regarding achieving complex geometries
- as hot bending glass can become cost and energy
inefficient and cold bending has a limited geometry
range (|orge radius).

(Ultra) thin glass can be presented as an interesting
alternative to these problems. As it is lightweight,

it can be used for the development of glass panels

or laminated as a protection layer for reducing the

weight of elements. In addition, its flexibility allows

it to assume curved shapes without the need of hot
bending.

When looking back at the history of glass design in
the built environment it is clear that the embracing
of new technologies was fundamental to the
o|eve|opmen’r of the ﬁe|o|; but also to the built
environment we experience today, as glass is one of
its most important elements (it is challenging to find
buildings that do not employ it).

This research was developed with the objective of
linking these two points: the recent developments of
glass technology and the challenges faced by glass
design in the built environment.

Nevertheless, the use of thin g|oss instead of common

glass implies in a reduction of raw material and
reduction in the total load in the general structure
of the buildings. The substitution of one material for
the other could considerob|y reduce the amount of
structural material necessary in a building only due
the reduction of dead weight of the panels.

However, its high flexibility has both advantages
and disadvantages, constraining its use for certain
applications, but also opening opportunities for
others.

These applications are yet unknown, as there is very
few current exomp|es of the use of this material in the
built environment and also few research that relates it
fo bui|c|ing related purposes.

The development of this research helps on the growth
of interest and knowledge of using this material in
the built environment by studying its employment in
this context and selecting and further investigating a
possible application.

This research main focus is on embracing the
flexibility of this material in an adaptive facade
panel, showing the potential of thin glass as a
building material and challenging the concept of
glass as a static material.

Problem Statement

(Ultra) thin glass is a new material with big potential
to be used in the built environment. Its main
chorocferis’ric, the ﬂexibih’ry, can be faced as a
constrain, but also as an advantage. By embracing
the characteristics of this material it is possible to
show the potential of thin glass as a building material
and to challenge the concept of glass as a static
material.

Research Obijectives

Main Obijective

Growth of the (current smo||) |<now|eo|ge and research

over the use of this material in the build environment,
more specifically on fogode design of adaptive
elements.

Sub Objective

Design a thin glass adaptive panel for a double skin
Fagode by researching the benefits and constraints of
using this material in this application.

Research Question

How can a thin glass double skin facade panel be
made adaptive?

Sub Questions

To what purposes can a thin glass panel be made
adaptive?

How does bending influences the stress generation in
the thin glass panel?

What are the influences of bending and thickness on
the load resistance of the thin glass panel?

What are the possibi|i’ries of moving the pcme| by
adapting its geometry?

How can supports influence the movement and
geometry of the thin glass adaptive panel?

How to translate the necessary degrees of freedom to
the detailing of the panel?

Methodology

The development of this research started by trying to
understand what would be a possible application for
thin glass in the built environment as an alternative to
common glass according to its characteristics.

The first phase of the research was guided
on that direction. This question was addressed
by comparing thin glass and common glass on
a literature s‘rucly and then to exp|ore possib|e
alternatives based on the |<now|eo|ge from literature
(Chapters 1to 3).

This defined the focus of the research on embracing
the flexibility of the material and relating it to its
possibility to adapt.

Based on literature, adaptiveness on the built
environment was analyzed together with the
possibilities of using of thin glass in this context,

cddressing as well the first research sub question
(Chapter 4).

The next step of the research was to narrow the
research to a specific building element. To identify
which building element would be more suitable for
the development of the research multiple case studies
were selected and the advantages of using thin glass
on each of them was explored (Chapter 5).

The analysis of the advantages and disadvantages
of this study determined the development of the
research to be focused on double skin fogode
elements.

This was followed by trying to understand the
behavior of thin glass in this context by developing
and comparing physical and numerical models,
focusing on the second and third research questions
(Chapter 6).

Based on the results of the models it was possible to
s’ruo|y the relation between movement and supports
which is fundamental for the development of an
adaptive panel.

This was made by identifying possible types of
movement of the panel and studying what is the
influence of the supports and degrees of freedom on
the final geometry and stresses, addressing the fourth
and ffth research sub questions (Chapter 7).

After analyzing these results, design principles were
developed and compared according to the needs of
an adaptive double skin facade.

From this comparison a single principle was
selected and developed into a design (sixth sub
question) and also to prototype (Chopfer 8 and 9).

Relevance

The relevance of this research starts by following
the history of the development of glass in the built
environment in which the new technologies allowed
the creation of new applications to the point we see
’rodoy.

It also mainly aims to increase the knowledge
on the use of this material on the built environment




and serve as a base for data and examples for
possible future applications and research over this
material

Nevertheless, the use of thin glass as an alternative
to glass implies in a reduction of raw material and
dead weight on the building structure. As well as
saving energy and economic resources if used as an
alternative to hot bending glass.
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Material Behavior

Every new material means a new form, a new use if used

according to its nature.

Frank Lloyd Wright
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GLASS

His chapter has the objective of describing

the current and past uses of gbss in the built

environment. [t starts describmg the connection
between the Technologiccﬂ advances in gbss producﬁon
with its use in the built enviroment Then, its material
properties are described followed by the post producﬁon
Technologies After this, are listed its common uses in the
built environment and the limitations connected with the

current use of this material.

1.1.History

This section aims to describe the use of glass
throughout history and the connection between the
evolution of technologies related to glass production
and its characteristics of the built environment.

Glass first appeared in the form of artifacts like

pots and vases, around 1500 B.C. [1]. However not
transparent yet, these examples are the predecessors
of the glass we produce today.

Regarding the built environment, glass's most
common use, is to allow light in spaces while creating
a boundary between the inside and the outside.
Assuming this function, glass is a material mostly
found in buildings together with an important
element of architecture, the window.

Employed initially in window panes, glass was
an expensive material, and the production techniques
on|y allowed for small p|o+es to be produced.

y B

o

Figure 1-Glass window pane ca. 1AD - 70AD found in
Herculaneum, Italy. [2].

However, the deve|opmenf of the ’rechno|ogies

of g|oss produc’rion allowed for the deve|opmen’r

of plates to bigger dimensions and better optical
qualities, while reducing its price. Chart 1 shows the
relation between the evolution of glass technologies,
plate dimensions and the use of this material in the
built environment.

One conclusion that can be taken from the history
of g|oss, which is also valid for other mo’rerio|s, is
that the new technologies that were developed over
time triggered changes in the built environment as a
whole.

Regarding glass specifically, it was first a noble
mo’rerio|, expensive and exc|usive, which was
produced only in small plates, for very special uses;
as in the first exomp|e of Chart 1, which shows the

windows of the Notre Dame Cathedral in Paris;
common households at that time, would use lower
(optical) quality glass or other alternatives. However,
in the 18th century, with the addition to soda to

the composition of glass, the production costs
significantly dropped, spreading the use of higher
quality glass; for instance, the second example in the
chart shows windows of Victorian houses in England
on the same 18th century.

The next important milestone that should be
considered regards the use of the properties of
glass. Formerly almost only considered for its optical
qualities, in the 19th century, this material started to
be applied with a different function.

“Victorian green houses were perhaps the first
architectures to exp|oi’r the heat capturing properties
of the glass enclosed space” [3], in addition, these
buildings introduced a new way to build using this
material. A composition of iron frames and small
glass panes constitutes the technique used for these
buildings. These were the first buildings using glass as
one of its main mo’rerio|s, in addition ’rhey used the
small plates to compose (complex) curved shapes.

This technique culminated in the construction
of the Crystal Palace in 1851, one of the most
remarkable (and largest - 564 x 139 meters) glass
buildings of all time. This period also holds a
transition in the conception of the use of glass in
buildings, as it no longer was constrained to the
window, but to become the Fogode of the building
itself.

With the beginning of the 20th century, a new
development in the glass industry, the Foucault
process allowed g|oss p|o’res fo go beyond the
dimension of 2 meters. At the same time, the
fascination of architects about this material started to
grow.

In 1914, Bruno Taut designs the Glass
Pavilion, a building showing potential uses for this
mo’rerio|, inc|uding g|oss stairs, roof, bricks and
other elements. In the following years, the modernist
movement gave great importance to this material.
Mies van der Rohe in his unbuilt proposal for the
Friedrichstrasse Skyscraper designed an all glass
facade; the Bauhaus Dessau school main building
facade is recognized as one of the first curtain walll
systems developed, using glass to provide the desired
transparency effect.
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Rouen
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Fiurz-re D Pri-2
The o|eve|opmenf of the |oroo|uc’rion ’rechno|ogies
allowed the grow’rh of the dimensions of g|oss p|ofes
along time, and architecture followed it, using

the new available products to produce innovative
solutions. In the beginning of the 21st century, new
deve|opmen’rs allowed the |oroo|uc:’rion of even bigger
glass plates, pushing architects and engineers to new
solutions.

In 2006, one of the most remarkable series of glass
bui|o|ings in his’rory started with the bui|o|ing of the
Apple flagship store in New York. The brand adopted
g|oss bui|o|ings as its iden’ri’ry, and since then it has
been pushing the ino|us+ry to provide then even |orger
plates to their new designs. The Istanbul store (Figure
7) has a prism volume above it, composed of four
glass plates with the dimension of 10 x 4m.

1.2.Glass - material

“Glass is a state of matter” [4].

Glass is a solid that is the result of a melted material
- silica (SiO2) -, that when heated has its molecular
arrangement changed, becoming an amorphous

Maximum sizes available
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L]
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1
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|
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solid - “a solid material with the chaotic structure of a

liquid” [5].

The most remarkable of g|oss quo|ifies, fransparency,
is the result of its atomic conﬁguro’rion. Unlike other
solids, electrons in g|oss atoms do not absorb visible
|ighf pho’rons as ’rhey do not provio|e enough energy
for them to chonge their energy level. On the other
hand, UV light photons provide the ideal amount

of energy for these electrons to chonge level and
therefore it is absorbed, moking g|oss opaque under

UV light.

Another important characteristic considering
this material is its heat capturing possibilities. The
examples of greenhouses discussed in the item 1.1
take advantage of this property. Glass allows the
short infrared waves to go through it, however,
when these waves hit objects are re-emitted as long
infrared waves they can no longer pass through glass
and remain trapped, heating the space.

Along time, different materials were added to the
composition of glass, in order to make its production
easier, or fo adapt its properties.

1
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Figure 5-Glass Pavilion - 1914

The most common type of g|oss, and also the
most relevant to the building industry, today is the
soda-lime glass.

1.2.1.Material Properties

“Its fragility and, above all, its sudden failure
characterize glass as a typical brittle material” [6],
this characteristic has constrained g|oss's use in the
built environment to window panes, Fogode c|oo|o|ing
and other opp|ico’rions, such as decorative.

The graph O1 shows a comparison between glass
steel and wood when subjected to stress.

Stress 6 [kN/crm)

Stress g [kN/em?)

—t
elastic elastic plastic
range range range

GLASS STEEL

1951 -15.24 x 2.4 m

Exhibition glass

Britain, powerand 1970 - 6 x 3.21 m

Pilkington process  production pavilion  Jumbo float glass
L] L]

Fiue 6-Bauhaus Dessau - 192.8'

2009 -9x32lm
New Jumbo float glass

2010 -18 x 3.3 m
Insulated glass at
Glasstec

[ ]

Chart 1- Evolution of glass
Based on chart by Alejandro
Zaera Polo in [3]

1
1959 - Float glass

Pilkington

Figure 7-Apple Istambul - 2014

Glass has no plastic behavior (around 0.1%), it
has a very low elongation at failure, making it
“impossible to predict failure” [6].

It is important to consider, as emphosized
by Weller et al. [6], that the tensile s’rrengfh of g|oss
does not on|y o|epends on its material properties, but
moin|y on the physico| condition of the sheet g|oss.
A|’rhough in ’rheory sheet g|oss can achieve a tensile
strength of 6500 to 8000 N/mm?; in practice due
to “surface flaws, notches and cracks” this value is
reduced to 30-80 N/mm?. “Failure in glass is the
result of a combination of flaws and stresses” [7].

Stress o [kN/cm?]

Strain & [A[] Strain z[A1] Strain (A 1]

elastic plastic
range range

woobD

Chart 2-Qualitative comparison of the stress-strain graphs of glass, steel and wood. [8].




Figure 8-Sﬁrfdce ﬂawsmoln glass.

On the other hand, glass has a very high compressive
s’rrengfh, and a fracture ’roughness comporob|e to
concrete; in addition, the flaws described above do
not affect this property as much. The s’rudy of this
characteristic pushed designers to use this material
for |oodbeoring structures, cho”enging the Frdgi|ify
concept. Along the last decades studies and built
designs have proved the feasibility of glass structures.

Figure 9-Temple d’amour - Dirk Jan Postel - 2000.

Besides, glass is a very durable material, its high
resistance against the natural elements (water,

UV light) and acids, makes it suitable when long
durobihfy is necessary. In contrary to other translucent
or transparent materials, its properties (like color) do
not change with fime.

The Table 1 summarizes the material properties of
soda-lime glass, concluding this item.

Table 1-Soda lime glass material properties [9]

Density 2.47e3 -252e3  kg/m3
Young'’s Modulus 68-72 GPa
Tensile Strength 30.3-32.2 MPaq
Elongation 0.04 - 0.05 % strain
Compressive Strength 303 - 322 MPaq
Flexural Strength 394 -419 MPq

(modulus of rupture)

Shape Factor 15 -

1.3.Production

As described before, glass is the result a molten
composition; the whole process starts at very high
temperatures, that are progressively reduced to
produce the final material. This section will give a
brief description of the production of float glass

- as it is the main glass product used in the built
environment - and of the consequences of the
production process to the final quality and properties
of this material.

To produce float glass, the raw materials that
compose it are homogenized and mixed, then poured
into a melting tank, where they are heated up until
reoching the me|’ring point of the composition. This
molten solution floats (this is the derivation of name
of the production process) over a bath of molten tin
in order to produce two parallel faces of the product.
The product is then slowly cooled down and then cut
to the desired sizes. The different thicknesses of glass
are produced by "Adjusting the top rollers -serrated

wheels resting on the edges of the ribbon of glass at
the front end of the float bath” [6].

It is also important to consider that this process
produces a material with two different sides, with
different chemical compositions. As the bottom side
of the glass is in contact with the tin bath it *has a
higher content of tin ions than the so-called air side”

[6].
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Figure 10-Float glass production.

Shear Modulus 279 -9296 Gpa
Poisson’s ratio 0.21 - 0.22 =
Hardness - Vickers 89 -98.4 HV

Fatigue Strength 28.2 -31.2 MPa

(at 1077 cycles)

Fracture Toughness 0.63 - 0.65 MPa.m"0.5
Thermal Expansion 8.92-9.928 pstrain/°C

coefficient

Finally, it should be considered the last part of
this process, the cutting. Cutting glass is done by
damaging its surface (as it is a very hard material)
and then breaking it. The edges of glass remain
irregu|or surfaces that have to be then chamfered
or polished according to its future use. Due tfo this
process, both the cutting and the finishing, glass
edges have lower sTreng’rh than the surfaces of the
material as They dre more prone o have flaws.

Edge left as cut

Chamfered arrises, edge not ground

(

Chamfered amises plus ground edge

Polished edge

Section Elevation

Figure 11-Edge quality of glass.

1.4.Post production
processes

As described in the section 1.2, glass is strong but
fragile, it is an interesting material in which these two
divergent characteristics coexist.

However, due to its fragility, strategies and
technologies have been developed to improve the
strength and failure behavior of this material. This
section will describe the processes of toughening
and heat strengthening of glass, followed by an
overview of the failure behavior glass under these
improvements. Finally, a description over lamination
of glass is given.

1.4.1.Toughened

Toughened glass or tempered glass is the oldest
technique of toughening glass presented in this
section. This method consists of heating the glass
“approximately 100 °C above the transformation
point” [8] and then cooling it down rapidly. The result
of this process is that the outer surfaces of the glass

cool faster than the inside, getting stiffer; while the
inside volume of the glass pane is still hot, it tries to
expand but is constrained by the already cooled
surfaces, this generates internal stresses in the glass
pane. The final result is that the external surfaces of
the glass remain in compression while the inside is in
tension.

7
%% b

Compression zone

Figure 12-Illustrative section of a tempered glass pane
showing the tension and compression zones.

This method, first deve|oped in the 19th
century in France is based on a much older principle,
that of the Prince Rupert's Drop, developed in the
17th century, in which a drop of molten glass was
dropped on cold water, coo|ing it down ropid|y,~
the drop of g|oss can resist a hammer blow but will
disin’regro’re when its tail is cut.

1.4.2.Heat strenghtening

Heat s’rreng’rhened g|oss is produced by the same
method as +empered g|oss, the difference between
them is the speed in which the glass is cooled down.
Heat s’rreng’rhened g|oss is cooled slower, generating
less stresses in the material. This distinction is noticed
on the failure pattern and behavior of the glass.

Both toughening and heat strengthening processes
may cause defects to the surface of the glass panes.
“Because of its fluidity at higher temperatures, glass
also is inherently susceptible to roller wave, bow and
warp while it is being heat-treated” [10].

1.4.3.Failure pattern and
behaviour

The failure pattern and behavior of glass varies
according to the process in which the material was
treated. The production of float glass produces
annealed glass, which then can be tempered or heat
strengthened, by the methods described before.




The Figure 13 illustrates the different breakage
patterns of the types of g|oss described above.
Annealed glass breaks in larger and sharper parts,
which can cause injuries. Toughened glass shatters
into small pieces, which reduce the risk of injuries.
Heat s’rrenginened g|oss has a bregkoge pattern in
between annealed and ’roughened, still generating
sharp edges.
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Figure 13-Breakeage pattern of annealed, heat strengthened
and toughened glass.

The choice between these different types of glass
depends on the final use of the product. Certain uses
require more resistance of the glass pane, in addition
to that the breokoge pattern has to be taken into
consideration.

For instance, toughened glass may seem like
the best option as it's smalll parts reduce the chance
of injuries. However, this material “is much more likely
to fall from the glazing system immediately upon
breakage”, while heat strengthened glass’s “breakage
pattern prevents the glass from falling and injuring
someone”. [10].

1.4.4.Lamination

Laminated g|oss consists of two or more |oyers of
g|gss (or other materials) bonded ’roge’rner with

an adhesive |oyer. It has been deve|oped with

the objec’rive of moking this material safer after
breGkoge; if one of the |gyers of g|oss fails, the pone|
still maintains residual structural integrity, and the
shattered parts remain bonded to the adhesive. This
’rechnique was deve|oped in the beginning of the
20th century, aiming the automobile industry with
the objec’rive of reducing injuries.

This has become a common solution for
using glass structurally and safely as it avoids the
sudden failure behavior and keeps the fragments
from detaching from the panel. In addition, by this
technique, it is possible to combine the different
types of glass described in the previous item, taking
advantage of their specific qualities.

The process of producing laminating glass starts by

cleaning the individual glass panes; which then are
positioned and the interlayer is placed in between
them, then the ensemble is pressed together. Finally,
it is placed into the autoclave under “high pressure
and temperatures of about 140°C" [8] so the
adhesive bonds comp|eie|y to the g|oss sheets.

The dimensions of the autoclave become the
size constraints for glass elements. “Specialist glass
processing companies are able to laminate (...) sheets
up to a jumbo panel size of 3.21 x ém. (...) For special
applications, companies (...) can produce laminated
glass up to 12 meters long” [8].

The choice of the interlayer depends as well on

the application of the panel. The most common
in’rer|0|yer used in laminated g|oss is “po|yviny| bu’ryro|
(PVB film) because this material exhibits optimum
mechanical properties for this type of usage p|us high
tear elongation and tear strength.[8].

Besides PVB, the most used interlayer
materials used are cast-in-place resin (CIP),
ethylene vinylacetate (EVA) and sentriglas plus
(SGP). The latter, is a stiffer interlayer that was
“originally developed for glazing in hurricane-prone
areas” and differently than PVB it resists to high
permanent temperatures; however, as its thermal
expansion coefficient is higher than that of glass,
it is particularly necessary to consider long-term
temperature stresses’[8].

C with stiff interlayer bond

Figure 14-Shear stress distribution according to the
characteristic of the interlayer in symmetric laminated glass
panels.

Lamination of g|oss can also be used to connect or
even to reinforce g|oss elements.

As described in section 1.3 cutting glass damages
the surface of glass, and if the cut surface is used
as a connection point there will be concentration of
stresses in the same area as the damage occurred
before. This type of connection, although not ideal
is commonly used in glass, for instance, in spider
fittings.

An alternative to this connection method is the
lamination of metallic inserts in between the glass
plates; so that the connection between the glass
elements and other elements can then be done
through these inserts. A remarkable example of this

strategy is the Apple store at New York (Figure 15).

Figure 15-Apple store connection detail.

Other than connection poinfs, metallic inserts may
also be used to reinforce glass beams. In the Delft
university of Technology (TU Delft) this strategy has
already been tested and researched along the last
years. In the Figure 16 it is possible to see a reinforced
glass beam still supporting the weight of five people
even after cracking.

Figure 16-Laminated remforced cracked beam supporting the
weight of fve people.

1.5.Bending glass

Glass is not only constrained to flat plates; some
applications require curved elements of glass, either
for structural or architectural demands. This section
describes the techniques of bending glass.

1.5.1.Hot Bending

This technique follows the principles of the production
of the material. Hot bending g|oss consists in neo‘ring
the glass plate “at a temperature of about 600 °C”
[6] until it can be shaped in the desired geometry.

However simple this might seem to be, it
implies on the creation of specific molds for each
of the desired shapes, raising the economical and
energetic costs.

1.5.2.Cold Bending

“In cold bent materialization, glass does not seem

to be the most obvious choice."[11]. This is because
cold bending implies in shaping the material in room
temperature, to the desired shape. This technique is
much cheaper than hot bending, as it does not imply
in the creation of mo|ds, and neither on the use of
high amounts of energy to soften the glass plates.

However, in cold bending, stresses are
introduced to the glass plates, which may reduce
the final structural capacity of the pgne|; and limits
the radius a glass plate can achieve. In addition, the
frames or the interlayer have to keep the plates in
p|gce, which also migni constrain the de’roi|ing of the
final design.

1.6.Limitations

As described before, glass is a fragile material which
has sudden failure behavior. In addition, due to the
high slenderness ratio of a glass pane, it is vulnerable
to buckle under loads that are lower than its material
limits.

These characteristics lead to different solutions.

An alternative is to laminate multiple layers of glass
together, so if one or more of them fail the remaining
ones can take the |oods; in oddi’rion, |omino’ring
many layers reduces the slenderness ratio of the




element. However, this solution considerably increases
the weight of the element, increasing the loads on the
other parts of the structure.

Another alternative is to chonge the geomeftry
of the g|oss pane, by odding curvature fo it; which
can be done by hot or cold bending, however the
first is consumes much resources (energetic and
economico|) and the second one limits the allowable
curvature range.

The next chapter will introduce (ultra) thin glass, a
material that has the potential to overcome some of
the limitations of float glass and be a feasible and
inferesting alternative to glass in some applications.




(ULTRA) THIN
GLASS

n this Ch@pfer/ thin and ultra thin gbss are going

to be presemed Imhqﬂy the hisfory of this material

will be presemed/ followed by its material properties.
Then, the current Qpphcqﬁons of this material in the built

environment. quﬂy, the pofenﬁcﬂ of using this material

will be discussed.

2.1.Introduction

Thin glasses are those under the thickness of 2 mm,
as this is the minimal standard glass thickness of float
glass (although thicknesses as thin as O.1mm can also
be achieved by this process). As of ultra thin glass are
usually classified as glass under the thickness of 0.1
mm (100um) [12]; as for the current date, glasses

at the thicknesses of 25 pm (0.025mm) are already
being produced.

The Figure 17 illustrates a comparison
between the common float standard glass
thicknesses (in scale 1:1) until the ultra thin glass that
can be produced.
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Figure 17-Glass thickenesses at 1:1 scale - from 22mm to
25um.

Although this material may seem like an exclusive
material used for special purposes, it is very common
on smartphones and mobile devices; the evolution
of these products in the past decade has pushed the

g|oss indusfry fo produce ever thinner and harder
glass, attending fo the necessities of scratch, fall
resistance and low weight.

2.2.Material Properties

Thin glass material properties depend its
composition; “typical glass types used for thin glass
are borosilicate glass, aluminosilicate glass and the
well-known float glass'[13] (or soda lime glass).

Considering these three types of glass, some
general characteristics may already be presented.
Float g|oss, o|’rhoug|’1 thinner, maintain the same
material properties as described in the Section 1.2;
borosilicate glass has excellent chemical durability
and thermal resistance; aluminosilicate g|0|ss,
however, presents a “comparatively high Young's
modulus, hardness, fracture toughness, chemical
durobih’ry, lower coefficient of thermal expansion and
reduced electrical conductivity [14] associated with
high softening points.

Due to its capacity of withstanding
mechanical influences, aluminosilicate glass “have
thus far primarily been used in technical glass, for
example, as cover glass in the electronics industry
or as glass substrates in laboratories and bio-
technology[13].

However, the most remarkable characteristic of this
material is its allowance for deformation.

Due to the particularities of the
manufacturing process (not considering the float
glass process), thin glass has a surface with higher
quality, with an almost flawless result, as the glass
surface does not have contact with any solid during
its production. The surface quality together with its
higher strength, make thin glass more resistant to
bending stresses, allowing it o bend to smaller radii.
The minimum radius this material can bend is directly
related to its thickness. Generally, the thinner the glass
the smaller the radius it can achieve without breaking.

Figure 18-Bended 25um glass sheef




Table 2-Aluminosilicate glass material properties [14]

Density 2.49e3-254e3  kg/m3
Young's Modulus 84.8-891 GPa
Tensile Strength 399 -439 MPa
Elongation 0.04 - 0.05 % strain
Compressive Strength 376 - 414 MPa
Flexural Strength 48.9 -53.8 MPa
(modulus of rupture)

Shape Factor 15 -

Table 2 gives an overview of the material properties
of aluminosilicate g|oss. Comparing the values of
this table with Table 1 (which refers to the material
properties of soda lime g|oss) it is clear that
aluminosilicate g|oss is a stronger material. The most
remarkable chonges are the young's modulus which
is about 20GPa higher; the hardness of the material,
opproximo+e|y 5 times higher; and the thermal
expansion with is around half as much that of soda
lime g|oss.

In oddi’rion, this g|oss does not contain iron,
so it has higher optical qudlity, as the edges do not
present the common green tone of soda lime glass
(due to the presence of iron on the composition of the
latter).

2.2.1.Production

As mentioned before, thin glass is usually produced
by a different process than soda lime glass; “thin
glasses are produced using different processes: the
float process, the down-draw process or the overflow-
fusion process” [13].In this section the overflow-fusion
process and the down-draw process are going to be
explained, as the float process has been described in
Section 1.3.

The basis of the overflow-fusion process has

been patented by Corning in 1964 aiming at the
automobile windshield industry. However, at that
time, there was very little, or no market for that kind
of product. This changed in the 80's with the need
for thin and flat glass for LCD screens, and this
producfion Technique started to be further deve|opeo|.

[15].

Currenﬂy the overflow-fusion process follows
the same principle as in 1964. The process starts
by the me|+ing and mixing of the raw materials,
producing molten g|oss. This composition is then
poured into a bath until it overflows its capacity

Shear Modulus 339-356 Gpa
Poisson’s ratio 0.23-0.22 =
Hardness - Vickers 477 - 525 HV

Fatigue Strength 35.6 -394 MPa

(at 10"7 cycles)

Fracture Toughness 0.7-072 MPa.m”0.5
Thermal Expansion 45 -4.69 pstrain/°C

coefficient

simu|+oneous|y by both edges. The molten g|oss
flows over the outer surfaces of the bath and when
it reaches its bottom the two flows join each other.
The resu|’ring molten material flows down ver’rico”y
by gravity. The g|oss then cools down as it flows
without getting in contact with any surface. When
the composition is stiff enough, the p|o’re is cut and
stored. The Figure 19 illustrates this process.

INFLOW OF OVERFLOW OVERFLOW CHAMNNELS
MOLTEN GLASS |CHAMNMELS BOARD EDGE
[ L~

—— GLASS RIBBON

SMOOTH_— /
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FLOW JUNCTION
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Figure 19-Overflow-fusion process

The down draw process has been already patented
in the 1970’s. However, like the overflow-fusion
process, the market for this type of produc’r was
deve|opeo| later. This process is very similar to the
overflow-fusion, the difference is that "the molten
g|oss is pu||eo| down out of a furnace ’rhrough and
orifice’[13]. After leaving the orifice the glass ribbon is
o|reoo|y annealed and then cut in pcme|s.

An inferesting development possible due to the
development of these processes - float, the down-
draw or overflow-fusion - is the possibility to create
(ultra) thin glass rolls over a 100-meter long.

Figure 20-Down draw process.

Figure 21-Ultra thin glass roll. 0.05mm thick and 100m long

2.2.2.Chemical strengthening

In order to improve the material properties of thin
glass this material is usually pre-stressed by chemical
strengthening, this item is going to elaborate on this
strengthening method.

A|’rhough also suitable for g|oss of |orger thicknesses
this process is more appropriate for thinner

glass sheets -"whereas it is very hard to provide
reinforcement to g|ass thinner than 2mm on an
industrial thermal tempering installation” [16] - and
therefore was not addressed in item 1.4.

Chemical strengthening is a process that aims

to increase the surface compression of glass. The
resulting principle is the same as toughened and heat
strengthened glass (Section 1.4) a compressive zone
in the outer surfaces of the glass and tension in the
inner ones (Figure 12)

In Figure 22, its illustrated a comparison of
the stress distribution in the cross section of these
types of strengthening of glass. It possible to see, that
the compression layer of chemically strengthened
glass is much thinner than that of toughned or heat

s’rreng’rhened.
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Figure 22-Stress distribution comparison by strengthening
process

However, chemical strengthening consists
in a process of ion exchanging instead of thermal
shock. “In this process, stresses between the outer and
inner layers of glass are introduced by placing the
panes in a hot salt bath. In this manner, ions on the
glass surface are replaced by other ions with a larger
radius and the pre stressing is achieved.’
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Figure 23-Chemical strenghtening ion exchange

This method allows the strengthening of
complex shapes (without optical distortions), as the
material is immerged in the solution, which is “not
feasible with thermal tempering[16]. However, “the
maximum dimensions are limited by the size of the




tubs holding the salt bath"[6], so larger elements are
not yet possible to be chemically strengthened.

The result of this process is a surface compression of
a minimum of 230Mpa [17], which is much higher
than that of toughened (90OMpa), heat strengthened
(40Mpa) or annealed (20Mpa) glass [18].

Some of the major thin glass producers - Corning,
AGC and SCHOTT - have opﬂmized their (ultra)
thin glass production to chemical strengthening, in
Appendix O1, a specification sheet for the products of
each of these manufacturers is presented. According
to these specification sheet, Gorilla glass (Corning),
Leoflex (AGC - Asahi Glass corporation) and
Xensation (SCHOTT) can achieve a compressive
strength of: >800MPaq, >600MPa and >900MPq

respectively.

2.2.3.Breakeage behaviour

A|’r|’10ugh stfrong, when under stresses above its
maximum supporfed, chemico”y s’rreng’rhened g|oss
fails. As a still developing technology, (ultra) thin
chemico”y s’rreng’rhened g|oss properties are not
completely studied and understood. This also applies
for its breakage behavior.

Chemico”y s’rrengﬂqened g|oss has a breokoge
pattern similar of that of annealed glass, “a
monolithic sheet of chemically strengthened glass is
not safety glass” [6].

However, the thickness of the g|oss may
influence the breakage behavior; “when chemically
sTreng’rhened g|oss is broken there is no such fine
dicing of the glass, except when the glass is very
thin, with thickness of the order of few hundreds
of microns” (E. Bouyne et al. Glass Technol. C 43
(2002) 300-302. apud [16]).

Still, there is research stating that thin
chemically strengthened, “breaks into much smaller
fragments, almost exhibiting a powder like state[19].

Further research is necessary to determine the correct
breakoge pattern of this material and if it can be
used in a single layer or not. Currently, the best
alternative is to use it laminated, in a way that if it
Foi|s, the Frogmen’rs, independen’r of its characteristics
remain attached to the panel.

2.2.4.Bending radius

As discussed before, the most remarkable
characteristic of (ultra) thin glass is it bending
resistance, allowing it fo assume curved shapes. There
is a relation between the thickness of the glass and

its maximum bending radius; generally, the thinner
the g|oss the more it can be bent. The Chart 3 shows
a calculated [20] comparison of different glass
thicknesses relating it to the stress generated in its top
layer by bending it to different radii.

Again, considering this property, more
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Chart 3-Stress generated by bending different glass thicknesses.[20].

research needs to be done, testing this property
of the material and seeing if the calculated values
correspond to the real behavior of chemically
s’rreng+heneo| thin g|oss sheefs.

2.3.Current Applications

Although available in smartphones and other
electronic devices for some years, (ultra) thin glass is
still on its first steps in the built environment. In this
section, the current applications of this material are
going to be presented.

One of the currently most developed applications of
this material is at the produc’rion of high performonce
windows. The high market demands for windows with
low thermal transmittance, and the deve|opmen’r of
passive house systems increased the demand of high
insulating windows in the last decade. One solution
for this demand was the creation of Jrri|o|e g|ozed
systems. However, as the amount of layers of glass
increases, the weight of the windows also does.

To overcome this prob|em, thin g|oss was selected as
a very feasible solution. Having the same optical and
heat capturing properties as common glass, but with
reduced weight, thin glass is currently being studied
as the middle glass layer of the triple glazed window
system.

There is also a European commission funded
project studying the feasibility of quadruple glass
windows with two thin glass layers, approaching U

values of 0.3 W/m?K.
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Figure 24-Quadruple window system with thin glass layers

Another example of the use of this material was

in the World Cup of 2014. In this event, the player
benches were designed to provide maximum
transparency, weather and impact resistance while
reducing reflections. This was achieved by using thin
glass as the main protection material, used in the
roof and back side of these benches.

Figure 25-2014 World Cup bench

A different application for this product was also
found by one of its main producers. Corning has
developed and alternative use for its Gorilla Glass.
Due to the impact and scratch resistance of thin
glass, together with its optical qualities, this material
is currently being used as a protective layer in interior
architecture, mainly targeted at elevator’s interiors.
lts use as an external layer allows the lamination

of panels behind it, which can be exhibited with
high optical quality, without being susceptible to
damages.

Figure 26-Interior architecture panels protective layer.

The last exomp|e isan experimen’ro| s’ruo|y,
developed by Jirgen Neugebauer, and realized by
SFL Technologies at the GlassTec 2014 in Dusseldorf.
It consists of a movable glass canopy, which can

be expomded and contracted in two directions. The




interesting aspect of this example is that it shows the
adaptability of thin glass, which can be bended into
a double curved geomeftry and then moved back to
its original state.
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Figure 27-Thin glass movable canopy design

Figure 28-Thin glass movable canopy realized

2.4.Potencial and
Challenges

As a new material to the building industry, thin glass
has not yet been extensively applied or explored in
the field. As the previous section showed, there are
sparse and very different examples for the use of
this material, as a consistent use for it in the building
industry it has not yet been developed.

The applications mentioned before, show some of
the potentials of using this material: its lightweight,
toughness, optical qualities, weather and bending
resistance. Which allow it to be use in a multitude of
applications.

In some applications, thin glass can be a potential
substitute for thicker glass. As mentioned before, glass
elements tend to be heovy because of the necessity
of laminating multiple layers (either to increase its
stiffness or for sofe’ry reasons). Thin g|oss has the
same or better s’rreng’rh characteristics as common
glass, however, as it is much thinner it weights much
less. In the previous section the insulating window
example explores this characteristic.

But this change could be much more
ambitious, thin glass could be used as a substitute for
glass in Fogode panels, structural elements, curved
e|emen’rs, roofs, etc.

One of the greatest potential and challenges

about this material is its bending properties.
Compared to soda-lime glass, thin glass (i.e. with
other compositions than soda-lime glass; taking
aluminosilicate glass for example) can bend to
much smaller radius, allowing the creation of curved
geometries without the necessity of hot bending.

However, this also becomes one of the main
challenges considering this material; which is how to
stiffen it. As in common glass elements, the necessity
of stiffening it asks for the increasing of layers, or
geometry odop’ro’rion.

The next chapter will elaborate on the exploration of
geometries using thin glass in different applications in
which glass is commonly employed.




EXPLORATION

n this Ch@pfer/ the possibﬂihes of using thin gbss in the

built environment will be explored Apphcqﬁons will

be divided in groups in which the explored pogsﬂoihﬁes
will be presemed. This Ch@tpfer is concluded eprmmg

the direction of the research.

3.1.Analysis of Possible
Uses

After studying the material properties of thin glass
and analyzing the current uses of this material in
the building industry | started to explore additional
possible applications for this material in this field.
Considering the classification of forms elaborated
by Wurm [8], | selected four main geometry types or
applications -Structural elements, flat panels, single
radius elements and double curved elements - in
which glass is used in the built environment and then
explored possible alternatives using the thin glass
technology.

3.1.1.Structural Elements

The first category that was exp|oreo| was that of
structural elements. Structural elements in g|oss,

such as beams and columns, are applications which
have been deve|opec| in the last decades and are still
under research and development.

| A

P=¢

Considering the column, buckling can be considered
as the bigges’r cho”enge; o|’rhough g|oss has a very
high compressive strength, a glass plate will tend to
buckle under loads lower than its material capacities.
To prevent this, it is possible to adapt the geometry
of the element in order to increase the moment of
inertia, increasing its buckling resistance.

In this case, thin glass could be an alternative
due to its high flexibility, as it would be simpler (cold
bending) to create curved geometries to prevent
the buckling behavior. The Figure 29 shows some of
the geometries explored considering O.5mm glass
elements and a minimum bending radius of 150 mm.

Another advantage of using thin glass in
these elements is its impact resistance, necessary to
keep the integrity of this element against possible
accidents.

However, a disodvon’roge of using this
material would also be related to its flexibility. As
the integrity of the column depends on its shope
to be stable, if any part of the surface is deformed
due to an impact the structural integrity could be
compromised. Therefore, there is always the necessity
of hoving another element to prevent the failure

e

Figure 29-Geometry exploration for glass columns in thin glass. Plan and isometric views.




of the column in case the thin glass layer fails (this
is already a standard practice considering glass
design).

Therefore, a possible way use thin glass in glass
columns would be as a protection layer to other glass
elements. Considering its high impact resistance, this
application would also suit well with the necessities of
a glass column. For instance, using the last geometry
illustrated in Figure 29 it would be possible to
associate it with glass tubes in its interior, following
the same principle presented in the laminated glass
column [21].
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Figure 30-Example of column assembly using thin glass as a
protection layer. Plan and isometric views.

Regarding a glass beam, one of the major structural
challenges is reduction of tensile stresses on the
bottom of its cross section. As described in Section
1.4.4, solutions like higher tension resistant materials
(as steel) can be an interesting alternative to prevent
these stresses. Considering thin glass, it faces the
same challenges of glass regarding tensile stresses, so
it does not provide a solution regarding this problem.

However, as in the column exomp|es, it can
be used to adapt the beam cross section to increase
its moment of inertia and ’rherefore, its resistance to
bending moments (reducing stresses in the element);
Figure 31 shows an example of this reasoning.

As a conclusion, structural elements in thin glass can
most benefit on the properties of flexibility of this
material. As described in the previous paragraphs,
chonging the cross section of the structural element
can improve its performonce.

Figure 31-Geometry exploration for glass beams in thin glass.
Section and isometric views.

In the other hand, the flexibility of this material can
be also be considered as a disadvantage, the glass
element can become susceptible for deformations
and lose its integrity.

However, as mentioned before, thin g|ass
can be used as a protection-sacrificial layer for glass
structural elements, which can be very beneficial
considering the low mass of thin glass plates,
reducing the total dead load of the g|c:ss element.

3.1.2.Flat panels

The next category exp|oreo| was that of flat pone|s.

As discussed before, flat panels are a big challenge
considering the weight of the elements - due to the
number of layers of glass necessary to provide safety
and structural stability.

One of the possibilities to stiffen glass panels is to
improve its geometry, using the same strategy as
described in the previous item, to improve its moment
of inertia.

In this section two different categories of flat panels
will be explored: one and two layered panels.

This distinction was made regarding the different
possibilities each of these typologies may bring and
how can then relate to common uses of g|oss in the
built environment.

3.1.2.1.0ne layered flat panel

Considering one layered glass panels, applications
could be double skin facades, interior partitions or
facades that do not require insulation properties.

The odvon’roges of using thin g|oss in this opp|ico’rions
are moin|y the ﬂexibih’ry (for cold bending) of the
material - that again allows geometry odop’roﬂon

- its impact resistance and its |igh’rness. These are
important quo|i’ries for the opp|ico’rions described
before.

The Figure 32 shows the exploration of geometries
regarding this application.
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Figure 32-Geometry exploration for one layered glass panels.
Plan and isometric views.

Although thin glass allows these applications, flat
thin glass elements are susceptible to wind pressure
- both positive and negative. Due to the flexibility
of the material, it moves, generating noise (a similar
behavior as paper when facing wind forces). Which
may cause discomfort to users.

For window panes, however, it is possib|e

to achieve and interesting solution by laminating

thin glass panes to a stiff interlayer. In this way, the
interlayer would keep the thin glass from oscillating
by wind, while still providing a light weight solution.

For interior applications however, these solutions are
very suitable and practical. The possibility of cold
bending this glass allows for the adaptation of the
panel to the space it means to divide.

3.1.2.2.Two layered flat panel

Regarding two layered glass panels, applications
could be insulated facades and window frames for
instance.

As for this category the same odvon’roges of thin
glass apply. The flexibility of the material allows for
bending it to make it stiffer, in addition, it is possible
to laminate different glass layers together, stabilizing
the pcme|.

The experimentation regarding this application

took in consideration the same bending constraints
as described in item 3.1.1. Due to this reason, the
panes acquired a big cavity in between them, of
around 300mm. All the geometries explored took in
consideration the s’riﬁcening of the pcme| by curvature
of the laminated layers.
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Figure 33-Geometry exploration for two layered glass panels.
Plan and isometric views.

Due to the constraint of big cavity sizes, it would be
complicated to fit these panels in window frames.

In addition, also for insulating purposes, the




size of the cavity might become an obstacle as it
allows for convection of air, reducing the insulation
performance of the panel.

Smaller cavity sizes could be achieved by using
thinner g|oss; nowever, it would still be limited to a
bending radius of around 50mm.

These examples could work as facade glass panels,
ranging bigger spans; as they have low weight, high
visual quality, stiffness and weather resistance.

3.1.3.Single Radius

The third category explored was that of single radius
g|oss elements.

In the built environment, these elements are usually
employed for roofs or Fogode panels. Depending on
the desired radius these elements can be hot (smo||er

radii) or cold (|orger radii) bended.

Considering thin glass, its flexibility is again the
characteristic that most relates to this application.
Cold bended thin glass elements can be used for
most of the applications requiring single radius
bending. Figure 34 shows an example of a barrel
vault in glass, as an example in which thin glass
would also be a suitable material.

i X e

Figure 34-GUM arcades in Moskow, 1893.

In addition, as discussed before, bending glass is

a strategy for increasing its stiffness, which helps to
prevent the oscillating effect mentioned in Section
3.1.2.1. Figure 35 shows an example of a facade
panel in which glass was bended to increase its
stiffness, as an example in which thin glass could also
be employed.

Figure 35-MAS Museum in Antwerp.

3.1.4.Double Radius

Generally speaking, the interest in double curvature
shapes has increased in the last decades. The
deve|oprnen’r of new produc’rion ’recnniques (such as
laser cutting and CNC [computer numerical control]
milling), together with parametric design, has pushed
the boundaries in the construction industry. This also
opp|ies fo g|oss; curren’r|y, more comp|ex geometries
are required to be produced using this material.
According to the radius desired by de design, glass
can be hot or cold bended. As single radius elements,
double radius glass elements are usually found in roof
and fogode applications.

Thin glass can also be applied to this category of
glass elements. Taking advantage of its flexibility, thin
glass can be used to produce cold bended double
curved glass elements, one example of this is the
glass canopy (Figure 28) mentioned in section 2.3.

However, considering this application, there
is a constraint to the use of cold bent thin glass.
Due to the material properties of thin glass, it does
not allow for e|ongo’rion and Jrhere]core, no strains
can be genero’red by bending this material. This
characteristic limits the generation of double curved
glass geometries to those in which the Gaussian
curvature is equo| to zero; or to simp|iﬁed alternatives
of the shape in developable geometries.[22]. For
instance, a cone is a double curved geometry []9],
with a gaussian curvature that equals zero.

Figure 36-Cone, as a zero gaussian curvature geometry.

3.2.Conclusions for
further exploration of the
research

The process described in the previous section
helped me to get a further understanding on thin
glass and the possibilities for using it in the built
environment. After exploring different applications,
it is clear that the most remarkable characteristic
of this material is its ﬂexibi|i’ry, besides that, it was
shown that it has also the possibility of adapting to
the necessities of application. It is also interesting
to mention that, after cold bending, this material
does noft retain the shape in which it was bended,
and therefore can return to its original shape or be
bended into a new one.

By analyzing the material properties, current
applications and exploring possible applications
for this material it was possible to respond to the
question that triggered this thesis which looked into
finding a suitable and logical application for this
material in the built environment.

| believe that this application should aim to take
advantage of the properties of thin glass, both
those similar to common glass and those exclusive
of thin g|oss. This means that it should benefit from
its fransparency, but also from its ﬂexibi|i’ry and
adaptability.

After concluding the first phase of this research |
defined that the direction to be explored is that

of finding an application of thin glass regarding
odop’rive fransparent curved pone|s.

This relates closely to adaptive structures, such as
roofs of facades, as they open or close to collaborate
with the environment (for instance, ventilation and
temperature) of a building.

One of the most traditional examples of these
structures is a g|0|ss nouse, like the ones Wnicn, in
the 18th century, expanded the possibilities of glass
architecture. Glass houses usually have openings
which can be operated to control the temperature
inside of it.

In addition, adaptiveness is a quality that is being
much explored in facades nowadays, with the
development of parametric and programming in
architecture. This means that odapfive elements can
be progromed fo direc’r|y respond to the environment,
without hoving to be controlled |oy the users.

These concepts will be further explored in the next
chapter together with the use of thin glass in this
context.




ADAPTIVENESS

n this Chapfer Qd@phveness in the built environment

related to thin gbss will be explored [t starts by

describmg the classifications of these elements to then
reflect on principles that could be related to the object of
this research. After, Qd@phveness is related to the benefit
it may brmg to the buﬂdmg. Fmaﬂy, the Chapfer is
concluded rebﬁng thin gbss to qupﬁveness in the built

environment.

4.1.Introduction

Adaptive elements (i.e. structures, facades, objects)
are those who can change their position, shape or
properties according to the needs and desires of its
users.

Although this may seem limited to technological
approaches, very simple and common examples
show the opposite; for instance, a curtain is an
adaptive object that can change shape and position
if the user finds it necessary.

This chapter starts by giving an overview of adaptive
elements in the built environment, and then relates it
to the object of this research.

4.2 .Classification

Adop’rive elements can be classified moin|y
occording to their type of movement and to how ’rhey
are controlled.

By s’rudying these categories, it is possib|e fo
understand better the possibilities of this approach.
The classification described in this section is based on

[23] and [24].

4.2.1.Movement

Movement is the main characteristic of adaptive
panels; it can happen by moving the adaptive
element or by deforming it. The Table 3 summarizes
the classification of adaptive structures based on
movement.

4.2.1.1.Element movement

Element movement is related to a mechanical input
on the odopﬁve element. This movement can be of
translation, rotation or a combination of both.

Translation movements can hoppen in-p|cme
or oﬁc-p|one. |n-p|one movements are the ones in
which the element stays in its the same axis, while
off-p|cme are the ones in which it translates in an axis
which is different than its own. For exomp|e, a s|io|ing
door is an odop’rive element that translates in-p|c1ne;
while a pus|’1 ouf p|o’re translates oﬂ(-p|cme.

Rotation movements can happen also in and
out-of-plane. An example of an in-plane rotation is
a camera diaphragm, a type of movement present
in the Institut du monde arabe fagade panels. An out-
of-plane rotation common examples are louvers, or

window blinds.

Figure 37—Int du monde Arabe, Paris. Exterior view of the
facade and close up at the interior of the facade panels.

Movement

Element movement

Off Plane Off Plane

Material Deformation

Self Change External Input
Gas
Te{npera Humidity || Electricity Liquid External
ure fluid force

Table 3-Classification of adaptive elements regarding movement. [24].




Hybrid movements are the ones which
combine translation and rotational movements.
Fo|o|ing p|o’res, umbrellas or scissor structures are
examples of hybrid movements.

4.2.1.2.Material deformation

It is also possible to create movement by a material
deformation, meaning a change of the original
shape of the element. Generally, this can happen in
two different ways: by the reaction of the material to
the environment based on its material properties; or
by an external input.

A material self-change can happen
according to changes of the environment. This
movement is dependent on the material properties.
Examples of this type of movement are not yet very
common in the built environment, but applications
for it are and have been target of different studies.
An example in material level is the thermal expansion
due to the increase of temperature. In item 4.4.2 this
type of movement is further exp|c1inec|.

A material can also deform based on
an external input, such as electricity, a fluid or a
mechanical force. Electrochromic glass is an example
of an element that can chcmge from fransparent fo
opaque by an electrical input. Inflatable structures
can show how a fluid can deform (stretching)
a material to create space (Figure 38). As for a
deformation based on mechanical force, the louvers
of the One Ocean thematic pavilion of the EXPO
2012 are very interesting examples; this case will be
further discussed in the item 4.4.1.

g

Figure 38- (right) Inflatable element. Spacebuster by
Raumlabor. (left) Example of electrocromic glass.

4.2.2.Control

Although movement is the visual characteristic of
adaptive elements, the way that this movement is
generated is also important. The Table 4 summarizes
the classification of adaptive elements based on the
type of control.

The control of the element can be local or central,
meaning that it can be integrated in the element or

dependent on an external system. This classification is
based on [24].

Control

Direct (Sensor
Based Micro)

Inner
(Material)

Table 4-Classification of adaptive elements regarding control. [24].

Level I (Direct)

Central

’ Level Il
(System Based)

Level Il

(Reactive)

A local control can happen in two different
ways, either the material itself control its movement
(common for the self-changing movement), or a
control system (sensor, microprocessor and actuator)
is integrated in the element.

A central control consists on a single
processing unit that directs the adaptive elements.
This type of control is typically used in high
complexity systems to better control the environment
of the building, automatically opening windows or
moving louvers for instance.

4.3.Movement and shape

In addition to the general classification of adaptive
elements, there is an important relation that is
interesting to be taken in considero’rion, that of
movement and shape.

In the book Move-architecture in motion
[25] this relation is exp|oreo|, the authors show the
different types of movement by relating them to
rigid or deformable building elements and to its
dimensionality (1D, 2D or 3D shape).

The Table 5 and Table 6 show the movement

Movement of rigid building elements

&

Mechanical concept Rotation

Simple movements of surfaces

; 3
Horizontal QJ g

s
& B <€

Vertical

Level

of rigid and deformable surfaces as classified
by Schumacher et al. [25]. The complete table
containing the movements related to 1D and 3D
objects is presented in Appendix O2.

The Table 6, related to deformable elements, can
be used as a reference of movements to a thin glass
sheet.

4.4.Principles

This section has the objective of presenting principles
and concepts that | believe could be integrated into
thin g|oss odop’rive e|emen’rs, based on the research
of examples of adaptive elements and structures.

4.4.1.Active bending

The first principle of adaptiveness | believe could be
applied in the development of thing glass adaptive
elements is that of active bending, “a systemized
elastic deformation” [26].

Bending active structures are present in
‘various empiric construction methods known from
vernacular architecture” [26]. This can be related to

e /

Rotation and Translation
translation

Table 5-Relation between movement and shape of rigid building elements.

Movements of deformable building elements

1-dimensional object Stretch Roll Bend Shear

1

2-dimensional object

Flutter Free Gather (vertical) Gather (horizontal)

S| L BB

Table 6-Relation between movement and shape of deformable building elements.




bending flexible materials in order to achieve the The first of these examples consists of “planar
strips of plywood subsequently coupled into a self-

equilibrating arch structure of 4 m span.” [26]. The

desired shope. An exomp|e of this Technique are

bamboo structures, until ’rodoy, houses in bamboo
are executed by using scale models as a reference form of this structure was deve|opeo| and ono|yzeo|
project, basing the final shape of the house in the using simulation tools which were able to predict its

final bent shope.

empirical knowledge of bending the material. [27].

Figure 41-Behavior based geomtry approach applied to the
form finding process of the ITKE/ICD Pavillion 2010.

Figure 39-Bamboo scale model as reference for construction.

The bamboo example can be characterized il ;
as a behavior based opprooch, as the final geomeftry ‘
comes direcﬂy from the bending of the material.

Another approach to active bending is the geometry
based approach. While it was not possible yet to
simulate this type of structure, methods such as the
hanging model served as a reference to developing
bent timber structures. Examples of this approach are
the Hooke Park Workshop (1990) by Frei Otto and
the Polydéme (1991) in Lausanne. [26].

Developed by ITKE department of the university of i
Figure 42-ITKE/ICD Pavillion 2010.

Stuttgart, a simulation method of form ﬁnding for
bending active structures is able to combine the two
approaches described before. In this way it is possible The second example is a louver system that
to predict the final shape and analyze structurally a is activated by controlled buckling. The same process
was also employed for this case. Using the bending
active method, it was possible to predict the final

shape of the louvers and analyze it structurally.

bent structure before its erection.

Kangaroo Physics
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Figure 40-Behavior based gometry approach developed at
ITKE.

This method was used in the 2010 ICD/ITKE
pavilion and on the louver system One Ocean

thematic pavilion of the EXPO 2012.

Figure 43-One Ocean Pavillion with ;)p‘)re'n and closed louvers.

mechanism.

| believe this approach could be used on the design
of thin glass adaptive elements. By simulating the
behavior of the bending of thin glass in numerical
models, it is possible to analyze different designs and
select them occording to the desired parameters and
necessities.

4.4.2.Material deformation

The second principle | believe is relevant in a
thin glass adaptive element is that of material
deformation.

This princip|e is more related to the control of
the movement of the element than to its final shope.
It consists on the direct response of the material to
the general environment characteristics, being able to
control an adaptive element.

| selected two exomp|es to illustrate this princip|e.

Bimetal Strip
Two Metals Bonded Together with Different Coefficients of Expansion

Room Temperature
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(a) A bimetallic strip
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(b Chilling the strip (c) Heating the strip

Figure 45-Bimetal principle.

The first one is the Bloom pavilion by Doris Sung

in 2012. This pavilion consists of thousands of
“bimetallic panels in which two laminated sheets

of metal expond and contract at different rates
when exposed to heat, in this case direct sunlight.” In
addition, “the bimetallic panels are thermally very
sensitive, with almost real-time de-tection when
exposed to solar heat.” [28].

Figure 46-Bloom pavillion.

The second example is also a pavilion, which
responds to humidity instead of temperature.

The HygroSkin Pavilion uses “the wood's active
bending behavior and hygroscopic actuation of the
material” [29]. Although the whole project is very
interesting, in this case | want to call attention for
the openings, which are controlled by air humidity,
as when it increases the p|ywooo| sheets respond by
closing the opening and vice-versa.

Figure 47-Hygroskin pavillion opening behavior according to
humidity.




In the case of thin glass adaptive elements, it would
be possible that the movement is controlled by
this type of solutions, making the element directly

responsive fo the desired environmental characteristic.

4.4.3.Adaptive Fritting

This last principle is related to creating a sun shading
or visual partition element, that could benefit from
adaptiveness to better respond to the necessities of
the user.

Adop’rive fri’r’ring is the creation of a fritted pattern
that can be superposed to create different amount of
sun protection or visibility.

This principle can be found in the skylights South
Campus of the Art Center College of Design in
Pasadena [25]. These elements consist of ETFE
cushions with three layers, each of them fritted with a
different pattern (Figure 48).

According to the necessity, a pneumatic input
moves the inner layer of the cushion, overlapping
the patterns in different ways. Using this strategy,
the amount of light coming to the interior spaces to
be controlled, varying “from 16% up to 60% of light
transmittance” [25].

Figure 48-ETFE cushion with adaptive fritting principle.

Another example is in the Adaptive Fritting
installation by Hoberman Associates at the Graduate
School of Design at Harvard University.

This installation consists in a panel which
includes four different plates with the same fritted
pattern. By an in-plane translation it is possible to
change the fritting density of this panel, by placing
the different plates in a way that the patterns do
not overlap anymore [30]. The Figure 49 shows
the change of density of the fritting by using this

approach.
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Considering thin g|oss, this princip|e could be used by
bending the pone|, and over|opping a fritted pattern,
almost creating a sun shading louver (Figure 50).

Figure 50-Adaptive fritting applied to thin glass panel.

4.5.Adaptiveness purpose

An adaptive element may have a different
configuration based on the purpose it needs to adapt
to.

This section describes possible purposes of a thin
glass adaptive element, giving an overview that will
he||o on deﬁning the constraints of this research.

4.5.1.Ventilation

One of the most common purposes of adop’rive
elements is ventilation.

A ’rypico| exomp|e of this element is an openob|e
window. When closed it allows for |ig|’1+ and visual
contact between inside and outside; while when open
it allows for ventilation.

A thin glass adaptive panel could also have the
purpose of ventilation, working as a transparent
barrier between outside and inside and then
groduo”y opened o||owing for more ventilation at
each time.

4.5.2.Sun protection

Sun shading is also a very common purpose of
adaptive elements.

Common examples are operable blinds and louvers,
which can be positioned by the user (or central
system) according to the sun position.

A|’r|ﬁough it may seem strange that a fransparent
element could have the purpose of sun shoding,

| believe that by integrating thin g|oss with the
adaptive fritting principle (item 4.4.3) could result
inan odop’rive element that could combine the
transparency necessary for visual connection and
daylight with sun protection (Figure 50).

4.5.3.Sun energy

In addition to sun protection, Gdop’rive elements
can also be used to increase the amount of energy
generated by solar cells.

An example of adaptive elements with this purpose
is the fagade of the EWE Arena in Stuttgart. A solar

panel screen of 36 by 7.6 meters “can travel 200°
around the perimeter of the building and consists of
200m? of photovoltaic cells” [25]. (Figure 51).
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Figure 51-EWE Arena rotating photovoltaic panels.

With the development of solar cell films which can be
laminated to glass, thin glass adaptive panels with
in’regrofed solar cells could be used to follow the sun
path or adapt to an optimal position according fo it.

4.5.4.Visual Effect

Adop’rive elements are not on|y related to technical
demands, ’rhey may also be required by aesthetical
purposes, making the building unique.

An example of adaptive elements related to aesthetic
demands is the already mentioned One Ocean
EXPO 2012 Pavilion. Although also related to
ven’ri|c1’rion, the elements’'s main function was that of
creating a unique effect on the fogode, much related

to the fact of being in a EXPO. (Figure 43).

Another example of an adaptive structure for
aesthetical purposes was the Mega Faces Pavilion of
the Sochi Winter Olympic games (Figure 52). One
of the facades of the pavilion consisted of “11,000
actuators, each equipped with full color LED:s [..]
able to transform in three dimensions to recreate the
faces of visitors to the building” [31].

Thin glass elements can also be used with aesthetical
purposes. As one of the main characteristics of

this material is its flexibility, its presence in the built
environment could be something unique, that can
create surprise as it can assume shopes that are not
associated with glass; challenging the concept of
glass as a static material.
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Figure 52—Megafaces Pavillion in Sochi Winter Olympic games
2014.

4.5.5.Wind load reduction

Adaptive elements can also be used to unusual
purposes such as wind load reduction in buildings.

Recent research [32] has showed that by adapting
the geometry of Fogode elements occording to the
wind direction it is possible to reduce the general
wind loads on a high rise building (Figure 53).

Figure 53-Impression of wind load reduction adaptive facade
system for high rises.

This effect could also be achieved by adaptive thin
glass elements (as long as they are stiff enough),
as they are able to have their geometry changed
to the necessities of the building; with the possible
advantage of not obstructing the views.

4.5.6.Noise level reduction

Another uncommon use of odop’rive elements is that
of reducing the noise levels in an urban scale.

This is related to recent research [33] that
investigates Fogode enve|opes with geometries that

are noise diffusing or with absorbing materials; as a

result, they could reduce the perceived noise level in
urban areas. (Figure 54 and Figure 55).

Figure 54-Impression of a noise modulating facade.

1, Urban setting with a hard reflective facade

2. Urban setting with an absarbing facade:
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Figure 55-Theoretical scheme of noise reduction principle.

A thin glass adaptive fogode element could be
developed with this purpose, to adapt its geometry
according to the amount of external noise level,
helping to reduce it by diffusing it in different
directions, possibility with a corrugated geometry.

4.6.Conclusions

This chapter introduced the concept of adaptiveness
in this research by first analyzing it by the factors that
define it to then relate it to thin glass.

This relation was studied by presenting princip|es of
adaptive structures and the possible purposes for
adaptiveness that could be relevant to a thin glass
adaptive element.

Although | see potential in all the described principles
and odcpfive purposes, for the range of this research
| believe that it is necessary to select some of them for
further exploration.

Regarding the principles, | understand that the
active bending is the one that is most related to
the o|eve|opmenf of this research, as computer
simulations are necessary to determine and
analyze the thin glass adaptive element in order to
understand its behavior.

As for the adaptive purposes | see much potential
regarding visual effect and ventilation.

| also believe that using adaptive fritting and thin
glass for sun shading purposes is a very interesting
path, however it is highly dependent on how much
can the glass bend and if the necessary overlapping
is possible.

The remaining adaptive principles and purposes
mentioned in this research stand as inspiration and
recommendation for further research related to thin
glass building elements.

Once understood the purpose for odopﬁveness,

it is necessary to restrict the research to a specific
building element to be able to establish constraints
and necessities for the thin glass adaptive element.
The following chapter will further explore this topic
together with potential uses for thin glass adaptive
panels.




CASE STUDY

his CthJ[QI presents the anﬂysis of case studies

to idenhfy a suitable buﬂdmg element type and

context for a thin gbss Qd@phve element. For each
of the studied cases the pofenhcﬂ of using thin gbss on
that specific context is eprred The result is the selection
of a specific buﬂdmg element type that showed more

pofenﬁoﬂ for the developmem of this research.

5.1.Introduction

For the development of this research it is necessary
to define constraints and context for the thin glass
adaptive element; with this purpose, the selection of
a specific building element is necessary.

With this objective, a case study analysis was
conceived. This analysis has not the objective of
selecting a singular building to apply the thin glass
ddop’rive e|emen+, but to be able to iclen’rify a
suitable type of building element to which it can

be developed and studied; providing context and
boundaries for the development of the next phases of
this thesis.

As mentioned in the conclusion of chapter 3,
adaptive elements in the built environment are
commonly related to facades or roofs. Therefore, the
case studies presented in this chapter are constrained
to these two categories.

This ono|ysis was made by se|ec’ring different
bui|dings and |ooking at the constraints and
possibi|i’ries of using a thin g|ass adop’rive element on
it.

The intention is to unders’rond, with a brief cmo|ysis,
what would be a suitable building element type and
context for a thin glass adaptive element.

§.2.Case studies

This section will present potential case studies for this
reseorch, and ono|yze the use of thin g|oss in each of
them.

The ideal case study context is one in which the object
of this research would be suitable to be used and

that would provide enough possibilities to unlock its
potential. At the same time, this context would not
present constraints that could block the deve|opmen’r
of the research.

The selection of case studies was based on the
following criteria: presence of glass, adaptiveness,
reproducibility.

The first criterion for the selection of the case study is
the presence of glass in the building. The case study
should have glass as an important element in its
construction. Although it is also possible a case study

has elements that can be substituted by glass, if this
change also fits the other criteria.

This criterion also relates to the adaptiveness
purpose of visual effect, meaning that the use of a
thin glass adaptive element in a building should be
visib|e, as it is a new material that can add value to
the building itself.

The second criterion regards adaptiveness. This
means that the case study should have necessities to
which the adaptiveness of the glass elements can be
a solution. ldeally a case study would already present
adaptive elements, meaning that this type of solution
was considered as adequate since the design stage.

The third criterion is the potential for replication of the
concept. The case sfudy should not have cho”enges
that are singular to itself. Meaning that the proposed
solution principles are also valid for other scenarios.

Besides the selection criteria, to each of the potential
case studies, the use of thin glass was considered and
concepft ideas were sketched; in order to understand
the possibilities of the use of thin glass in different
situations.

These criteria were used to draw conclusions of which
context and type of building element would be the
most suitable for the development of this research.

5.2.1.Green House

The green house can be understood as a generic
structure, repeo’recl in many different environments; it
is usually a glass structure, where this material is used
for trapping the heat inside.

As discussed in the section 3.2, a green house is a
very traditional structure, and its o|eve|opmen’r and
importance in the 18th century has exponded the
possibilities of glass as a building material.

region, Netherlands.

€

In addition, green houses have to adapt. The heat
accumulated has to be regu|a’reo|, otherwise the
tfemperatures inside of the structure may become




excessively high. Usually, these structures have
openings which allow for ventilation.

Regarding the potential of implementation
of thin glass, the green house shows some interesting
possibilities; although there is a need for a primary
structure to support the glass panels. However, the
use of thin glass could give more freedom to the
design of typologies, considering its flexibility.

Figure 57-Adaptive thin glass elements in Green house.

Considering the movement of the panel, the
ventilation of this structure could be provided by
rotating the glass panels or by moving its edges (as
’rney would not have structural purposes).

A possib|e disodvon’roge could be regarding water
’rignfness; as the movement of the pone|s would leave
its interior vulnerable - this can also be considered
true to most of the sing|e skin odop’rive structures.

5.2.2.EWI Building

The EWI (Elektrotechniek, Wiskunde en Informatica)
building at the TU Delft is a landmark in the campus.
It is the tallest building of the university area at
around 90 meters high.

lts facades are mainly composed by glass; a double
skin system that regu|o’res the climate of the bui|ding.

The external skin isolates the building from
the external environment. The internal skin functions
as a light, temperature and ventilation regulator:
the windows are equipped with blinds to protect

the interior spaces from the sun and light; the area
underneath them houses the ventilation equipment.

Figure 58-Ewi building at TU Delft campus.

Adop’rive thin g|oss pone|s could be used in the
external skin of the bui|ding, so its movement would
not direc’r|y affect the climate of the interior spaces.
The modu|ori’ry of the Fogode allows for odop’ring a
solution of individual pone|s to be reproduced on the

bui|ding skin.

Although the modularity is an advantage,
the high wind loads that this building is susceptible
to constrain the possibilities of using thin glass on its
facade due to the flexibility of this material.

Figure 59-Adaptive thin glass elements on EWI facade.

Alternatives would be related to stiff solutions, with
edge supports. One possibility would be to have a
flat thin glass panel supported in all edges, when
there is the need for ventilation in the cavity the panel
is rolled in the same way as a roller blind.

Another option would be to have the panel
initially curved to increase its stiffness and then force
its buckling by moving its edges inwards, opening its
sides for ventilation purposes.

5.2.3.Elbphilharmonie
Hamburg

The Philarmonie in Hamburg is a building under
construction which main facade is composed of hot
bended fritted glass panels.

This iconic building takes advantage of the
bending of glass to produce a visual effect as well as
allowing for ventilation; the panels also have a fritted
pattern corresponding to the sun protection needs of
the areas behind them.

A
Figure 60-Elbphilharmonie Hamburg facade.

In this case, similar results could be achieved using
thin glass. By pushing two of the vertices inwards, and
o||owing for the rotation of their edges the geomeftry

could correspond to the one in the actual building.
However, a simpler solution such as lifting one of the
edges could be an inferesting alternative.

A disadvantage of this case, is that the facade of

the building is composed by a single insulating skin.
By using adaptive thin glass elements, the interndl
areas of the building would be directly exposed to the
external climate which may cause in discomfort for
the users (regarding temperature and wind flows for
instance).

Figure 61-Adaptive thin glass elements on Elbphilharmonie
Hamburg facade.

5.2.4.Washington Office
Building

The 2050 M is a building currently in its design
phase in Washington D.C., United States. It
was included in this lists due to its approach to

fransparency in office bui|dings.

Figure 62-2050 M Office Buildig Facade.

The main objective of the design is to develop a
Fogode with maximum transparency, by adapting the
geometry of the glazing elements.

The facade panels are made of insulated
curved glass units which eliminate the necessity of the
vertical mullions.

Considering the use of thin glass adaptive elements,




a similar result could be obtained. The thin glass
panels could have its stiffness increased by the
curvature and odopf by the translation of the edges
towards the center of the pcne|. This would create a
very interesting visual effect in the Fagode, as well as
allowing for ventilation in the building.

Figure 63-Adaptive thin glass elements on 2050M facade.

However, the same disadvantage regarding
sing|e skin solutions (as discussed on item 5.2.3) is also
true to this case studly.

5.2.5.Glass Dome

As the Green house, the Glass dome is also a generic
structure. It represents a common ’rypo|ogy in
architecture, but also in glass structures. One of the
most common use of g|oss structures is of covering
open areas, mostly courtyards or building cores, while
still allowing for daylight.

Recently, there were many different researchers and
designers who approached the glass dome. One of
the most famous recent examples is the one on the
Reichstag in Berlin built in 1999.

Besides, there is a series of studies of these types of
structures, starting in 1998 (at the Glasstec), 2003
(Stuttgart University), 2002-2004 (Delft Technical
University), 2003 Exhibition Pavilion [8].

Figuré 64-Glass Dome, Sttutgart University. 2003.

One of these structures (Exhibition
Pavilion,2003) approached the necessity of

adaptability of the dome by including fabric bands
for sun protection; another used louvers to protect the
glass from direct sun radiation and also an opening
in the top to allow for natural ventilation (Reichstag,

Berlin).

The use of thin glass adaptive elements in a glass
dome can result in interesting solutions. Although

a dome is a double curved geometry, it can be
simplified to a developable geometry for the use of
cold bent glass.

The use of adaptive thin glass panels requires
the necessity of a primary structure to support
the panels, to allow for their movement and also
guaranteeing the stability of the geometry while one
of the panels is moving or open.

In this way the thin glass panel could have
either its inferior edge or superior vertex translating
along the radius of the dome; allowing for the
necessary ventilation for this type of structure.

—

Figure 65-Adaptive thin glass elements on glass dome.

In the same way as the green house, a disadvantage
of this solution is the water tightness of the structure,
as the movement of the panels would leave its interior
vulnerable.

5.2.6.Pavilion Expo 2012

The One Ocean Pavilion, described in item 4.4.]
shows also interesting possibilities (Figure 43).

Even if there are not g|oss elements present
as an identity of this building, the louver system
discussed before is very interesting. It raises the
question if the same solution could also be achieved
using thin g|c:ss elements, that could have controlled
buckling as a stiffening strategy, creating a
remarkable visual effect in the facade.

5.2.7.Kronberg Office Building

The Kronberg office building is located in Germany
and is the heodquor’rers of Braun.

Built in 1998 this building exterior facade
consist of modular odopfive window boxes. These
are individual units in a double skin configuration.
The interior skin consists of a g|oss insulated unit
that guarantees the climate insulation of the interior
spaces. The exterior skin is an operob|e g|oss
pone| that can be opened to ventilate the cavity
if necessary. The cavity also has a venetian blind
in’regroﬁred in its design o||owing for sun protection.

By substituting the glass of the exterior adaptive
panel by thin glass many movement solutions are
possib|e.

For instance, it would be possible to have the
pone| ini’rio”y bent for increasing its stiffness and then
groduo”y buckhng it o||owing for more ventilation
in the cavity. This solution could be related to the
odop’rive fri’r’ring concept in thin g|oss presen’red in
item 4.4.3 (Figure 50).
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Figure 66-Kronberg Office building facade panels.

Besides that, it would be interesting to try
to replicate the current design concept in thin glass,
by having one of its edges pushed outwards, also
allowing ventilation.
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Figure 67-Adaptive thin glass elements on Kronberg office
building (1).

This case s’ruo|y also could allow for the roller
blind solution as proposed for the EW| building.

Another alternative would be hoving the
pone| suppor’red by all its edges, while its vertices
could be bent, in the same way as a sheet of paper,
o||owing for ventilation, which could create inferesting
visual effects on the facade.

Figure 68-Adaptive thin glass elements on Kronberg office
building (2).

5.2.8. Kiefer Technique
Showroom

This building main feature is its adaptive shading
system of the facade.

Although not in glass, it also generates curiosity




about the possibility of reproducing this effect in
thin glass elements; as louvers and exterior shading
solutions are very common in the built environment,

this concept could be easily replicated.

Figure 69-Kiefer fac;;dé éhading elements.

Using thin g|oss elements as substitutes for the
shoding elements in the Fogode could bring some
odvon’roges. The first one would be the elimination
of the hinge in the middle of the pone|, reducing the
number of connections in the facade as a whole.
The second is the interesting visual effect that it
could bring if the concept of odopfive fritting was
in’regro’red in the solution; generating an almost
fransparent Fagode copob|e of sun shoding.

)
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Figure 70-Adaptive thin glass elements on Kiefer shading
elements.

5.2.9. 30 St Mary Axe

The 30 St Mary Axe in London is an iconic building
of this city. It was included in this list because of

the use of flat g|oss pone|s fo produce a comp|e><
geometry; in addition, it also includes automatized
operable windows to optimize its ventilation (which
is uncommon for high rises, which normally have air
tight envelopes with HVAC systems controlling the
climate).

\ \ ‘s" 4} | /
Figure 71-30st Mary Axe fagade.

The use of thin glass in this building could be
constrained by the diamond shape of the Fogcde

panels. However, solutions such as the vertex bending
or the edge translation could be possible and would

create inferesting effects in the facade while also
allowing for ventilation.

x>

Figure 72-Adaptive thin glass elements on 30st Mary Axe
facade panels.

5.2.10. St. Jakob Park Stadium

The St. Jakob Park stadium fagade is composed
of translucent adap’rive elements that allow for the
ventilation of areas behind it. This building was
included in this list as it presents adaptive panel
solution used in series that give identity to the
building but also have a technical function.
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Figure 73-St Jakob Park Stadium facade detail.

If made out of thin g|oss, these elements could
present different conﬁguro’rions, moved in different
ways to achieve both the technical and aesthetical
demands.

The concepts of controlled buckling, rolling
and vertex bending also fit this scenario and could
provide inferesting outcomes.

-
-

Figure 74-Adaptive thin glass elements on St. Jakob Park
Stadium facade adaptive elements.

5.2.11. Glass roof - Gemeente
Museum Den Haag

The roof of the cour’ryord of the Gemeente Museum
in The Hague is a 700 square meter all glass roof.

This case s’rudy is relevant in this context as
itis an exomp|e of a contemporary opprooch fo
a traditional solution of covering cour’ryords with
g|oss roofs for o||owing doy|ig|’1’r. AHhough a clear
disodvon’roge is the heat accumulation genero’red,
which demands for ventilation.

=
Figure 75-Gemeente Museum glass roof.

In this case, an all glass roof with insulated units
requires a large amount of material, due very high
weight of this solution. If thin glass adaptive elements
were employed, the overall loads could be much
lower and also the ventilation of the courtyard could
be integrated on the panel, although the insulation
could be compromised.

However, a low inclination solution (os in the current
building) would not be possible. The thin glass would
bend inwards, and even if supported in all edges its
center would still probob|y buckle (or accumulate
water).

A possibility would be of creating panels
that would have a higher inclination, and if there is
the necessity of ventilation, one of its edges could
translate o||owing for the evacuation of accumulated
hot air.

& il
Figure 76-Adaptive thin glass elements on glass roof
Gemeente Museum Den Haag.

Again, the same disodvon’roge as for the green
house and the glass dome solutions is also present for




this case. The movement of the roof pcme|s leave the
inner space vulnerable to water and for the external
environment conditions

5.2.12.Agbar Tower

The last case study analyzed is that of the Agbar
Tower. This building is located in Barcelona and it is
an icon in the city, both by its shape and its colors.

The facade of this building is entirely
equipped with operable fritted glass louvers, which
protect the inner enve|ope from the sun radiation.

Fiure 77—Abar Tower facade elements.

By using thin glass as an alternative to the glass
|ouvers, the number of elements could be reduced
and a visual effect could be created to complement
the facade design.

As the floorplan of the building is circular it is possible
to mimic and scale up the solution of the thin glass
movable canopy presented in section 2.3 (Figure 27).

{[—

Figure 78-Adaptive thin glass elements on Agbar Tower
facade.

5.3.Conclusions

By trying to understand the consequences of using
thin glass adaptive panels in different contexts it was
possible to see potential for the use of this material in
the built environment.

Regarding the development of this research, it
was also possible to identify constraints to some
applications and potential in others.

A recurrent problem of some case studies scenarios
was the vulnerability of the interior spaces by using
odop’rive elements. Adop’rive elements should attend
to the necessities of the users of the built environment;
by directly exposing them to the external conditions,
these elements may bring more issues than solutions.

This was the case for the roof structures;
using odop’rive elements in this cases requires speciﬁc
de’roihng and attention to not expose the interior
areas to the external enviromental conditions, e.g.
temperature, precipitation or wind.

As thin glass is a flexible material that can
be susceptible to bending and having its geometry
altered by wind forces or material (snow, rain)
accumulation; a thin glass roof structure as the main
external envelope can present major constraints to
the way this panel moves.

A similar conclusion is also valid for single skin
envelopes. The direct opening of this envelope to the
outside environment can present issues to the interior
environment. Although this may not be a problem for
punctual openings (such as windows) the movement
of the whole facade panels can cause problems.

In addition, a single skin envelope of thin
g|ouss elements would have to be made out of
insulated units, which could constrain the possibilities
of movement of the pone|; or generate o|ee|o Fogoude
elements, as the concepts explored in item 3.1.2.2.

Therefore, | believe the most suitable building
elements for the deve|opmen’r of this research
would be on double skin facades, with the thin glass
odop’rive pone| on the external skin.

This approach allows for the interior spaces
of the building to be insulated by the inner skin, while
the exterior skin creates the visual identity of the
building and can also serve for other purposes (as

presented in section 4.5).

The next chapters of this research focus on the
analysis of a thin glass adaptive panel for a double
skin facade.

This also relates to the dimensions of the
panel. This panel should be of a floor height and of
a common width for building related purposes. The
selected dimensions to attend to these parameters

were 3000 by 1250 mm, which can be possible to
ﬁ’r, or be odop’red, in different contexts for facades.

A|’rhough curren’r|y there are no standard p|c1’res
available in this dimensions (the maximum
dimensions available in catalogues are 2020mm
wide and 1365mm high to this date, Appendix 03),
the production process of thin glass (item 2.2.1)
allows for the increasing of the height of the panel,
as the production constraints are related to its width
(as mentioned in item 2.2.1 a 100m ultra-thin glass
roll was already produced - Figure 21). Besides that,
manufacturers also make available the option for
custom sizes.

In addition, as the current applications of
this material are mostly related to the electronics
industry, the standard plate sizes are also targeting
this market.

As this research is related to opening the
possibilities of the use of this material to the built
environment, it explores the possibility of using a
higher panel (3000mm), while still considering the
width constraint of 2020mm.

The fo||owing step of the research is to fry to
understand the behavior of thin glass in a facade,
and what are the constraints for its bending and
movement.




STUDY MODELS

his Chdpier aims to eXpidm the process of using

siudy models to deveiop the final produci of this

research. It is divided into two main sections: the
physicoi model and the numerical model. The first one
refers to a physiccﬂ model used to eXpiore the possibiiihes
of this siudy/ while the second one relates to numerical

simulations in the computer using the FE (Finite Element)

method.

6.1.Introduction

After narrowing the scope of the research to double
skin icoc_;ode adaptive panels there is the necessity of
understand the possibilities of using thin glass in this
confext.

The deve|0|ornen’r of po’ren’rio| uses for thin g|oss in
the case study analysis showed that different types of
geometry may be achieved using this material.

However, it is necessary to further ono|yze
the stresses on the g|oss surfaces to iden’rify the
consequences and limitations of bending this
material.

To be able to do this | followed two different
opproocnes. The first one was bui|ding a pnysico|
model and the second one was to deve|op computer
FEM simulations to be able to simulate different
scenarios.

In addition to the bending simulations, it is also
important to relate these investigations to the fogode
confext.

As thin g|oss is a flexible material, |
developed simulations considering wind forces,
which | believe are the ones that can be prevailing in
deicorming this pone| ina icogode.

6.2.Physical model

The first step into developing models was by making
a pnysico| model of ocry|ic fo fry to better understand
the behavior and the constraints of bending a thin
glass panel.

A|’rhougn ocry|ic is much less stiff than thin g|oss, it is
possib|e fo approximate the geomeftry genero’red by
the movement of the pone|.

In addition, it is possible to identify the parts
of the panel which are less stiff and therefore more
vulnerable to deform under |oods; in this case the
lower stiffness of acrylic is an advantage, as it is
possible to deform the panel manually.

Besides, different geometries can be
simulated to understand which type of solution
increases or decreases the stiffness of the panel.

A|so, as both materials cannot stretch and

have low tolerance to strain it is visible when a certain
movement causes more stresses, moking it buckle or
generating curvature in unexpected places; the main
advantage of simulating this with acrylic is that it
does not break.

The model consisted of a wooden frame which served
as a fixing, making it possible to bend the acrylic in
different ways.

The acrylic plate measured 450x450mm and
on each of its vertices a metallic hinge was placed.
This hinge was attached to the acrylic by adhesive
tape, but also by metal wires to guarantee that they
would remain attached when moving the model.

The ninge was then fastened to wooden studs
which had holes corresponding to those in the frame.
Each of these studs had two fixing points in order to
avoid it to pivot, so that the movement of the acrylic
p|o’re was related to the ninges on|y.

The frame had corresponding holes to the studs
located every 50 mm, in order to be able to
understand how much these edges were moving
and what was the consequence of that speciﬁc

movement.

&

Figure 79:Phsical mode hinge and frame connection.

The first step was to attach the ocry|ic p|o’re to the
initial bending state. The edges of the p|o‘re were
placed in a distance of 350mm between each other,
the maximum distance before the geomeftry of the
p|o’re was too flat.

This distance was then reduced in a 50mm
step until the minimum distance of 50 mm between
the edges was reached.

Bending the pone| symme’rrico”y did not guarantee
its comp|e’re s’robi|i’ry. For frontal, perpendicu|or load:s,




the panel would have its stability increased according
to the reducing of the bending radius. while for lateral
loads there was virtually no increasing in pressure

resistance.

Figure-lncreasing of bending of the physical model.
Translation of the left edge.

After that, different configurations were tested. The
first one was the bending of on|y one of the vertices.
This movement was limited to 100 mm by the
material, as it cannot stretch (Figure 81).

This movement increased the stiffness of the
pone| on the side the edge was bent, however the
other side was still very susceptible to deform under
pressure.

Figure 81-Top left edge displacement.

The last type of geometry tested was an asymmetric
movement on the top and bottom tracks. This implied
in generating a different radius on the top and on the
bottom of the edges of the panel.

This geometry showed much more stability
than the other two. The bigger the radius difference
between the edges, the more stable the pone| would

become.

Figure 82-Asymetric movement. Different radius on the top '
and bottom edge.

In this case the pone| became much more
resistant to lateral loading, but was still susceptible
to deform on the central area close to the edge with
lower bending radius, being this part the one with less
curvature and therefore less stiff (Figure 82).

The asymmetric movement also showed
the stretching of the lateral edges of the panel, as
there was no allowance for vertical movement in the
physical model.

The general conclusions from the physical model are
that only a symmetrical bending does not guarantee
comp|e’re s’robi|i’ry of the pone| against perpendicu|or
and lateral |ooo|s; as there is curvature on|y in one
direction.

Besides that, the asymmetric movement
showed an inferesting result both for the stiffness of
the pdne| but also geome’rrica”y.

6.3.Numerical Models

In order to understand if the results of the physical
model in acrylic corresponded to the behavior of @
thin glass computer simulations were developed using
the material properties of thin glass.

The material properties of thin glass used for
the numerical simulations in this research were those
of the Leoflex Architectural Glass from AGC as it was
the material available for potential development of
mockups in further phases of the research. Besides
that, it is a thin glass product already aiming the
building industry.

Leoflex™ Properties

Froparty laasuramant Leoflex™
Mechanizal Density glem? 248
roung's Modulus GPa 74
Shear Modulus GPa 30
Peisson's Ration 0.23
“Ackers H Before CT 595
"o kers Hardness After CT 673
Thermal CTE [O7]I50~200°C ) 98
T C 604
Softening Point C 83
Annealing Point *C 606
Strain Point C 556
Optical Refraction Index Md 1.51
Fheotoelastic Constant nnmizm Mpa 28.3
Electrical “olume Resistivity log iQ-om) 8.4

Figure 83-AGC’s Leoflex Architectural Glass material
properties.[34].

The thicknesses of the plate studied were of 0.55, 1.1
and 2mm as these were also the available sizes for

a potential development of mockups. Along with
that, these different sizes cover the genero| range

of thin glass possibilities to be applied in building
applications (as thinner glass than 0.55mm can
become too flexible and thicker than 2mm is already
out of the category of thin g|osses).

These simulations were developed in the software
Diana; mainly due to the reliability of the results and
the familiarity with the software by the mentor team
and the author.

As the assumptions of linear p|o’re Jri'ieory do not
apply as the deformations of the material can

be higher than its thickness [22], the computer
simulations were developed in Non-linear analyses.

The simulations of the bending stresses were divided
by the ones related to the initial position of the pone|
and the ones related to the movement of the panel.

In addition, to evaluate the panel in a facade
context, wind loads were also simulated to
understand the vulnerable areas of the pone|, and
if they correspond to those identified in the physical
model.

6.3.1.Initial bending stresses

The two main factors that determine the initial
bending stresses are the initial size of the plate and its
thickness.

To obtain the width of 1250mm, a wider plate has to
be considered to achieve a curved initial geometry.
Considering this, simulations were pencormed to
understand the size of the plate relating it to the
geometry results.

The maximum width constraint was set to 2000mm
and three different options were tested in a 250

mm step to ono|yze which of them presen’red an
interesting geometry-stress relation for the initial
bending state.

The Table 7 shows the different plate width analysis
and their stress distribution according fo the different
thicknesses.




Thin glass plate size analysis

1500mm 1750mm 2000mm
51
(N/mmA2)
4.267=+01
4.067=+01
2.858=+01
2.668=+01
2.4682+01
2.2602+01
2.0602+01
2.860=+01
2.670e+01
2.470=+01
0.55 mm | B
2071=+01
1.871e+01
1.672=+01
1.4722+01
1.272=+01
1.073=+01
B.732=+00
1 ©.736=+00
4.730=+00
2.743=+00
s1
[N/ rmmA2)
B8.204=+01
7.9152+01
7.527=+01
7.138=+01
I 6.7492+01
’ 6.2612+01
5.972=+01
5.583=+01
1.10 mm soseral
. 4.806+01
- A.417=+01
4.029=+01
2.640=+01
2.251=+01
2.863=+01
2.474=+01
] 2.0852+01
’ 1.607=+01
’ 1.308=+01
9.1922+00
5.206s+00
51
(N/mmA2)
1.576e+02
1.502=+02
1 1.4285+02
1.354=+02
1.280e+02
1.206=+02
1.132e+02
1.058=+02
9.835=+01
2.00 mm o000l
- 8.235d=+01
7.6132+01
©.872=+01
6.1322+01
5.201=+01
4.6512+01
2.910=+01
2.1602+01
2420=+01
1.688=+01
Q.475s+00

Table 7-Glass plate size analysis. Principal stresses on the top surface.

As expected, the larger the dimension of the
plate the more the geometry is accentuated. Also,
the smaller the dimension of the plate, lower are
the stresses as the bending radius is bigger. It is also
possible to see the relation between thickness and
stress, as the thicker the plate, the higher the bending
stress for the same radius.

[n oo|o|i’rion, it is inferesting fo observe that
independent of the alteration of the geometry the
stress distribution along the plate presented always a
similar pattern.

After analyzing the results, | selected the option of
using a 1750 mm plate for the further development
of the research as this plate size combines a
geometry that is not relatively flat and that also does
not protrude much off the facade.

For the determination of the thickness of the

plate, there is still the necessity of considering the
movement and wind load stresses to have a better
understanding of the behavior of the panel according
to its thickness.

It is also important fo mention that the model used to
simulate the plate was not entirely flat, a small initial
radius was use to allow for the simulation to be made
(the panel would not buckle if it was entirely flat).

This was made by making an arch with the
same length of the panel and displacing its middle
point. Different values were tested and related to
the number of steps necessary to make the analysis,
which also determined the analysis time. For this
chapter the models included a displacement of
10 mm in the center, while for the next chapter’s
simulations were developed with a displacement
of 50mm to increase the time efficiency of the
simulations.

1750 mm

- 10 mm Ry

Figure 84-Model geometry initial bending to make simulation
possible.

This initial bending implies also in stress, however, as
the bending radius is too big the omitted stress is very
low. Table 8 shows the calculated omitted stresses, by
hand calculations (method to be presented in item
6.3.2), according to the thickness of the plate.

Thickness (mm)

Omitted stress on
simulation due to

model geometry (MPa) 035 110 200

10

50

Displacement of the
center of the arc (mm)

Table 8-Omitted stress on simulation due to initial model
geometry. Values in MPa.

6.3.2.Movement bending
stresses

After identifying the stresses caused by the bending

of the panel to its initial state, it is necessary to check
the bending stresses related to the movement of the
panel.

As in the pnysico| model, the first opproacn was

to first move one edge of the pone| and check the
resu|+ing geometry and stresses genero’red by the
increasing of the bending occording to the thickness
of the pone|.

This was made by moving one of the longer edges
of the panel in a 125mm step until it was at the same
position of the other one.

The boundary conditions were determined by
using pinned supports on the two edges, allowing for
rotation. And to applying a prescribed translation of
one of them on the direction of the other.

The Table 9 shows the results of this analysis.

As expecfecl, there is a clear relation between the
thickness and the stress on the pone|. An interesting
fact was that it was almost directly proportional, by
doubling the thickness the stress would also increase
around two times.

The increase of stress by the increasing of
bending presen’red a linear pattern. However, when
comparing the pattern of different thicknesses, the
stresses increased more from step to step with the
increasing of thickness. This is visible in the Chart 4,
where the line referring to the stresses in the 2 mm
p|o’re is steeper than the others.

Maximum bending stresses X displacement of the edge

396,19

£ 150,00
H . 04,08
100,00 o — 3 79,00 77,99

Absolute maxirr stresses he top layer (N/mm?)

Chart 4-Maximum bending stresses according to movement of
the edge for the different thicknesses.

In order to verify the values of the numerical
simulation | made hand calculations to compare the
results.

To compare these results it was necessary
to find a way, in |i’rero’rure, to relate the stress in the
surface of the glass with the bending of the plate.

The solution to establish this relation was
by using the relation to stress and strain; in this way
it was possib|e to calculate the stresses on the fop
surface of the glass based on its material properties
and the bending radius.
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Table 9-Edge movement principal stresses on the top surface according to thickness.
Charts present the stress distribution on the panel for the different thicknesses.
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o= (E")/(2*R)

0= stress on the top surface
E = Young's modulus

t = thickness

R = Bending radius

The results for the calculations of all thicknesses of this
validation can be found in Appendix O4.

Overall, the results obtained by the numerical
simulations had an average variation of 6% related
to the hand calculations. This could be related to the
tolerance of the non-linear analysis simulation:s.

6.3.3.Wind loads

Considering a thin glass facade panel, it is important
to consider the pressure of the wind forces, and
understand the behavior of this material.

In order to make this cmo|ysis a pressure force (of
1KN/m?) was applied perpendicularly to the panel to
the each of the geometries of the previous ono|ysis fo
see how would the pone| behave under wind pressure
when bent in different radii.

In general, when the panel deformed too much,
or started to move laterally, the analysis of the
simulation would not converge or fail.

Thickness (mm)

Wind failure load

(KN/m?) 0.55 110 2.00

0

125

250

375

500

625

750

875

Movement displacemment (mm)

1000

1125

1250

Table 10-Failure/Calculation non convergence wind load
according to the movement of the edge for the different
thicknesses.

As the wind load simulations were developed
in 100 steps non-linear analyses (which means that
the wind load was divided 100 times and then

applied part by part in the model), it was possible

to check which was the step the simulation stopped
converging and see the magnitude of the load that
has stopped it. For instance, if the last calculated
converging step of the simulation was the step
number 83, the equivo|en’r load would correspond fo

O,01KN/m? times 83, or O,83KN/m?.

The Table 10 shows the equivalent load of the last
step calculated by the software for each of the
bending positions (Table 9), which is assumed to be
the load that caused the panel to deform or move in
an unexpected way. However, by looking at all the
geometry deformations, in some cases, the geometry
did not show this failure behavior (highlighted in

the table), but even by increasing the load steps the
simulation was still interrupted at a similar equivalent
load.

Genero”y, the thicker the pone| the more difficult for
it to deform; however, it is visible Jr|’1c1’r, independen’r of
the thickness, or of the bending applied to the panel
the wind pressure could deform it.

In the Chart 5 it is possible to compare the resistance
to the wind for the different pone| thicknesses
occording to the movement. However, it was not
possible to identify any pattern correlating the
different thicknesses.

e

0 125 250 375 500 625 750 75 1000 1125 1250
Movement displacement (mm)

—e—0.55 mm 110mm 200 mm

Chart 5-Failure/Calculation non convergence wind load
according to the movement of the edge for the different
thicknesses.

The expected behavior would be an increase of the
wind resistance on the first movement steps. With
the increasing of the movement steps, the geometry
would start to become more unstable and its wind
resistance should be reduced.

However, this behavior was on|y identified
in the 1.1mm panel, which had a constant resistance
until a certain point where it was drastically reduced.

While the 2mm plate has almost a linear
decay in resistance according to the bending, the
0.55mm panel presented a very low resistance,
independent of the bending.

This also shows that the conclusions of the physical
model were right, that there was not much stiffness
on the center of the panel, independent of the
bending radius.

However, these simulations showed that the
increasing of the bending only reduced the resistance
of the panel to wind loads instead of increasing it as
expected.

6.4.Conclusions

By developing physical and numerical models it was
possible to better understand the behavior of thin
glass in a facade context.

While the physical model helped to explore different
geometries and infer their relation to stresses and
load resistance, the numerical model he|ped to check
if these conclusions were also valid for the use of thin
glass.

The numerical analysis was also very important to
define the plate size and thickness of the thin glass
panel for the following phases of the research.

The initial size of the plate was defined as 1750mm
as mentioned in item 6.3.1. After analyzing the
influence of the thickness of the glass to its bending
stresses and to its wind resistance, | believe that the
thickness of 1.Imm is more suitable for the facade
panel.

Although the bending stresses of the 0.55mm
p|o’re are lower, this p|o’re showed very low resistance
to wind forces. As for the 2mm plate, the wind
resistance is higher, however the bending stresses
for this case are too high, leaving a low margin for
additional stress on the plate or constraining its
movement.

The 1.Imm plate showed a good balance
between bending stresses and wind resistance (it was
also the only wind simulation that corresponded to
the expected behavior). By using this plate thickness,
it is still possible to explore further geometries,
while still having stress margin for wind and impact
resistance.

By unders’ronding the behavior of the thin g|oss p|o’re
in the facade it is possible to follow the research
exp|oring what type of geomeftry would be possib|e
using the know|eo|ge o|eve|opeo| in this chop’rer.

The next chapter will explore the factors that
determine the behavior and geometry of a thin glass
adaptive panel.




MOVE AND
SUPPORT

1 his CthJ[QI covers the main characteristics which

allow Qdapﬁveness/ the movement of the p@nel

1 andits supports. [t presents first these characteristics
mdependenﬂy to them anﬂyze the relations and

imerdependence between them.

7.1.Introduction

For a thin glass fogode panel to be adaptive it has to
move, however this movement is determined by the
way this panel is supported and how its supports are
designed.

This chapter looks into possibilities of movement
and support of a thin glass adaptive panel based
on the design proposals developed in the case study
analysis.

First, movement and support alternatives are
presen’red separofe|y; then the relation between them
is analyzed, showing how the boundary conditions
can affect the design and the final geomeftry of the
panel.

It is important to c|orhcy that this chop’rer has not the
objec’rive of covering all possib|e alternatives, as this
is beyond the reach of this research; as each case
requires for a specific solution.

Rather than that, it aims to look into genero|
design strategies, showing different possibilities
and conclusions that could also be adapted to
other scenarios; increasing the know|eo|ge over the
application of thin glass on adaptive facade panels,
but also in the built environment context.

7.2.How to Support

Equo| to movement, the supports of an odop’rive
thin g|oss Fogode pone| have an important role on
its design. Considering glass, and more specifically
thin g|oss, the parameters that affect the supports
become very specific.

To analyze how to support this panel | considered
both technical and aesthetical parameters as this
combination is crucial for facade design.

The first aspect considered was protecting the edges.
In the same way as common glass, thin glass's most
vulnerable areas are its edges. This is due to the
necessity of cutting them in the production process to
the desired panel size or shape.

The second aspect considered was to avoid stress
concentration. Peak stresses are important to be
avoided in general design, but in glass this is very
important due to the breakage characteristics of this
material. Again, the previous consideration regarding

the protection of the edges can also be related to
preventing stress concentration, especially in these
areas.

The third aspect is the allowing of movement. As
the object of this research is an adaptive panel,
movement is inherent in the design. The supports of
the panel should not obstruct this characteristic, but
enhance it as much as possible. The combination of

support and movement is further discussed on section
74.

The fourth aspect is related to an aesthetic and
technical perspective. The supports should be
designed, or positioned in a way to avoid blocking
the views from the inside of the building. As a glass
Fogode pcme|, it is very important that the elements
that compose it are integrated with its function; which
is to give identity and protect the building, creating

a (as invisible as possible) boundary between outside
and inside.

Based on these four parameters and on the data and
ideas o|eve|opeo| on the previous chop’rers | selected
possible ways of supporting a thin glass Fogode
panel. (Figure 85).

Not all of them are ideal occording to alll parameters,
the choice between them is very much related to the
desired movement and boundary conditions (section
7.4 studies this relations).

The first solution consists of supporting the pcme|
by its four edges. The advantage of this would be
that the edges could be protected by the supports.
However, at the same time, there could be much
stress concentration in those areas. This solution also
could constrain to the movement of the panel, as
all edges should be fixed to the supports, it would
be necessary for the support to move and deform
according to the shape of the panel. Nevertheless,
this solution proposes an almost unobstructed view,
as only the edges of the panel have other elements
than glass.

The second and third solutions are derived from the
first one, H’mey consist on supporting the pone| by its
|onger and shorter eo|ges respec’rive|y. Compored fo
the first one fhey pose a disodvon’roge concerning
the protection of the edges, as the protection
provided by the supports is no longer present in all of
them. However, these solutions remove restrictions for
the deformation of the edges, moking the movement
and deformation of the panel easier.
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Figure 85-Support solutions based on potential use of thin glass developed in Chapter 5.

The fourth solution is also related to the first one.
However, in this case, the vertices of the pone| are not
supported. Compared to the first solution this one is
prone for the movement of these areas of the panel,
while still maintaining the rest of the edges protected.
Its disadvantage is that the transition areas of the
edges, from supported to free are critical when
considering stress concentration.

The fifth and sixth solutions introduce a different
way of supporting the pone|, |eoving the edges free.
These supports are based on the idea of having

an adhesive connection between the g|oss and

the supports, c1||owing them to be posi’rioned on its
surface without the necessity of perforo’ring it.

With the supports detached from the edges,
there is less concentration of stresses in these sensitive
areas (it remains the necessity of protecting them),
however the ones around these supports are |il<e|y to
have peok stresses.

These two options have a difference in the
amount of supports proposed, they were presented
like this to make evident the relation of s’robi|i’ry of
the panel (probably achieved with more supports)
and the visual obstruction that such amount of
supports would cause. In addition, increasing of
number of supports could also limit the possibilities of
movement of the panel. In both cases, transparency
and movement, the fifth alternative shows more
advantages.

The last two solutions are hybrids of the previous
ones.

The seventh solution is an offset of the frame
proposed in the first solution to the inside of

the panel, with the objective of avoiding stress
concentration in these areas; showing that linear
supports can also be used in the surface of the pone|

Compared to the first one it has a disadvantage as

it obstructs much more the view and might present a
even bigger constrain to movement.

However, if the same logic is used to create
alternative versions of solutions two, three or four;
interesting results may be achieved by avoiding
the concentration of stress on the edges while not
obstructing movement.

The last solution shows the combination of the two
types of support. This was considered under different
scenarios.

The first one being a possibility of using
supports distant from the eo|ges in part of the pcme|,
while still using edge support for stiffness in the other
direction. This could be a possibility to create a stiffer
panel without obstructing the view as in solution
number six.

The second one as the possibility of
tfemporary or ouxi|iory supports. The eo|ge supports
could be principal ones while the others act as
stabilizers in a closed position of the panel; or the
point connectors could be the main supports, while
the eo|ges are pro’rec’red by proﬁ|es, keeping them
stiff without stress concentration.

These examples show principles that could be used

in the design example of this study. As it will be
covered in section 7.4, and also mentioned before,
the selection between them is deeply related to the
type of movement desired, aspect which is covered in
the next section.

7.3.How to move

The movement of the panel is also a fundamental
aspect to consider, this section analyzes possible
types of movement for the Fogode panel.

This was made in the same way as the previous
section, by selecting important parameters related to
the movement of the pome| based on the know|eo|ge
developed on this research.

Considering first aesthetics, but also the employment
and choice of this material in a facade, it is
interesting that when using thin glass in a Fogcde it

is noticed as different than common glass and its
unique qualities are visible.

In this case, the movement of the panel is the way

these characteristics (of bending and flexibility) are
made visible and therefore it should be evident.

The second aspect is related to the quantity actuators
of the panel. As a Fogode panel, it is expected that it
is reproduced multiple times in a Fagode. Therefore,

it is desired to have a small number of actuators in
each facade panel to reduce the number of different
inputs regarding a whole fogode system.

The third aspect considered relates to the stiffness of
the panel. As described for common glass panels,
thin glass can also benefit from its shape to increase
its stiffness.

The movement of the pcme| is o|irec’r|y related
to its final shope, and to the stiffness obtained from
it. Therefore, it is interesting o move the panel in a
way that it's final shape is stiffer.

The fourth aspect is also related to the final shope
of the panel, regarding a limitation. As already
described in chapter 2, it is not possible to have
double curved shapes with thin glass, because this
material has a very low strain tolerance.

Therefore, the selection of the movement of
the panel should take this constraint in consideration,
avoiding movement that results in a double curvature
of the panel.

Based on these parameters, on the ideas developed
for the case studies and also on the knowledge
developed on the initial phases of this research |
selected possible alternatives of moving a thin glass
facade panel.

Equo| to the supports alternatives, not all of the
proposed solutions are ideal regarding all aspects, so
the choice between them is dependent in the desired
final shope and also on the supports design.

The first alternative for movement is the translation of
one of the edges of the panel in the direction of the
other, forcing it to buckle.

This solution is interesting in many aspects, it
evidently shows in the fogode the change of shape
of the panel and the quadlities of the material while
making use of only one actuator in the edge. Also, it
produces single curved shapes, which can stiffen the
panel.
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Figure 86-Movement solutions based on potential use of thin glass developed in Chapter 5.

The second solution consists on the translation of

fwo opposed edges of the pone| in the direction of
each other, also forcing it to buckle. Compared to the
first solution it has the disodvon’roge of hoving two
actuators.

The choice for this type of solution would be one that
has the necessity of opening the panel in both sides
independently; this could be due to aesthetical or
technical aspects (such as ventilation).

The third solution presents a similar result of the
previous one. It consists on placing a bar in the
center of the pone|; this element has two functions: to
control the movement of the panel and to protect the
panel against wind forces.

This idea came from the results of the
numerical simulations presented in the previous
chapter, which showed that the bending of the panel,

by itself, could be susceptible to wind forces against it.

In this case, the bar controls the shope of
the pone|, which behaves symme’rrico”y with the

bar as the symmetry axis. The bar would have two
actuators, ochieving similar results to the previous
solution. However, there could be the possibi|i’ry of the
bar actuators to create an osymme’rrico| shope by
one of them moving further than the other one.

For the fourth solution, the edges are also used to
activate the pone|; however, instead of Jrrc:1r1s|c:1Jring,
the edges rotate having one of the vertices as the
center of rotation.

This alternative also works with two actuators
and with the buckling of the panel. However, it shows
certain constraints regarding the change of height
of the panel, so that the supports have to be able to
afford this tolerance.

The fifth solution differs from the previous ones by
moving the vertices of the panel. In this case the
vertices of the pone| could bend inwards or outwards,
in a similar way as a sheet of paper.

One possib|e disodvon’roge of this solution is
that if the movement is too subtle it may be difficult

to be visualized, missing the factor of valorizing the
facade and the material. Otherwise if evident this
type of movement is very surprising considering a
material such as glass.

Another factor to consider is that the bending
itself does not collaborate much with the stiffness of
the panel, which would have to be compensated by
its supports. In addition, the overlapping of bending
lines could become an issue regarding double
curvature and generation of peak stresses on the
edges.

The sixth solution is also very different from the
previous ones. It is based on the capacity of thin glass
to bend, and also on the monufocfuring of ultra-thin
glass.

It consists on rolling the glass, in a similar
way of a window blind system. This could result in
an inferesting effect on a facade. In this case it is
fundamental to consider the thickness of the glass
to be used as it determines the minimum bending
radius.

Another important factor to consider is that in
a facade, the glass is submitted to external conditions
which leave residues in its surface; by rolling and
unrolling the sheets, it is necessary to be aware of
that, avoiding the scratching and damage of the
glass surface.

The last alternative is related to the geometry
exploration described in chapter 3. This is a more
genero| o|’rerno’rive, which consists in an alteration of
the initial geometry by the movement of one of the
edges.

In this case, the panel’'s complexity is
increosed, as other Foc’rors, such as surface contact
and specio| supports migh’r be necessary. In the other
hand the stiffness of the pone| is not on|y guoron’reed
by the movement, but by its geometry, which can be
considered an advantage.

All these movement possibi|i+ies are very dependen’r
on the type of support of the pone|. This relation is
further exp|ored on the next section.

7.4.Degrees of Freedom

It is possible to identify movement by dividing it in
translation and rotation, one being linear movement
and the other related to the chonge of orientation

occording to an axis. Each of these can be related to
the three dimensional axes and therefore, “the ability
of an object to move around in space is therefore
defined by a maximum of six degrees of freedom.”’

[25].

This section has the objective of exploring the relation
between the type of support and the movement of
the panel.

Depending on the design of the support, a certain
movement and geometry is possible or constrained.
This relation is mostly based on the degrees of
freedom the supports and detailing of the panel
allow.

To describe the relation between supports and
movement each of the movements described in the
previous section will be discussed according to the
number of supports and degrees of freedom.

This analysis does not have the objective
of describing all the possible solutions between
support and movement, as this would not be feasible
for this research; the intention is to analyze the
relation between movement, supports and degrees
of freedom and what are the consequences of
increasing or decreasing the quantity of these last two
parameters.

The method to perform these studies is by a FEM
model simulation, all concepts (unless mentioned) use
the same panel dimensions (3000 x 1750 mm) and
thickness (1.1mm) of panel. The choice of the type of
degree of freedom and number of supports to be
ono|yzed in each pone| is dependen’r on its por’ricu|or
conﬁguro’rion, genero||y ’rhey were selected in a way
to allow for the conﬁguro’rion ofa Fogode pone|.

Unless stated, the stress results presented are taken
from the top layer of the panel, and correspond to
the first principal stresses as tensile stresses are more
significant to these simulations.

The description of the degrees of freedom and
movement is based on the Cartesian axis on the
configuration presented in Figure 87.
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Figure 87-Degrees of freedom and its reference cartesian
axes.

Three degrees of freedom of

7.4.1.0ne edge translation

This movement was presented as the first solution
in the previous section, it consists on the translation
of one of the edges of the panel in the x axis on
the direction of the other edge, using a prescribed

displacement load of 500mm, forcing the panel to
buckle.

In the case of this movement, it is interesting to
compare the behavior of the panel according to the
number of degrees of freedom of the supports by
changing them from one to two; first allowing only
for translation and then adding rotation.

In addition, the number of supports was also
compared to see the behavior of the panel by using
two or three supports.

The Table 11 shows the results of this analysis with
these different combinations.

By first looking atf the geometry of the panel, it is
possible to see that when there is a single degree
of freedom (translation) the panel keeps the initial
inclination on the edges, while with two degrees

of freedom, the curvature of the geometry is
homogeneous as the edges can rotate odop’ring fo
the movement of the pone|.

PrinCipo| stresses distribution o|ong x Axis
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Chart 6-Principal stress distribution along the plate at the top

surface of the panel for two supports configuration according
to the number of degrees of freedom.
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Chart 7-Bending moments distribution along x axis for two
supports configuration according to the number of degrees of
freedom.

This is also reflected in the stress distribution and
bending moments generofed in the pone|. In Chart 6
and Chart 7, it is possible to see that comparison. The
stresses and bending moments when allowing one
degree of freedom are two times bigber than those
when the supports allow for two.

It is also evident on the bending moments chart the
difference of behavior on the edge of the pone|,
while the one degree of freedom option shows
concentration of bending moments on the edge,
using fwo degrees of freedom the moments at this
part of the pone| go to zero. This difference would
be also visible in the stress distribution by p|o’r’ring the
stress diagram of the bottom |oyer of the pone|.

The number of supports, and their position also plays
a signiﬁcon’r role in the final geometry. In this case
another line support was added in the middle of the
panel to show this difference.

By using 3 supports instead of two it is already
possible to see the potential of this ideq; the
increasing on the number of supports increases the
number of sinus shapes in the panel. However, this
also generates a bigber stress concentration as the
increasing number of supports reduces the radius of
each curve.

Again, by adding a degree of freedom (rotation)

the resulting shape is different, as well as the stresses
that are reduced and more distributed (Chart 8). The
same happens for the bending moments, which show
that the high difference of stress on the edges of the
panel is also present in the comparison using three
supports (Chart 9).
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Table 11-One edge translation geometry and stress distribution according to number of supports and

degrees of freedom.
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Chart 8-Principal stress distribution along the plate at the top

surface of the panel for three supports configuration according
to the number of degrees of freedom.
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A short conclusion from this movement analysis is that
by increasing the degrees of freedom of the supports,
the stresses are lower and better distributed o|ong

the glass surface and also on the edges (which are
the most vulnerable part), as the supports can odop+
better to the g|oss deformation.

7.4.2.Two edges translation

This alternative is very similar to the previous one, the
difference is that the movement of the panel is made
by translating two edges of the panels instead of only
one. The load used to simulate this movement was the
same as in the previous example; but in this case it was
divided by the two edges.

The Table 12 shows that the results of this
movement are very similar (virtually equal) to the
previous one, even the stresses are the same - due to
the fact that the displacement magnitude was divided
by the two edges. The difference lays on the final
position of the panel, which has openings on both
sides instead of just one.
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Table 12-Two edge translation geometry and stress distribution according to number of supports and degrees

of freedom.




To give another exomp|e of this type of movement a Table 13 shows the results of this other alternative. Principal stresses distribution along x axis Therefore, the same conclusions as the

new simulation was made by moving the upper and e %0 previous analysis are valid: when allowing rotation on
lower edges instead. In this case the initial size of the As expected, the resulting shapes are very similar fo Z40 the supports, the stresses on the glass are lower and
panel was also changed; the width was reduced to the previous ones, but on the vertical direction. The 4 better distributed, as well as less concentrated on the
1250mm and the height was kept at 3000mm. charts 8 to 11 also show very similar patterns as the & 20 edges as the supports can follow the movement of
previous movement analysis. : the glass plate.
The displacement of the edges was also increased z ‘
to 500 mm on each side, to accentuate the final ] 0 500 1000
geometry. 7.4.3.Central bar movement
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Central bar movement - symmetric

\/ 1 degree of freedom
\
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Table 14-Central bar movement geometry and stress distribution according to number of supports and
degrees of freedom.

Principal stresses distribution along x axis
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Bending moments distribution along x axis

Although in the position of the bar (the middle of the
panel), the stresses are very similar, those at the point
connections are ten times higher if the rotation of

the support is not allowed; the same hoppens for the
bending moments (Chart 15), which are much higher
with only one degree of freedom allowed.
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Chart 16-Principal stress distribution in the middle line at
the top surface of the panel for point supports configuration
according to the number of degrees of freedom.
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Chart 17-Bending moments distribution along x axis in the
middle line of the panel for point supports configuration
according to the number of degrees of freedom.

On the other hond, when sectioning in the middle
of the panel, where there are no supports, the stress
distribution and bending moments (Chart 16 and
Chart 17) are very similar, as is the geometry (Table
14).

Principo| stresses distribution c::\ong X dxis

The Chart 18 shows the same comparison for the
edge supports. In this case, the results show the same
pattern as in the previous cmo|yzes, when allowed for
translation on|y, the movement creates much more
stress in the middle and edges of the panel, which is
very clear by the bending moments diagram (Chart
19).
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Chart 19-Bending moments distribution along x axis in the
middle line of the panel for edge supports configuration
according to the number of degrees of freedom.

In this case, both sections (middle and point support
line) show the same behavior as the panel has

the same pattern of stress distribution along all its
surface.

It is also interesting to compare the results of point
and eo|ge supports. The results o||owing fwo degrees
of freedom were selected for this selection as ’rhey
showed lower stress.

The Chart 20 shows the comparison of the section
’rhrough the middle of the pone|, Both stress and
bending moments charts (Chart 20 and Chart 21)
show the same pattern, a homogeneous distribution
with its maximum value in the center (bar position) for
the eo|ge supports; and @ very accentuated pattern
also towards the center (with a three times higher
maximum stress) for the point supports.
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Chart 21-Bending moments distribution comparison of point

and ege supports along x axis in the middle line of the panel
according to the number of degrees of freedom.

By comparing the section on the line of the point
supports the difference between these two options

becomes even more evident (Chart 22 and Chart 23).

Genero”y, the stress and bending moments
have the same overall patftern as the previous section,
however the peok stresses due to the point supports
become evident in both charts.
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Chart 22-Principal stress distribution comparisson comparisson
of point and ege supports in the middle line at the top surface

of the panel according to the number of degrees of freedom.
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Chart 23-Bending moments distribution of point and ege
supports along x axis comparisson in the middle line of the
panel according to the number of degrees of freedom.

Considering that this movement solution also
allows for an asymmetric position, it is important
to investigate it. In this case, the edges of the panel
can assume an inclined position to allow for the
asymmetrical shape.

Thus, the rotation of the bar on the y axis, as well as
the translation of the pone| edges on the z axis are
to be investigated; as when the edge assumes this
new position, its vertices have to translate vertically to
keep its dimension. (Figure 88).

Ry

\

Figure 88-Vertex necessary translation due to edge rotation.

This analysis also compares the difference of the
behavior of the panel between edge and point
supports.

The studied number of degrees of freedom is two,
three and four; so it is possible to compare the
results to those of the previous studied configuration
(without the addition of new degrees of freedom)
and to evaluate the difference of allowing or not the
translation on the z axis.

The first option consists of allowing translation along
the x axis and rotation around the z axis (as the
previous analysis). The second one adds the rotation
around the y axis. The third option also includes the
translation on the z axis to the allowed degrees of
freedom of the supports.

The third configuration described turned to be a
challenge to be modelled in the simulation software,
as allowing translation on the z direction interfered
on the stability of the model and leaded to non-
convergences.

The solution was to add a ninge in one of the
vertices of the edge supports and on two of the point
supports. In this way the other vertices or poinfs were
free to translate on the z axis.

The asymmetric movement was simulated by initially
moving the bar 350 mm in the y direction (this value
had to be reduced from the one on the previous
ono|ysis due to non-convergences on the simulation)
and then adding a displacement of 120 mm to one
of its vertices.
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Table 15-Central bar asymmetric movement geometry and stress distribution according to number of supports and degrees of

freedom.

Table 15 shows the results of this comparison.

By looking at the different resulting geometries, it is
possible to see that the difference between the two
and the three degrees of freedom options is very
small, virtually none. The geometry only changes
when the fourth degree of freedom is allowed.

This happens because by allowing rotation
on the y axis without the translation on the z axis,
the supports do not have their movement capacity
increased. When allowing the translation on z
direction, the supports become then free to rotate in
higher magnitudes around the y axis.

The stress distribution and bending moments analysis
confirm this logic. As the panel has an asymmetric

geometry, five different sections were made to
analyze the different stresses along the panel.

As for the edge supports for the stress distribution the
two and three degrees of freedom options present

a similar pattern, with a V shaped higher stresses
pattern with the peok at the bottom of the pone|.
While the four degree of freedom option shows a
linear growth of the stress in the middle of the panel
towards the bottom.

In this analysis, due to the amount of analyzed
sections, on|y the bending moments diogroms are
presen’red, as ’r|’1ey can summarize better the stress
distribution on both (top and bottom) surfaces of the
panel.




The Chart 24 shows the comparison of the bending
moments for the top edge of the pone| for edge
supports occording to the different degrees of
freedom.
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Chart 24-Bending moments distribution along x axis in the top
edge of the panel for edge supports configuration according to
the number of degrees of freedom.

While the two and three degrees of freedom
alternatives follow a similar pattern (with higher
bending moments for the former one) the four
degrees of freedom option shows a very different
conﬁgurgfion, with lower moments than the other
two.

By looking at this edge in Table 15 this difference is
visible, the first two options present a flatter line in the
middle area of the pgne|, due to the different radii;
when the curvature of the edge chgnges there are
|oec1|< stresses.

The four degree of freedom option pattern is
different, with the bending moments peak on the bar
position.

The Chart 25 shows the same comparison on the
top point support line position. However, as this
alternative does not include the point supports the
patterns are very similar to those at the top edge.
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Chart 25-Bending moments distribution along x axis in the top
point support line of the panel for edge supports configuration
according to the number of degrees of freedom.

The Chart 26 presents the comparison at the middle
of the panel. This shows the transition of the stress
distribution in the two and three degrees of freedom
options; at this point the two lines of the V pattern are
closer to each other and their magnitude is reduced
to a similar level of the four degree of freedom
option.
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Chart 26-Bending moments distribution along x axis in the

middle of the panel for edge supports configuration according
to the number of degrees of freedom.

The Chart 27 illustrates this comparison at the
bottom supports line. Again the point supports are
not present in this option, however it is inferesting fo
see the distribution of the bending moments in this
area.
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Chart 27-Bending moments distribution along x axis in
the lowpoint support line of the panel for edge supports
configuration according to the number of degrees of freedom.

At this section the peak bending moments of
all alternatives are concentrated in the bar position.
The two and three degrees of freedom options
present again a very similar distribution, with a higher
maximum value than the other option.

This chart also shows a difference of
the bending moments at the edges of the three
alternatives. While the two degrees of freedom option
has tension in this area the four degrees of freedom
alternative has compression, while the remaining one
has very little bending moments on the edges.

The Chart 28 shows the same comparison for
the bottom edge of the panel. The distribution
of bending moments is much similar to that of
the previous chart (Chart 27) but with a higher
magnitude of values.
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Chart 28-Bending moments distribution along x axis in the
bottom edge of the panel for edge supports configuration
according to the number of degrees of freedom.
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By analyzing the Table 15 for the point supports
configuration, it is possib|e to see that the stress
patterns and geomeftries are similar to those of the
edge supports.

The main difference in this case is the position
of the panel in relation to its initial position; the panel
is not aligned to its initial position anymore, but part
of it goes back as well. This is because in this case
the pc:ne| pivots around the point supports and not
around its edges.

Another difference is related to the four
degrees of freedom option, where by o||owing
translation of the supports on the z direction the
edges of the panel were bended in the middle.

The Chart 29 illustrates the bending moments
distribution for the top edge of the panel. In this case
the two and three degrees of freedom options have
almost equal values. It is possible to identify that all
solutions follow the same pattern, with peaks closer to
the position of the edges.

Bending moments distribution along x axis
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Chart 29-Bending moments distribution along x axis in the top
edge of the panel for point supports configuration according

to the number of degrees of freedom.

As in the previous analysis the two and
three degree of freedom options’s stress distribution
follows a V pattern, as the four degree of freedom
one presents a linear pattern increasing fowards the
bottom.

This is already visible in this chart as the peak
moments for the first two alternatives are on the sides
and the four degree of freedom option shows a peak
stress at the position of the bar.

Bending moments distribution along x axis

MOMENTS (N/MM)

BENDING
Lo

K POSITION

POINT SUP_O2 DOF POINT SUP_03 DOF
Chart 30-Bending moments distribution along x axis in the top
point support line of the panel for point supports configuration

according to the number of degrees of freedom.
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The Chart 30 represents the bending moments on
the line of the top supports.

As for the previous chart the lines of the two
first alternatives are very similar; however, in this case,
it is visible that the bending moments in the supports
are much different.

The three degree of freedom option presents
a much higher magnitude than the other two;
a possible explanation for that is that as it can
rotate but not translate in the z direction, stresses
accumulate around the supports.

The center of the diagram also shows a
difference between the options. While the first
two have higher stresses around the bar, the four
degree of freedom option presents a homogeneous
distribution in this area.

The Chart 31 illustrates the bending moments in the
middle of the panel.
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Chart 31-Bending moments distribution along x axis in the
middle of the panel for point supports configuration according
to the number of degrees of freedom.

Again the two and three degree of freedom
options have similar values, their bending moment
distribution goes from almost zero in the edges to
almost reaching its peak in the middle (this is the
bottom area of the V pattern).

As for the four degree of freedom option the
peak moments are in the middle, however the edges
also show some variation as this is the area that
bends due to the vertical translation of the supports.

The Chart 32 shows the bending moments for the
bottom supports line. As of on the other diagrams
the two and three degrees of freedom options have
similar values.
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Chart 32-Bending moments distribution along x axis in
the low point support line of the panel for point supports
configuration according to the number of degrees of freedom.

It is interesting to observe that the four
degree of freedom option presents compression on
the supports while the other two present tension.

A possible explanation for this is the fact that on

this alternative these supports are able to translate
vertically, while on the other options this movement is
constrained and the pone| is pu||ing these areas.

The Chart 33 presents the bending moments at the
bottom edge of the panel. In this area all alternatives
reach its higher stresses and moments.
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Chart 33-Bending moments distribution along x axis in the
bottom edge of the panel for point supports configuration
according to the number of degrees of freedom.
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For the two and three degrees of freedom
options this peak stress is located in the same position
as the bar as this is the point that is provoking the
asymmetric geometry in the whole panel.

The four degree of freedom option shows
concentration of moments next to the bar. As the
bar cannot deform, the areas of pcme| around it
accumulate stresses as the edges of the pone| bend.

After analyzing edge and point support in the
asymmetric configuration of the panel it is also
possib|e tfo compare the results of both solutions. For
this comparison | selected both options considering
four degrees of freedom.

The Chart 34 to Chart 38 show the five sections of
the panel, comparing the bending moments of each
of them.
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Chart 34-Bending moments distribution comparison of point
and edge supports along x axis in the top edge of the panel
according to the number of degrees of freedom.
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Chart 35-Bending moments distribution comparison of point

and edge supports along x axis in the top support line of the
panel according to the number of degrees of freedom.
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Chart 36-Bending moments distribution comparison of point
and edge supports along x axis in the middle of the panel
according to the number of degrees of freedom.
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Chart 37-Bending moments distribution comparison of point
and edge supports along x axis in the bottom support line of

the panel according to the number of degrees of freedom.
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Chart 38-Bending moments distribution comparison of point
and edge supports along x axis in the low edge of the panel
according to the number of degrees of freedom.

In all of them it is clear that the moments are lower
on the alternative that consider edge supports. It is
also visible that the edge support option has a more
constant stress distribution, with peaks only at the bar
position.

Another common difference between the two
alternatives is the edge moments. While they are
almost zero for the point supports options for the
edge support there is always a concentration of
bending moments.

After this series of ono|yses, the relation of movement,
type of supports and degrees of freedom comes clear
in this case.

Both ono|ysis showed better results for
edge supports, which presented lower and more
homogeneous stress than point supports.

Also it was shown the dependence on undersfcnding
the requirements of the movement to be able to
define the necessary degrees of freedom for the
support. A very clear example of this is the analysis
of the asymmetric bending with only two or three
degrees of freedom, in that case, the addition of
the third degree of freedom did not cause much
effect on the overall results, as the supports were sill
constrained to move vertically.

7.4.4.Two edges rotation

This movement consists not on moving the panel by
translation, but by the rotation of the edges inducing
its buckling.

In this case, three different support options were
explored. The first, by placing edge supports on

the edges of the panel, a second one by taking
these linear supports inside the panel to avoid stress
concentration on the edges, and a third one by using
point supports in the panel (at the same position of
the support’s vertices of the second option).

In all cases, while the lower vertex of the support

act as hinges, the support rotates inwards creating
movement on the pone|. Thus, as for the degrees of
freedom, the hinges (lower vertex of the support) are
pinned supports allowing for rotation only.

Considering that the expected geometric result is
similar than the previous simulation, four degrees
of freedom is the minimum allowed for the top of




the supports on this analysis, in order not to repeat
the same process and conclusions as in the previous
analysis.

Therefore, the degrees of freedom allowed
for the top vertex are translation in x and z direction
and rotation around the y and z axis.

However, the remaining two degrees of freedom are
also dependent on each other, by allowing rotation
around the x axis without translation in y axis the
panel does not change position and vice versa.*

Thus, in this particular movement analysis the
comparison is constrained only to studying different
supports.

The Table 16 shows the resulting geometry and stress
distribution for this comparison.

To evaluate the stresses and bending moments of
the panel three different areas of the panel were
analyzed, the top and bottom edges and the middle.

The Chart 39 and Chart 40 show the stresses and
bending moments for the fop eo|ge of the pcme|, the
one with a smaller radius.

Principal stresses distribution along x axis

180
160
140
120
00
80
60
40
20

SSES

TOP LAYER PRIMCIPAL STRE

-1000 -500 0 500
X POSITION

LINEAR SUP. BOUNDARY LINEAR SUP IN PANEL POINT SUPPORTS
Chart 39-Principal stress distribution in the top edge at the top

surface of the panel for according to the support configuration.
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Chart 40-Bending moments distribution in the top edge at
the top surface of the panel for according to the support

configuration.

Two edges rotation

T~

4 degrees of freedom

R

>

4

Table 16-Two edge rotation movement geometry and stress
distribution according to number of supports and degrees of

freedom.

*Versions of this movement allowing three, five and six degrees of freedom were tested to confirm this statement.
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Both charts show a very similar pattern,
meaning that the stresses on the fop surface of the
glass are prevailing in this case.

All support options show an increasing of
stresses and bending moments in the middle of
the panel. Both the linear supports options present
a single peak stress are in the center of the panel,
while the point supports option shows overall higher
stresses, but no concentration.

On the bending moments chart is possible to see
that close to the eo|ges of the pone| there is also a
difference between the options.

Although on all options the bending moments
at the edges is zero, this chart shows the difference of
the stresses on the bottom surfoce, where tension is
present in this area. The point supports show higher
bending moments, but it is visible that the boundary
line supports also have high stress in this area.

The Chart 41 illustrates the same comparison for the

stresses on the top surface in the middle of the panel.

In these chart all supports show different patterns.
Frincipal sfresses distribution along x axis
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Chart 41-Principal stress distribution in the middle of the
panel at the top surface of the panel for according to the
support configuration.
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The overall diagram for both linear support options
show the same V shoped pattern that was present
in the previous analysis. In this case the difference
between them is the stress distribution on the edges.

While the boundory linear support shows no stress
on the edges, the inner linear supports have pec1|<
stresses on this area. The same hoppens for the point
supports, which, for the center of the pone|, have
higher stresses both for the edges and middle of the
panel.

The bending moments (Chart 42) show a different
scenario for the edges of the panel, that in all
support options this area presents almost no bending
moments.

Bending moments distribution along x axis
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Chart 42-Bending moments distribution in the top edge at

the top surface of the panel for according to the support

configuration.
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For the bottom edge of the panel, the stresses and

bending moments show very similar patterns. (Chart
43 and Chart 44).

Principal stresses distribution along x axis
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Chart 43-Principal stress distribution in the bottom edge
at the top surface of the panel for according to the support
configuration.
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Chart 44-Bending moments distribution in the bottom edge
at the top surface of the panel for according to the support
configuration.

The point supports show very little stresses and
moments compored to the other two options, which
have high peoks closer to the edges of the pcme|.

It is possib|e to conclude that for this movement, the
point supports showed a more homogeneous stress
distribution o|ong the pone|, with values similar to the
linear support in the panel.




The linear support af the edge of the pone| was the
one that showed higner peok stresses moin|y closer to

the edges which is the more sensitive are of the panel.

Generally, it is possible to conclude from this
movement analysis, that the type of support has
to be analyzed specifically to each movement and
degrees of freedom.

Although in this case the difference of using less

or more degrees of freedom was not visible on the
geometry, their definition is very connected to the
type of movement desired, if to allow the movement
a minimum number of degrees of freedom is
necessary, increasing them may not change the
general behavior of the panel.

7.4.5.Coner bending

This movement consists on the bending of the corners
of the panel (Figure 89).

By considering the panel initially flat, this movement
would allow for the ventilation ’rnrougn the corners
of the panel, which can be increased or decreased
occording to the amount of bending.

Due to the complexity of the model and the
constraints of the FEM simulation software, it was
not possible to simulate this movement.

Therefore, | developed sketches to try to understand
the consequences of this movement for the glass
panel.

Figure 89-Corner bending movement scheme.

The vertices of the panel are fixed to a mechanism
that pushes them inwards. This makes these vertices
bend, in a single radius curvature.

This rotation is mainly constrained by the width of
the panel, as the curvature on the edges should not
overlap, due to the accumulation of stresses.

The areas with peak stresses on this panel are those
where the corner of the pone| starts bending, at that
point the stresses which were zero (as there was no
curvature) increase according to the thickness of the
panel and the bending radius. On Appendix 04, the
equivalent stress according to the bending radius is
presented.

In the case of this movement the pone| could be
either supported by its edges (partially) or by point
supports inside the pone|. However, the supports are
fixed to one position, and there is no variation on the
degrees of freedom as none is allowed.

By supporting the panel by its edges it is expected a
stress concentration where the bending line meets the
edge support (Figure 90). While when using point
supports in the surface of the panel this should not

occur.

Figure 90-(left) Initial bending lines. (right) Stress
concentration when the lines meet the edge support.

In the case of point supports it is expected
that the entire edge, as it is not supported, of the
panel bends instead on only the corners (Figure 91).

This behavior can be simulated by bending a sheet of
paper by its four edges at the same time.

Figure 91-Point support scheme and areas concentrating
bending moments on the edges of the panel.

Considering this, also for the point supports,
there will be bending moments concentrated in the
edges.

In conclusion, although not possible to simulate in

the FEM modeling in the range of this research, this
movement is very intriguing as it shows a behavior for
glass that is unexpected.

The different support possibi|i’ries present different
constraints and behavior for the glass panel. If the
bending of the corners is controlled to a certain limit,
the option of using partial edge supports can be
more promising, as it gives an overall more s’robi|i’ry
to the panel.

7.4.6.Rolling glass

This movement consists on having a flat glass pane
that can be rolled on its top edge. Allowing for it to
be opened in the bottom.

This case, as the previous one, was not possible to be
simulated on the FEM analysis due to its complexity.

Therefore, | developed sketches on the stress

distribution in relation to its supports and degrees of
freedom.

This movement is a very particular case where there
are few options to explore.

The top edge of the panel is fixed to the mechanism
which rolls it.

While the other edges of the panel have just to allow
for vertical translation as there is no other movement
involved in this case.

The panel could be supported by its edges either on
the bottom or on its sides. If in both cases the vertical
translation is allowed, there is no stress accumulation

in this areas.
Km_sm\
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Figure 92-Rolling glass movement scheme with possible
supoprt solutions. To the right the different radii to make the
rolling possible.

The panel would only start to be under stresses when
it starts to roll, these stresses would be proportional
to the radius of the rolling. As presented in Appendix
04, the growth of the stress on the glass by bending
follows an exponential curve as the bending radius is
reduced.

In this case this is what is expected on this
movement, the panel remains unstressed on the areas
which are ﬂa’r, and when rolled the stresses start to
appear (as compression on the bottom surface and
tension on the top).

Due to the thickness of the panel, the successive
rolling movements have different radii. As close to the
axis of rotation the smaller the radius and higher is
the stress, following an exponential pattern.

The Chart 45 shows a sketch of a vertical section in




the center of the panel illustrating this situation. In the
chart it is possible to see the increasing of the stresses
when the bending starts. In this case a 250 mm
radius was simulated. As the difference in the radius
inside the roll is too small (from 251 to 249 mm) the
exponential pattern is not visible.

Calculated stress according to bending radius along the x axis
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Chart 45-Bending moments distribution comparison of point

and edge supports along x axis in the low edge of the panel
according to the number of degrees of freedom.

It is possible to conclude that due to the increase of
stress in the beginning of the bending, edge supports
on the side of the panel could concentrate stresses on
that area. While a support on the bottom edge could
avoid this problem.

7.4.7.Geometry deformation

The last movement to be studied is the geometry
deformation. As mentioned in 7.3, this movement
concept was inspired by the exploration of geometries
developed in Chapter 3.

During that pnose of the research pnysico|
models were deve|oped in order to exp|ore different
geometries. In this process a porﬂcu|or configuration
of g|oss pone|s could have its geomeftry chonged and
odop’r between different opp|ico’rions. The ’rriongu|or
snope, in a flat and bent positon was studied as a
column, beam and single layer flat panel (items 3.1.1

and 3.1.2.1).

The Figure 93 and Figure 94 show the physical study
model for this geometry. By connecting all stripes of
acrylic together, they would assume a bent position;
when pushing one of the edges of the geometry
perpendicularly, they would assume a flat position.

Figure 94-Study model in flat position.

Therefore, this geomeftry was selected as an exomp|e
fo pencornn the s’rudy of the geomeftry deformation
movement.

This movement consists of supporting two
edges of the ’rriongu|c1r geometry, while ’rrons|o’ring
the other edge on the y axis (300 mm). The
pone| size used for this movement ono|ysis was of
3000x1250mm as the initial geometry of the panel
is flat.

In the FEM model, the surface contact was not
considered due to the limitations of software.

To ono|yze the relation to supports and degrees of
freedom in this movement, a similar conﬁguro’rion
to the first movement ong|ysis was made, as both
movements consist on the bending based on two
edge supports.

However, in this case, a third support is not a feasible
option (without considering the actuated edge). Thus,
different support types are proposed‘

This ono|ysis compares linear edge supports with
linear supports disp|aced from the edges, attached to
the surface of the g|oss; o||owing for one (translation
X axis) or two (Trons|o’rion x axis and rotation around z
axis) degrees of freedom.
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Table 17-Geometry deformation movement geometry
supports and degrees of freedom.

The Table 17 shows the results of this comparison with
the stress distribution on all panels.

As the panel is symmetrical in both directions, only
the middle section of the front p|gfe (as it is the
one with more bending) was selected to make the
comparisons.

In Table 17 it is possible to see that the stress
distribution in the panel is not continuous. In the
boundary supports for one degree of freedom figure
it is possible to see in the highlighted area this issue.
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and stress distribution according to number of

A possible reason for this is the local element axis
direction on the simu|o+ion, which is not the same for
all elements of this specific case. Although this was
tried to be manually changed, the alterations on

the file made the simulation not possible. However,
for the other areas of the panel, by selecting the
principal stresses on the panel, the results are valid.

Also in this movement analysis, top and bottom
surfaces stresses charts were p|o’rJred, as the bending
moments diagram would be influenced by the
element axis direction.




The Chart 46 shows the comparison for the stress for
the boundory support for one and two degrees of
freedom; for the top |oyer of the pone|.
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Chart 46-Principal stress distribution in the middle of
the panel at the top surface for according to the support
configuration.

In this case the difference between both
degree of freedom solutions is very big, while with two
degrees of freedom there is almost only compression
on the pone|, with one degree of freedom there is a
high concentration of tensile stresses on the edges of
the panel, as they are resisting the bending. It is also
visible that the high magnitude of the stresses in the
one degree of freedom option makes the scale of
the groph bigger so that the other option stresses are
almost not p|o’rred.

The Chart 47 shows the same comparison for the
bottfom |oyer of the pone|,
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Chart 47-Principal stress distribution in the middle of the

panel at the bottom surface for according to the support
configuration.

Boundary sup_2dof

In this case it is possible to see a similar pattern for
both solutions. The main difference is the magnitude
of stresses. The one degree of freedom option shows
a much higher concentrated amount of stress in the
center of the pone|, while for two degrees of freedom
this is more dispersed.

In both lines it is possible to see that the

sfresses go down at one moment; those are the areas
in which the front panel is joined fo the back panels,
changing its stress distribution.

The Chart 48 shows the comparisons relative to the
second support alternative, that of inner surface
linear supports. This chart shows the stress distribution
for the top surface of the glass.
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Chart 48-Principal stress distribution in the middle of
the panel at the top surface for according to the support
configuration.

Again, for the two degrees of freedom option
there is a predominance of compression, while for the
one degree of freedom option, there is a very high
peo|< stress at the points were the support lines are
located, as this part of the panel is constrained for
rotation. This peak is also high due to the fact that
in this option the panel pivots around the supports
and its inner radius is much smaller than the previous
support alternative (Table 17).

The Chart 49 shows the same comparison for the
bottom layer of the panel. Again, the conclusions can
be the same as for the other support alternative, with
the one degree of freedom option presenting much
higher peak stresses.
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Chart 49-Principal stress distribution in the middle of the
panel at the bottom surface for according to the support
configuration.

The last two charts compare both support

alternatives stress distribution for both the top and
the bottom surface of the g|oss pone|.

For both charts (Chart 50 and Chart 51) it is clear
that the stress distribution is much higher in this case
for the supports placed inside the panel.
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Chart 50-Comparison of the principal stress distribution in the
middle of the panel at the top surface for the different support
configuration.
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Chart 51-Comparison of the principal stress distribution in the
middle of the panel at the bottom surface for the different
support configuration.

Although in this simulation most of the graphs do

not show a continuous resu|’r, the contrast of values
between the different solutions make it possible to
make a few conclusions.

It is possible to conclude from this movement analysis
that the options with two degrees of freedom are
more odequo’re for this case, as ’rhey follow the
movement proposed for the pone|, as fhey are able
to follow the rotation of the g|oss.

A particularity form this analysis is the difference of
the position of the supports to the final geometry
of the panel. Although their distance was only

of 200mm, the impact of this was visible in the
deformation of the pone|, which became much

higher.

7.5.Conclusions

In this chapter different options to move and support
a thin g|oss pone| were presen’red.

However, there is a clear relation between these two
characteristics of an adaptive panel. To study this
relation, between movement and supports, each

of the proposed movements were analyzed, using
different supports strategies.

In addition, these studies infroduce the necessity
of unders’ronding the degrees of freedom allowed
by the support, a relation that proved to be very
important fo be analyzed.

Although each of the movement had its
particularities, after looking at each of them it is
possible to draw important conclusions.

The number of degrees of freedom allowed by
the supports is very closely related to the desired
movement of the panel.

In general, by analyzing all studied movements, it
can be said that if the number of degrees of freedom
is lower than the necessary, stress concentration may
occur in parts of the pone|. If there are more degrees
of freedom than necessary, initially there might be

no difference in the panel besides an unnecessary
increase of complexity on the support design; or there
is also the possibility that the movement becomes
unpredic’rob|e due to the excess of freedom.

After these conclusions, it is possible to better
understand a few phoses of the deve|opmenf of a
thin glass adaptive panel design.

The first step to understand its movement, and the
necessities of the building which can be answered by
that solution.

As the type of movement is defined, it is possible to
design the supports with the adequate degrees of
freedom to allow for that movement.

After this process it is possible to simulate if the
geometry achieved is according to the desired, if nof,
the type of movement, or type of support has to be
reviewed and the process can be repeated.

To better understand these strategies the next chop’rer
covers the deve|opmen’r of the design exomp|e of this
research.




DESIGN EXAMPLE

his CthJ[QI focus on the deveiopmeni of a

design exgmpie using thin gigss in a gdgpﬁve

facade pgnei. Starting ioy evgiughng possibie
design strategies, followed by the design of each of its
components, the design eXgmpie Was deveioped. Then
a case siudy gngiysis is made in order to test the design
eXgmpie in a real situation. Fingﬂy, other aspects are

gngiyzed/ which are reccomended for further studies

8.1.Introduction

In the previous chapters a general overview was given
related to thin glass and adaptive structures, followed
by model studies exploring the possibilities of using
this material in an adaptive fogode panel; to finally
understand the relations of movement and supports
in different design configurations.

In the following sections, the knowledge developed in
the previous chapters will be translated into a design
example of the panel.

At first, the design challenges and criteria are defined
to the development of potential design strategies.
Then, these design strategies are analyzed and one
of them is selected for further development.

The selected design strategy is then further ono|yzed
according to the supports and degrees of freedom
conclusions developed in the previous chapter.

This is followed by the deioi|ing of this design info a
double skin Fogode pone|, After this, a case s’rudy is
selected to imp|emen’r this design and both scenarios
are compared.

Finally, other aspects are studied, according to
additional parameters that can be introduced in
the design, and their further development is used as
recommendations for future studies.

8.2.Design challenges and
criteria

To develop possible alternatives for the design of
the adaptive panel, | first looked into the idedl
characteristics for it, in other words, the criteria with
which start to develop the panel.

The first criterion is the search for transparency. As a
glass icogode panel one of the main objectives is to
create a transparent barrier to the environment, while
still allowing the user of the building the view of the
outside.

The second criterion was to try to reduce the vibration
of the panel regarding wind loads. The deformation
of the |oone|, due to these |oods, by itself is not a
problem regarding its integrity (considering that it
does not reach its limit states), but its movement may
generate noise and disturb the user of the building.
This means that the panel has to be designed

in a way that the curvature generated stiffens it,

increasing its resistance to wind loads.

The third and fourth criterion regard the
adaptiveness.

The first of them relates to the creation of a

visual effect. Using thin glass in a facade is a new
development and it should be visible and possible to
differentiate from common g|oss.

The second is the technical aspect of the
adaptiveness; as it would be interesting to have

an odop’rive fogode pone| not on|y for aesthetical
reasons, but also that helped in other aspects if
possible. As described before, there are many
different purposes to which adaptiveness can be a
solution; considering this research | have constrained
them mainly to ventilation, and therefore this criterion
relates to this factor.

The fifth criterion is the iceosibi|i’ry of the design of the
proposed Fogode pone|, This regords the de’roi|ing of
the pone|, regording itfs movement, supports, degrees
of freedom and actuators; but also factors such as
the produc’rion of the pone|.

8.3.Potential design
strategies

After selecting the criteria, | developed potential
so|u’rions, based both in the initial geome’rrico|
exploration described in chapter 3 and also on

the potential use of thin glass in the case studies
developed in Chapter 5. From these ideas, | selected
four of them to be further ono|yzed in order to
iden’riicy the one that has more po’reniio| regording
the object of this study and the constraints of this
research.

8.3.1.Triangle

The first potential design strategy is based on the
thin glass column design presented in chapter 3 and
studied in item 7.4.7. This concept consists of three
layers of thin glass laminated together forming a
triangular shape.

In this way, by pushing one of the edges it is
possible to make a flat and stiff thin glass panel, this
would be the initial position of the panel. To allow
movement this same edge is pushed backwards
or forward, making the other edges move in the
direction of each o’rner, opening both sides of the
panel.




Figure 95-Movement scheme for triangle potential design strategy.

Although there were some issues with the FEM
modeling of this panel, this solution is still very
appealing, and shows much potential. Therefore,
| decided to explore it further in this item to better
understand it.

As analyzed in item 7.4.7, considering this movement
of the pone|, the most feasible solution for the
supports would be to have them at the edges
allowing for two degrees of freedom (translation on
the x direction and rotation around the z axis).

A|’rhougn this solution is composed most of g|oss, and
directly there would be very few visual obstructions
(vertical actuator and edges) this panel has a visual
constraint considering its dep’rn.

This is due to its geometry being based on the
bending of two pone|s perpendicu|or to each other.
In order to not have initial high stresses on these two
panels, the bending radius has to be higher, and
therefore the pone| becomes deeper.

Considering a bending radius of 300 mm, the depth
of the panel would be at least 350mm as there is still
the need to extend these panels to the back to attach
the actuator. In addition, the actuator would push
back to move the panel, leaving the overall needed
depth for this panel of around 500mm, which is
large dimension for a fogode panel

Thus, this pone| would have to be probob|y
placed in between floors with mechanisms on the top
and bottom.

These factors could be considered an issue regarding
the transparency of the panel.

In order to simulate this scenario, a visualization was
made to better understand the effect of these factors
in the transparency of the panel. In Figure 96 it is

possible to see this panel in an urban environment.

/ 5 s
Figure 96-Interior view of the panel.

In addition to the mechanisms it is possible to see
the result of the reflections on the glass due to the
accumulation of layers.

After ono|yzing the fransparency of the pone|, the
stress generation due to the initial bending and due
to wind forces was studied.

This simulation was made using the initial geometry
of the panel, as in item 7.4.7. The stress of bending
the plates to their initial position is not present in
these simulations. Considering the hand calculation
method presented in item 6.3.2, and in Appendix 04

the bending stresses for a 1.Imm panel at 300 mm
radius are of 135 MPq; therefore, a radius of 400
mm was considered to reduce this initial stress to
approximately I00MPa.

As mentioned, the same issues regarding the FEM
modeling of this panel are also present in this
simulation. While simulating the movement of the
panel outwards, there were no contact surfaces
determined, so they went through one another at
one point, therefore the amount of translation of the
actuator in this direction was reduced to 180mm.

The Figure 97 shows the stress results for the bending
of this solution. The maximum stresses are 78N/mm?*
for the inwards movement and 42 N/mm? for the
outward movement.
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Figure 97-Stress distribution generated by the movement of
the panel.

As for the wind |oods, the contact of the surfaces is

fundamental to determine the resistance of the panel.

Agoin this simulation foi|ed, as the contact between
the surfaces could not be simulated (Figure 98).

Figure 98-Geometric results of the wind pressure simulation
due to the lack of surface contact configuration.

After looking into the stresses and wind resistance of
this design, the adaptiveness's characteristics have
also to be taken into consideration.

Considering ventilation, in the closed position, the
pone| would serve as the external barrier against
wind and rain. The different types of movement (out
or in the building) proposed by this panel solution
have different ventilation outcomes.

When the panel is moved in the building, small
openings are created on its lateral edges, allowing
for ventilation without completely exposing the cavity;
which could be useful for winter, when ventilation is
desired but the thermal buffering of the cavity is also
important. When the panel move out of the building,
the same small openings on the sides are created,
however this time, the middle part of the cavity also
moves outwards and allows for air flow increasing the
ventilation in the cavity (Figure 99).

Figure 99-Ventilation scheme for triangular panel.

As for the visual effect in the facade, different
visualizations were made to simulate how this panel
would affect the identity of the building.

As the initial position of this panel is flat, the Fogode
would look as am usual glass Fogode. However,
with its movement it would be possible to create a
surprising effect of a common g|oss icogode that can

bend (Figure 100).

Regarding the feasibility of this option a major
constraint is the lamination of the glass. For this
concept to work the three layers of glass would
have to be laminated to each other partially and
also together, which might be not feasible or very
complicated.

An option to this could be on using adhesives,
however, it could also be a complicated task as the
surfaces would have to be bonded one at a time,
while already bending the glass.

As for the actuators and supports, this pone| is




feasible as it uses edge supports and the actuator
could work on rails pushing the panel back and forth.
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Figure 100-Visual Effect for the Triangular shaped panel.

8.3.2.Central bar movement

The second design strategy was based on the
movement studied on item 7.4.3.

This design strategy consists on having a thin glass
pane which is moved by a vertical bar that pushes the
g|gss pane outwards increasing ifs curvature.

The glass is connected to the frame by four points,
which are out of the edges to avoid the generation
of peak stresses in these areas. Each of these points
is connected to a support that can move in the frame
in the x direction. This option was simulated in item
7.4.3.

According to the movement of the bar, the

supporting points franslate on the x direction opening
or closing the panel according to the necessities of the

building.

As the bar is supported by two different actuators, it
can assume inclined positions, allowing for different
curvatures in the top and bottom layer of the glass,
increasing the stiffness of the surface. In this case it is
also necessary to allow for the vertical movement of
the supports (Figure 88).

In addition, the bar works as a support against wind
loads, avoiding the buckling of the panel.

This conﬁguro’rion allows for an almost unobstructed
view of the outside, as the only direct visible barrier
would be the bar and the supports. To better
understand this effect a visualization was made to
simulate this scenario. (Figure 101).

Figure 101-Interior view of the panel.

Considering the stiffness of the panel, a new
simulation, with better de’rgi|ing for the supports
(using four degrees of freedom), was made to verify
the bending stresses caused by the initial bending
and its resistance to wind forces. The initial bending
position consisted on translating the bar in 500mm
on the y direc’rion; while the increased bending
position consisted on an additional translation of
135mm on the lower vertex of the bar. The wind
pressure tested was of IKN/m?perpendicular against
the panel.

It is possible to see in Figure 103 that both for the
initial bending and the increased bending stresses
are under 250 N/mm?. This is also true when these
pone|s are under wind loads. Still, the simulation
stopped converging at approximately 0.25KN/m?
for both cases. In the table the stresses for the point
connections are not present. As ’rney were modeled as
lines with only one node touching the surface of the
g|oss the stresses were very concentrated and did not
allow to p|o’r the stress distribution in the other areas
of the pone|.

Figure 102-Movement scheme for central bar potential design strategy.
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Figure 103-Stress distribution generated by the movement of the panel and wind pressure

After analyzing the stiffness of the panel, the factors
regarding adaptiveness, ventilation and visual effect,
were studied.

As for the previous exomp|e, the movement of the
panel generates openings on its sides, that are
directly opened to the outside. The increasing of

the bending of the panel increases these openings,
allowing for direct ventilation of the cavity. In
addition, as the curvature increases the middle of the
pone| moves forword, which also allows for indirect
ventilation of the middle of the pone|. This is valid for
both symme’rrico| and osymmefriccﬂ positions.

Figure 104-Ventilation scheme for central bar potential design
strategy.




As for the visual effect in the facade, visualizations
were o|eve|oped to see this effect.

As the initial position of this panel is curved, it already
creates an unusual facade. With the movement

of these panels, this effect is increased, giving it a
unique identity.

Regarding the Feosibih’ry of this pane|, the de’raihng
and movement of this solution seems feasible, the
cho”enge |oys in the definitions of the connections
to allow the points to move together with the central

bar.
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Figurellos—VisuaI Effect for the Central bar movement
shaped panel.

8.3.3.Sinus

The third option was developed after the movement
studies developed in item 7.4.1 and 7.4.2

This design strategy consists on moving the panel by
translating its two edges, and using three supports,
the result is a series of sinus shapes, which resemble a
curtain. As demonstrated, this option could work both
vertically or horizontally.

This panel would be moved by a single actuator in
one of the sides of the glass panel; forcing the panel
to buckling. However, as the panel is attached to its
frame in specific points, this movement generates
the sinus shape. These support points also move
together with the glass panel as it is pushed by the
actuator, keeping the controlled buckling behavior
and increasing the stiffness of the panel.

This option also offers an unobstructed view, besides
for the actuator and the support points (or lines).

In the visualization (Figure 106) it is possible to see
another effect, that of the reflections caused by the
sinus shapes, which may be considered as a visual
barrier to the outside.

Figure 106-Interior view of the panel.

To better understand this movement, a new
numerical simulation was made, simulating the initial
position and the open position, and the impact of
wind in this panel.

In addition, two different plate sizes were used to see
the effect of reduction of general width in the plate.
The standard size of 1750x3000mm is compared to
the 1500x3000mm size. The simulation of the initial
bending consists on bending this plates to the width
of 1250mm, and the increased bending consists on
translating the edge for more 250 mm (this value is
low due to the high stresses o|reoo|y generofed by the
initial bending of the panel).

In the Figure 108 and Figure 109 it is possible to see
that for both cases the initial bending stresses arrive

already at around 300N/mm? for the wider version.
Stresses which are easily increased in by moving the

panel to around 340 N/mm? in the same case.

Figure 107-Movement scheme for sinus potential design strategy.

injtial bending_narrow

initial bending_standard

+3.07500e+002

+2.87973e+002

+2.684452+002

+2.4581Tes002

+2.293808+002

420986324002

+1.803352+002

+1.708088+002

+1.512808+002

+1.317532+002

+1.1222504002

+3.2587 524001

473170084001

453542524001

+3.411502+001

+1.458752+001

286%
-4.940002+000

initial bending_narrow + wind

+2.939832-+002

initial bending +wind

+2753862-+002

+2 567892+002

+2.38192e+002

+2.195952-+002

+2.009982-+002

+1.82401 002

+1 63504e-+002

102%

+1.452072+002

+1 266092002

+1.080122+002

+8.941 532001

+7.081832+001

+5.22212e+001

+3.362412+001

+1.5027 1 e+001

Figure 108-Stress distribution. Initial bending and initial bending with wind pressure.
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Figure 109-Stress distribution. Increased bending and increased bending with wind pressure.

*Standard stands for the plate size of 1750x3000mm. Narrow stands for the plate size of 1500x3000mm.




An advantage of this configuration is the wind
resistance, as an arc or parabola the panel is very
vulnerable to wind forces. As the radius of curvature
is reduced the whole panel works in a sinus shape it
becomes much more stiff.

It is visible in the figures that when the wind makes
pressure on the surface the stress is reduced, as the
radius is reduced as well. However, in this case this
is true only for the top surface, by looking into the
tensile stresses of the bottom surface of the panel

at the same moment, they increase as the wind
starts stretching these areas as it compresses the top
surface.

As for the ventilation effects proportioned by this
panel, they are very similar to the previous cases,
when the translation of the edge creates an opening
on the side which allow for direct ventilation. This
effect could be increased by using two actuators, one
in each side of the pone|, c1||owing for the creation of
two openings (as the previous options).

Figure 110-Ventilation scheme for sinus panel.

The visual effect of using this panel was also
simulated by visualizations. Also in this solution, the
initial geometry of the panel is unusual, creating
already an interesting effect. In the case of this
panel, as the movement is limited by the high
stresses already present on the initial geometry the
visual effect due to the movement of the panels is
compromised.

As for the feasibility of the panel, the bending of
the panel to the initial position can be seen as an
obstacle, due to the force necessary to put it in
position. Another challenge, which appears to be
more feasible, is the movement of the supports, that
need to follow the glass movement together with the
actuator.
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Figure 111-Visual Effect for the Central bar movement
shaped panel.

8.3.4.Corner bending

The fourth and last potential design strategy is also
based on the potential use of thin glass in the case
studies and on the movement sfudy presen’red on
item 7.4.5.

It consists of a flat panel that is adapted by
pulling its corners inwards, creating curvature in these
specific areas, stiffening the panel.

This panel is supported by all edges, but only

partially, as the corners are left free to rotate inwards.

The actuator would be placed in the middle of the
panel, connected to each of the edges by cables;
which are then pulled, bringing the edges of the
pone| inwards and o||owing for its movement.

Figure 112-Movement scheme for sinus potential design strategy.

However, this strategy (of actuating the panel) also
implies in an obstruction of the view to the outside, by
the cables, the actuator and the supporting structure.
This was simulated in a visualization. (Figure 113).

Figure 113-Interior view of the panel.

An alternative to this would be the lamination of
bimetal stripes to these edges (presented in item
4.4.9), being they the actuators and answering to the
changes in the weather and bending according to the
change of temperature. (Figure 114).

Figure 114-Interior view of the panel without obstructions.
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In both visuo|izo’rions, there is the presence of
subdivided versions of the panel, this option was
considered to be an alternative to increase the
stiffness of the panels due to the wind loads.

The stresses genero’red by this bending could not be
calculated due to software limitations (as mentioned
in item 7.4.5). These stresses would be dependent to
the radius of the bending defined by the actuator,
being it a cable or the metal strip. However, it

was possible to simulate the wind pressure, for the
partially supported edges configuration.
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Figure 115-(Left) Clamped edges under wind forces. (Right)
Pinned edges under wind forces.

In the Figure 115 it is possible to see the high stress
concentration on the edges. Only by the wind forces,
the edges of the panel would already move, meaning
that maybe they should be fixed to avoid this




vibration. An interesting fact is that the assumptions
made on item 7.4.5 proved to be right in this wind
simulation, besides the edges high stresses, there are
areas of peak stresses on the points at the transition
between the fixed and free parts of the edge.

As for the ventilation, this panel provides a different
outcome. When open, there are openings both in
the bottom and on the top of the panel, making it
possible for the generation of a stack effect, moving
the hot air more efficiently. (Figure 116).

Figure 116-Ventilation scheme for corner bending panel.

The visual effect in the facade would also be very
intriguing. As the initial position of the panel is flat,
and its edges move, a surprising effect is achieved,
as this is a movement that is not expected from glass.
Figure 117 shows a visualization as an example of this
effect.

Still, the detailing of this panel is a major challenge
to its feasibility. The attachment of its vertices to
cables could be difficult and the use of bimetal strips
would imply on a deeper research on how would this
material behave attached to g|oss.

Another challenge is the stiffness of the panel,
as a flat panel, the wind loads push it, concentrating
tensile stresses on its edges. Adding curvature to
the initial state would make it difficult to bend the
edges without creating double curvature. An option
would be to reduce the size of the panels, dividing it
in smaller panes, which could be more s’riﬁc, but the
supporting frames could obstruct the views, as seem
on Figure 113.
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Figure 117-Visual Effect for the Central bar movement
shaped panel.

8.3.5.Selection of the design
strategy

After studying each of the potential design strategies
according to the developed criteria it is possible to
affirm that the central bar movement was the one
that better answered to them.

The triangular panel design proposal had an
advantage related to its stiffness, which was
guaranteed by its geometry, which avoided

much initial stresses on the glass. Another positive
factor was its ventilation that, due to the different
movements proposed had two different settings
which could attend distinct necessities. Also its visual
effect on the Fogode was inferesting, creating surprise
by an unexpeded movement.

However, considering transparency, the
superposition of panels in different curvatures
genero’red an excess of reflections. Besides that, the
necessity of including the mechanism inside the floor
to floor height due to its depth also affected this
factor. The dep’rh of the pone| could also affect its
implementation in a building by taking much of floor
area, or creating a cavity excessively wide.

In addition, the assemblage of this geometry
is a challenge in itself, due to the necessity of
laminating or bonding the panels together while
having them already bent.

As for the sinus design proposal, its stiffness was also
an advantage, however to achieve such a geometry,
the initial bending stresses were so high that very
few movement was possible, compromising its visual
effect and ventilation. Also this could become an
obstacle related to the production of the panel, as
the panel would have to be bent and fixed in the
frame with high stresses.

As for the solutions of the corner bending, the
feasibility of the panel was a major constraint,
together with its stiffness. A possible solution by

using a central actuator would also imply in a big
obstruction of the views. However, this possibility
brings a very exciting visual effect and unusual
movement for g|oss, the o|eve|opmen’r of a feasible
option (by using bimetal parts on the corners) was out
of the range of this research.

The selected design proposo|, the central bar
movement, showed a gooo| balance between the
different criteria, with main advantages being

its transparency, visual effect and feasibility. The
stiffness of the panel should be improved, as in its
bending there was concentration of stresses in the
edges due to the “folding” of the panel and also due
to its wind resistance behavior.

8.4.Design proposal

After analyzing the selected design strategy, | started
the further development of the design example.

The first step was to analyze how the design proposal
could be improved. The answer was on the supports.
On item 7.4.3 a comparison between point supports
and edge supports for this movement was made, with
edge supports showing a much better result. In the
development of the potential design strategies, the

point solution was tested again in a better modeled
simulation, but the results were very similar to those of
before

Therefore, to increase the structural performance of
the panel, edge supports are to be adopted instead
of points supports.

The configuration of the panel was then defined as
shown in Figure 118. The initial bending state has the
central bar positioned at a 500mm distance from
the fogode, while the increased bending position can
add another 200mm of displacement.

500 mm

1250 mm

Figure 118-Panel configuration according to selected design
strategy.

After se|ec’ring the type of supports, the de’roi|ing of
the pane| s’rar’red, to understand further the next step
on to developing the thin glass adaptive panel.

As the movement and support strategy were
already defined, the degrees of freedom necessary
for the desired movement to happen were analyzed;
this was the basis for the development of the detailing
strategy of the pcme|.

The principle of this concept is the movement of the
vertical bar in the middle of the panel, which forces it
to change its radius.

The movement of the bar hoppens on|y
perpendicu|ar to the pone|, in the y axis, genero’red
by its two actuators. These actuators may move
symme’rrico”y or osymme’rrico”y, creating an arc
shope or a conical one respec’rive|y.

According to this movement, the radius of
the panel changes. For this to happen it is necessary
that the vertical edges of the panel are allowed to
translate in the x axis, and also to rotate around the z
axis in order to follow the change of radii.

The second position to consider is when the panel
moves asymmetrically. In this case the panel assumes




a conical shape, and its vertical edges assume an
inclined position. Considering this, it is necessary that
the supports also allow for rotation around the y axis
and translation in the z direction.

Therefore, four degrees of freedom have to be
integrated in the supports of the panel for it to
behave in the desired manner. This configuration was
already tested and compared to other configurations
of degrees of freedom; the results presented on

item 7.4.3 showed the importance to adequate the
supports to this configuration.

4 degrees of freedom
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Figure 119-Necessary degrees of freedom for the movement
defined in the selected design proposal.

After this deﬁni’rion, this design solution was studied
in a numerical simulation for the determination of the
bending stresses and wind resistance.

The results of this simulation can be seem on Table
18. The bending stresses due to the asymmetric
position are the highest present in the panel, just by
moving the panel to that position the stresses already
arrive at 300Mpa. This value is easily increased by
wind forces, by applying a wind load of O.5KN/

m? against the plate the stresses, in this position can
achieve the magnitude of 500Mpa. Higher loads
configurations in the asymmetric configuration led to
non-convergences in the simulations.

Regarding the other positions of the
pone|, the loads and deformations also increase
considerably when wind loads are applied.

Although the initial bending has bending
stresses of 130 MPa, when wind loads (of 0.5KN/m?

and TKN/m?) are applied these stresses increase to
300 MPa and 490MPa respectively.

As for the increased bending position, the

stresses start at 286MPa and grow to 362MPa and
520MPa with the wind loads (of 0.5KN/m? and
TKN/m?).

In Figure 120 it is also possible to see the
deformation of the panel due to the wind loads. With
a perpendicular load of IKN/m? the deformation

of the panel is of 197.8mm for the initial bending
position and of 88.5mm for the increased bending.

________
.....
-----

197.80 mm

Figure 120-Maximum deformation due to wind load of 1KN/
m? for initial and increased bending positions for the selected
design proposal.

These results would limit the application of this
pone| to low wind contexts, with low tolerance for
occasional higher wind loads.

In order to increase the wind resistance of the panel
some adjustments are necessary.

As seen in Chapter 6, the main factor that affects the
wind resistance of the panel is its thickness. However,
by just increasing the thickness of the panel the

initial stresses would become too high. Therefore,

it is necessary to also change the initial width of

this panel, reducing it in order to increase the initial
bending radius and decrease the stresses genero’red
by it.

Thus, new numerical simulations were deve|oped
festing the bending and wind load stresses for

a g|oss pone| 2mm thick with the dimensions of
1500x3000mm.
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Table 18-Stresses derived from bending and wind loads for the selected design proposal.
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This configuration of the panel also reduces the
magnitude of the movement, as it is not possible
fo perform the same movements as presen’red in
Figure 118 without generating very high stresses.
The configuration of the movement of the reviewed
version of the panel is presented in Figure 121.

Figure 121-Panel configuration of reviewed design strategy.

The results of these simulations are presen’red in Table

19 and Table 20.

In Table 19 it is possible to directly compare the results
with the previous stress simulation (Table 18).

It is possible to see that the stresses derived
from bending the panel are mostly increased by
adopting the thickness of 2mm and the panel width
of 1500mm. However, the stresses and deformation
due to the wind forces are significantly reduced; this is
summarized in Table 21.

1.1mm / 1750x3000mm

Top surface principal
stresses (N/mm?) Initial | Increased |Asymmetric

0 KN/m?
1 KN/m?
2 KN/m?

Wind
Pressure

2.0mm / 1500x3000mm

Top surface principal
stresses (N/mm?) Initial | Increased |Asymmetric

0 KN/m?
1 KN/m?
2 KN/m?

Wind
Pressure

Difference Ratio

Initial Increased |Asymmetric
] 0 KN/m? 28,5% -6% 14%
Wind 2
1 KN/m -19% -9% -21%
Pressure
2 KN/m? -33% -23% -

Table 21-Summary of stress difference between updated and
initial design proposal.

In Table 20, the deformations derived from

different wind loads are presented for the reviewed
conﬁgura’rion of the pone|.

It is possible to see that the highest
deformo’rion, from the different wind loads and
bending positions, of the panel is of 63 mm when
in the increased bending and subjected to parallel
wind load of 2KN/m?. A much lower deformation if
compared to that of the previous panel configuration
which under perpendicular pressure is of 197mm.

Therefore, the new conﬁguro’rion of the pone|, 2mm
thickness and size of 1500x3000mm, was selected
for the design example.

Therefore, the development of the detailing of the
panel was made to achieve the four degrees of
freedom described.

8.4.1.Detailing concepts

The detailing process started by looking into each
of the degrees of freedom described before and
translating it into an element in the design of the
panel, this was developed to better understand the
possibilities of support and movement.

The first degree of freedom to be analyzed was
the translation of the supports on the x axis, so the
glass panel can change its radius according to the
movement of the central bar.

This movement is fundamental for the
pone| to work. However, there was the cho”enge of
choosing a solution that would not create obstructions
to the movement of the g|oss p|<:me, also preventing
the pone| fo get stuck at one point.

After s’rudying different possibi|i’ries, the one that
seemed more suitable was using a rail and a set of
wheels for each of the vertices of the supports.

The direction in which to place these wheels had to
be decided in a way that it would help on the stability
of the pone|. Thus, the wheel system was selected

to be in a set of four wheels per vertex, so that them
would give stability to each other both vertically and
horizontally.

These sets of wheels would be V wheels, for
stability and would be rolling on a rail made of a
proﬁ|e with a V insert made to aid their movement
(Appendix O5 shows a reference for this profile).

The wheels would be connected by a p|o’re bended in

aU shope which would serve both as a connector for
the wheels between each o+her, but also between the
wheels and the remaining parts of the system.

(N

Figdre 122-Rail and wheel system.

The second degree of freedom to be taken in
consideration was the rotation around the y axis, this
movement together with the previous one, would
already allow the panel to move symmetrically.

The solution for this degree of freedom was
a simple hinge, with part of it connected to the U
shaped profile described above and the second one
connected to the other parts of the system.

The addition of the remaining two degrees of
freedom allows for the asymmetric movement.

The third degree of freedom considered was the
rotation around the y axis. This was allowed by
connecting a plate to the other part of the hinge
mentioned in the previous step. This plate was then
connected fo a pivot that was connected to the edge
profile connector.

Figure 123-Hinge and pivot system allowing for rotation.

The eo|ge proﬁ|e connector was the part of this
system that allowed the fourth degree of freedom,
the translation in the z axis. This was made by not
constraining the edge profile of the glass panel, in
a way that this profile could slide vertically in the
connector.

In this case the connections for the top and
bottom of the panel were different, the connection
from the bottom part of the panel would not allow
the sliding of the edge profile of the glass, otherwise
there would be not vertical constrain and the glass
plate would be only constrained vertically by the
central bar, loading the actuator.

This set of solutions could solve each of the degrees of
freedom individually. However, after analyzing if the
system would work as a whole, this proved to be not
suitable for the movement of the panel.

Although there were no issues regarding the
movement of the pone| symme’rrica”y, the
asymmetric position was not possible.

This was due to the fact that, when the edge
would rotate around the pivot, the connectors from
the fop and from the bottom of the pone| would not
align as seem on Figure 124.

Figure 124-Overview of the system with alignment
issue.




A short conclusion from this first design is that it is
not possible to design by following the degrees of
freedom individually, as for the movement to work
they need to work together. Therefore, in the design
process there is the need to review if there is any
interference between the different components of the
panel.

After analyzing the first solution and identifying
the problematic areas, the design of the panel was
updated.

At the same time, other parts of the panel started to
be defined as well.

The actuator had to be speciﬁed. One of the
important factors in this case is the opening stroke,
which is the distance the actuator can operate. At
the initial bending position, the center of the panel is
displaced 340mm from the alignment of the edges.

In a symmetrical bending this can be increased to
460mm.

The initial assumption was to try to find an actuator
which had a stroke of 460mm. However, the actual
displacement the actuator needs to cover is of
120mm. Thus, it was defined that the actuator would
be connected to a 340mm bar which is connected to
the vertical bar to move the panel; this would be the
initial position of the panel. The actuator would then
move the connection bar for the pone| to be opened,

Another factor to be detailed was the connection
between the vertical bar and the panel. As the

bar pushes the glass and the radius of the glass is
decreasing, it is important to protect the glass surface
from the edges of the bar.

The solution for this challenge was on
changing the geometry of the bar, to half circle,
bonded to the glass on one part and then the sides
of it to be sealed with silicone, also helping on the
connection between the materials, while avoiding the
contact of the two elements.

N

Aluminum profile Silicone

Adhesive Thin glass
| —————— ——

Figure 125-Connection between the bar and thin glass.

The wheel system was kep’r as before, with an
addition of a tension spring which would be stretched
when the wheels moved, helping to keep them in
position.
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Figure 126-Rail system with stabilizing spring.

However, the rest of the system was updated. By
looking for a simple solution that could allow for the
other degrees of freedom, a double ball joint system
was selected.

This concept would work with two ball
joints connected by a tubular bar. One of the ball
joints would be connected to the U shaped plate
(connected to the wheels), while the other balll joint
would be connected directly to the surface of the
glass. While the vertical edges of the panel would be
protected by edge profiles.

Figure 127-Ball joints connection.

Again, after reviewing this system, there was also

an issue. By using ball joints in all connections, the
vertical loads of the pcme| were not suppor’red, thus,
the panel would just move down by gravity, leaving
the actuator as the on|y vertical constraint. This could
be solved by using a hinge instead of the ball joint
connected to the wheel system, however, | decided to
review the whole system again and update it to find
a more suitable and e|egcm’r solution.

After discussing the previous design with my mentors,
| decided to change the rail position to above and
below the panel, in a way to support the gravitational
loads directly.

Figure 128-Overview of the second detailing concept.

This decision implied in a review of the whole system.
| decided to start again, looking at all design parts,
and frying to find a better solution to them.

The first part of the system to chonge was the wheels.
Instead of four wheels per vertex, this number was
chonged to one.

The wheel was now placed vertically, acting as

a moving pendulum. By using this strategy, the
translation in the x axis, and the rotation around the y
axis are allowed by the wheel.

The axis of this wheel is fixed to a U bend plate,
which is the connection point for the remaining parts.

Figure 129-Wheel solution as a pendulum.

Fixed to this plate is an elevator bolt (a long bolt with
a large flat head), which works as a vertical tolerance
regulator during the assemblage of the panel. This

bolt is also connec’red, but not ﬁxed, to the fop of the

edge profile of the panel, which can rotate around it,
o||owing for the rotation on the z axis.

Figure 130-Elevator bolt example.

To allow for this rotation, the glass edge profile of the
panel was made round. This shape not only allows for
rotation, but guarantees a singu|or moment of inertia
independent of the rotation of the panel.

To connect the bolt to the proﬁ|e, while still c1||owing
for rotation, a connector was needed. In this case this
was made by using a cap, which is connected to the
round profile by a thread.

In the ossemb|oge of the pane|, the bolt is
inserted through the cap which is then connected to
the g|oss edge proﬁ|e.

However, there is still need to accommodate the
translation of the edge in the z axis. To do so, a
spring is placed in between the cap and the bolt; as
the bolt is not fixed to the cap, when the profile needs
to translate up and down the spring is compressed
and part of the bolt gets out of the cap. (Figure 131).




Figure 131-Spring inside the profile cap allowing for vertical
translation.

By repeating the same solution in all sides of the
panel, it was possible to attend to all the degrees of
freedom together. Due to this reason this solution
was then selected to be taken one step further, to a
component analysis.

Figure 132-Overview of third detailing concept.

8.4.2.Components
development

After defining the overall system to move the panel,
each of its parts was analyzed to understand

them better and be able to develop a final design
example.

The first element to be analyzed individually was the
edge profile of the glass. As described in the previous

item, it was initially made round to be able to pivot
around the bolt.

However, by better analyzing its functions, it could be
difficult to use this shape.

The edge profile of the glass has to clamp the
thin glass panel at the same time as having enough
area to bond it. To create a clamp, two different
parts are needed (not necessarily two profiles, as one
could be bent to shape) and to be fixed together.

To do this in a circular shope, the most efficient way
would be to clamp it in the middle.

The material selected to the bonding of the
g|oss to the proﬁ|es is a double sided tape used for
structural g|ozing. Another option would be to bond
it by using UV cured glue, however, as the bonding
would occur in between the metal proﬁ|es there
would not be possible to cure the glue with the UV
light.

The selection of the bonding material (see
Appendix 06 for product specifications) contributed
to definition of the necessary area for it. According to
the manufacturer’s technical guide [35] orientation
for defining the tape width, the width necessary for
this case would be of 35mm for a 2KN/m?wind load
design.

Tape Width (mm) =

0.5x pone| short edge |engfn (mm) x windload (kPo)

Tape design strength (85 kPa)

However, by having a small round profile
(trying to keep it around 50 mm), that has to
accommodate a fixture (boH or screw) and area for
bonding the glass pane was difficult to adequate
(Figure 133).
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Figure 133-Circular profile clamping and adhesive area
challenge.

To overcome this obstacle, | first looked into different
ways o c|omp and bond this edge to the proﬁ|e.

Initially, | studied different combinations of L profiles,
as in one of its faces it would be possible to bond the
glass and to clamp the profiles on the other.

| tested two different conﬁguro’rions, aT
shaped and a L shaped with one profile on the other.
Another solution was to associate L profiles with a
square profile, creating a similar shape but giving
more area for the rotation of the edge.

Figure 134-Profile Alternatives.

These solutions seemed to work well in the proﬁ|e, but
the pivoting of this shapes seemed to be challenging.

L
7

Figure 135-Different pivot alternatives studied.

For this | analyzed the rotation system. To do
so | researched many different possibilities, by using
roller bearings, bushings, pivots. It is possible to see
these different concepts on Figure 135.

Yet, none of them seemed to work as well as the
system described in the end of the previous item, so
| decided to keep the elevator bolt together with the

spring.

Still, a small change was made in the
previous configuration. The spring is no longer
present in all of the support vertices, but just on the
bottom ones. This has the objective of supporting the
panel by the bottom, and using the top connection
of the support as a hinge. When the support needs
to translate vertically, its top is fixed and the spring is
compressed in the bottom cap so that the bolt can be
extended.

As for the profile alternatives presented in Figure
134; they seemed to be adaptations that could work,
however they did not fit ideally to the design. Thus,

| decided to develop an alternative, by designing a
proﬁ|e that would suit the design exomp|e in a better
way, following aluminum extrusion design guidelines

[36].
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The strategy adopted to develop this was fo unite the
two functions of the profile, clamping and bonding
into its design. The concept developed was based on
extending the profile in order to maintain the circular
shape while increasing the adhesive area.

The resulting profile is presented in Figure 138.
However, this solution could allow for the clamping
and bonding of the glass it complicated the
connection to the elevator bolt, due to the necessity of
integrating screw ports for the connection of the cap.
A detail using this profile was developed to better
understand how this connection could be designed

(Appendix O7).

However, | decided to further analyze this profile
design in order to check if it would resist the necessary
loads. This was made by looking into the reaction
forces of the different simulations and iden’rifying the
highest one the profile could be subjected to.

This value was of approximately I500N on tension;
in this case the proﬁ|e was fested Odding a sofefy
margin of 1.3, and therefore for 2000N tension.
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Figure 136-Displacement of the profile design.
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However, this design did not perform so well
in this simulations. By applying these loads on the
areas where the g|oss would be bonded the proﬁ|e
would open, losing its clamping capabilities. This is
possible to see in Figure 136 that the displacement
would be of 0.9mm which is higher than the tape
compression applied (of 0.3 mm in each side).

The stress distribution due this loads shows why this
happens (Figure 137). It is visible that the loads are
not distributed along the whole profile, the screw port
acts as a division in the profile and the loads are not
directed to the other side.

Therefore, a new profile design was developed, and
instead of extending the circle for increasing the
adhesive area a different strategy was adopted.
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Figure 137-Stress distribution of the profile design.
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Figure 138-Profile detail in scale 1:1.

In this case the bonding of the glass is to
be made tangent to the circular shape, and being
clamped by a simple rectangular profile. This allowed
for preserving the circular hollow shape for the
rotation and thread connection of the profile while
still providing enough area for the bonding of the
glass. (Figure 141).

This alternative was also tested under the same
loads as the previous one showing a maximum
displacement of 0.25mm (Figure 139), which is lower
than the total tape compression of O.6mm.

It is also possible to see by the stress distribution
that in this case the o|isp|ocemen’r of the c|omping
bar is prevented by the geometry of the profile, as
it compresses it. In addition, this compression also
collaborates with the screw connection.
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Figure 139-Displacement of the updated profile design.

The next step was to look in the wheel system.

The wheel was previously put in between two
round rails, but this configuration would not work in
the way it was proposed. The concept behind this
idea was to avoid that the wheel could “jump” off the
rail due to wind forces, however, by placing two rails
touching the wheel it cannot move. This was simply
resolved by moving one of the edges five millimeters
away from the wheel, still protecting it from moving
off the rail, but allowing for its rotation.
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Figure 140-Stress distribution of the updated profile design.
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The wheel is made out of a roller bearing system that
allows it to rotate while still receiving loads. Through
the axis or the wheel, a bolt fixes two spacers next to
it. These spacers are then connected to the U snoped
plate which is then connected to the rest of the
system. The spacers are present in order to avoid the
contact of the U shaped plate with the rails.

Another component to consider was the actuator. The
actuator is directly connected to the central vertical
bar of the panel, which works as a stiffening element,
mainly due to wind loads. While perpendicular loads
would not be an issue for the actuator, perpendicular
loads can be a serious problem.

To face this, the actuator had to be chosen
occording|y.

Different types of actuators are available, for
instance an option considered was using linear
actuators, however, to achieve a stroke of 120mm
more 120 mm are necessary of equipment, using
more than the dep’rn of the pone|. Another type of
actuator considered was a chain actuator, as it can
have small dimensions, while still being able to have
|orger strokes. Yet, none of the options have technical
specifications concerning lateral loads.

An alternative developed to face this issue
was fo create a structure that could prevent non-
perpendicular loads to reach the actuator. This
solution would consist on placing four bearings
around the extension bar. In this way, when loads
from different directions reach the vertical bar, the
stresses are directed by the extension bar to bearings
instead of the actuator.

(o] (o]

wnf

(<] (<]

Figure 142-Actuator stabilizer scheme.

However, this solution would imply in the creation
of a substructure, to support the beatings and to
direct the perpendicular loads to the building. Again
the same logic applied to other solutions developed
in this section is valid, that of, although possible to
work, this option does not seem ideal to the design
example.

An alternative to this was found while researching
different manufacturers and specifications for the
chain actuator.

This alternative consists of having a scissor guide
expanding and contracting together with the
actuator. The scissor guide connects the actuator and
the extension bar, preventing perpendicular loads to
be directed to the actuator chain.

Figure 143 illustrates this concept, although the scissor
guide would not be connected directly to the actuator
body, but to a protective case.

Figure 143-Scissor guide as actuator stabilizer example.

Besides the mentioned components another aspect
to be taken in consideration is the connection of the
pone| to the bui|ding. The on|y parts attached to the
construction are the rails and the actuator.

Although specific solutions are necessary for
an infegration to a building design, the principle of
the connection should remain the same.

This component was developed as a generic
product, in a way to be possible to install it in
different situations.

This element functions as a brdcke’r, it was designed
to support the rail on its ends, as the spam is only of
125mm and the weight of the panel is low.

It consists of two different parts to be able to
accommodate tolerances vertically and horizontally.

The first part is an L element, in one of its faces it
connects the panel to the building and can afford
for vertical tolerances, while in the other face it
connects to the other part of the bracket o||owing for

horizontal tolerances for the fop and bottom of the
panel.

The second part for this element is the rail
connector. It consists of two tubes which house the
rails of the panel.

©

Figure 144-Bracket component.

The configuration of this type of solution was made
by studying bracket solutions; the L shape was
adopted as it can adapt to different situations by
using simple additional supports or by simply using
another L element.

Figure 145-Bracket placed in different positions. On a vertical
support; horizontal or mullion.

As for the rails, they had to be dimensioned
accordingly to the loads they are to support; which,
as for the profile configuration, are increased to wind
load:s.

Cnecking the numerical mode|s, the
maximum reaction forces at the vertices (af the rail
connection) of the profile were also approximately
of 1I500N. Following the same logic as the profile
calculation a safety margin was adopted and the
rails were calculated by simulating point loads of
2KN. This simulation was developed placing the
loads at the position where the profiles get the closer
to each o’rner, creating more bending, which is in the
increased bending position.

1250
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|

Figure 146-Load position on the rails according to the
increased bending location of the edges of the panel.

The allowed deflection for these rails is of two
millimeters. Meaning that one of the rails can deflect
two millimeters in any direction and the movement
of the panel would still work. This is possible due to
the vertical tolerance by the elevator bolt (which also
allows for the vertical translation of the panel) and
by the one-wheel system which can tolerate small
rotation around the x axis due to the distance in
between rails.
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Chart 52-Displacement relation to rail diameter.

Chart 52 presents the results of the simulations

of different rail diameters and their respective
displacement due to the loads applied. The selected
diameter for the rails was of 30mm as it presents the
best ratio between displacement and rail size while
under the two-millimeter tolerance.

As for the actuators, ’rney have to be p|oced in

a position in between both rails, although their
connection is dependent on the building in which the
panel is installed. This is further explored in section
8.6 where two different options are presen’red ina
case s’rudy.




8.5.Design Example

The development of each component made it
possible to continue the detailing into a design
example.

The design example was elaborated as generic panel
(meaning that not implemented in a specific building)
with the function of an adaptive double skin facade
panel.

In Figure 147 and Figure 148 it is possible to see the
ensemble of all components in the detailing of the
connections.
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Figure 147-Top connecti o detail. Scale 1:1.

Figure 148-Bottom connecti \2; detail. Scale 1:1.,
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As it is possible to see on the detail, the top and
the bottom connections are slightly different, this is
to create the pendulum behavior mentioned in the
previous item.

Therefore, on the top of the panel the
elevator bolt is shorter and assembled together with
a dampening spring to avoid noise and to maintain
its position related to the edge profile. Thus the
top connection acts as a hinge while the bottom
connection allows the vertical translation of the
profile.

3,384

15

36.8

15

42 J 8

As for the bottom detail, it is possible to
see that the elevator bolt is |onger and assembled
together with a compression spring, which allows and
stabilizes the vertical translation of the profile.

The elevator bolt and spring system is connected

to the edge profile by a threaded cap, this solution
showed to be the most interesting and elegant for
allowing the same detail in both vertices of the
profile. This cap has tightening point which also works
as drainage for eventual water infiltration of the
profile.




On the other sio|e, the elevator bolt is then fixed to bolts are then fixed to the connector and the final
the U shaped stainless steel element. This fixture has height adjustments are made.

also an additional function of height adjustment for
the panel, allowing for a vertical tolerance of 25mm. All commercial components used on these details are
specified on Appendix 06.

The U shaped stainless steel part is attached to
spacers in both sides of the wheels, p|<:1ceo| to create
distance between the rails and the U shoped part.

These details show the translation of the studied
degrees of freedom to the design of the panel.

In Figure 150 shows a visualization of the detailing
of the panel. It is possible to see the materiality
and also the layers of components, giving a better
understanding of the system.

The assemblage sequence is presented in Figure 149.
First of all, the bracket is placed and the horizontal
and vertical adjustments to the building are made;

in this case the horizontal tolerance is presented by
using a steel profile casted with the concrete. This
could be done directly by attaching the bracket to the
final position in the building itself, but this additional
element gives more room for odjus’rmen’rs.

The second step is to assemble the rails's
support, also o||owing adjustments perpendicu|or fo
the bui|o|ing. Then, the rails ’roge’rher with the wheels :
and the U shaped connector. Fino||y, the g|oss pcme|, Figure 149—Asselage sequence.
’roge’rher with the edge prof'||es is p|oced, the elevator

O

Figure 150-Visualizations of the detailing.
Figure 151-Visualization of the design example.
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igure 152-Visualization of the design example in a office building context. Day. Figure 153-Visualization of the design example in a office building context. Night.
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igure 154-Physical model pictures front view. Figure 155-Physical model pictures back view.



igure 156-Physical model pictures perspective view. Figure 157-Physical model details and view in an outside context.
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8.6.Case Study

In order to validate the design example a case study
with the objective to implement the generic design in
a building and check its limitations and potential.

However, none of the selected buildings in Chapter 5
corresponded to the constraints to which the design
exomp|e was deve|oped, i.e. alow rise bui|ding in
which the double skin facade panels are made out
of glass and have the main function ventilation and
visual effect.

After researching possible examples, a building was
selected as a case s’ruo|y.

A vocational school complex in Germany, completed
in 2008 has the desired characteristics as a case
s’rudy. lts facade consists of g|oss panes which
compose a permeable layer, giving identity to the
buildings while providing a buffer zone protecting the
inner |c1yer from the direct impact of the weather.

In Figure 158 and Figure 159 it is possible to see the
glass panels described above.

Figure 158-Exterior view from case study building.

3 a ; .
Figure 159-View from the facade cavity of the case study
building.

In Figure 160 a vertical section of the double skin
facade is presen’red. Some characteristics of this
facade are revealed by this section.

It is possible to see that the floor level of the
building is lower than that of the cavity, making the
visual connection to the outside more significant on
the middle of the panel.

In addition, components to regulate the
climate of the bui|o|ing are also visib|e, such as the
heat recovery system (on top of the window) and the
sun shading blinds.

For this case study two different options of integrating
the design examples were developed, based on
achieving two different visual results.

The first of them consisted on p|ocing
the thin g|oss facade pone| on the outside of the
external concrete slabs, increasing the g|oss area
and fransparency of the pone|. As for the second
one, it follows the current design p|c1cing the pcme|
in between the concrete slabs, aiming fo achieve a
similar architectural discourse.

For the first solution to be possible an alteration on
the building would have to be made. This is because
of the exterior thickness of the external concrete s|ob,
which is of 200mm in origino| design. However,

as it is possible to see in Figure 147 and Figure

148 that each of the brackets measures 113mm.

To accommodate ’ro|er0nces, the concrete slab
dimension proposed for this case is of 280mm. As for
the second option no adjustments are necessary.
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200 mm precast concrete element

roof construction: plastic sealing layer
200 mm EPS insulation to falls

125 mm EPS insulation

vapour barrier

280 mm reinforced-concrete deck

sun protection glazing: 8 mm toughened glass +
16 mm cavity + 12 mm laminated safety glass,
U=11W/m K

250/250 mm reinforced-concrete column
floor construction:

23 mm mosaic parquet, oak

55 mm screed

separating layer

5 mm impact-sound insulation

55 mm insulation

280 mm reinforced-concrete deck with
@80 mm light-metal incoming air ducts for
concrete core tempering

15 mm toughened glass

Venetian blind with daylight redirection

30 mm birch veneer board on steel profile
substructure

plastic seal, liquid-applied

200 mm cantilevering precast concrete unit
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Figure 160-Section in scale 1:20 of the case study facade.
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8.6.1.First solution

The first solution consists on placing the panel on the
outside face of the external concrete slab.

As mentioned, the slab size of the case s’rudy is

of 200mm, which is smaller than the size of two
brackets ’roge’rher; therefore, ddjus’rmen’rs would have
to be made to dpp|y the pone| in this configuration.
Two different alternatives were deve|oped to face this
challenge, their detailing is presented in Figure 161
and Figure 163.

8.6.1.1.Alternative A

This alternative approach was briefly described in
section 8.6, it consists on increasing the concrete slab
width from 200mm to 280mm, allowing for the
placement of both brackets and tolerances.

[n oddi’rion, to p|oce the actuator in the same
height as the glass there is the necessity of creating
an additional structure. In this case a channel steel
beam (UNP 200 size) was placed on the concrete
slab to house the actuator. The section of the beam
was selected as a channel to be able to protect the
actuator from direct environment conditions (such as
rain).

A perforated stainless steel sheet is placed
around the beam for aesthetical aspects but also to
increase the protection for the actuator. Part of this
sheet is detachable to allow for the maintenance of
the actuator.

The |eng’rh of the beam is related to that of
the actuator (421mm - Appendix Q6), it has to be at
least a little |drger to be able to accommodate the
brackets, a minimum of 500mm. As this distance is
more than one third of the pone| size, it is possib|e fo
consider for aesthetical reasons and visual continuity
either the use of the steel beam all along the pone| or
the e|ongo’rion of the perforo’red stainless steel sheet
for the whole width of the pone|.

This alternative’'s main disadvantage is the
increasing of the concrete s|ob, which increases the
weight on the main structure of the building much
more than the reduction provided by reducing

the glass thickness; being this also a sustainability
disadvantage.

8.6.1.2.Altermative B

This option aims to present an alternative to adjusting
the concrete slab thickness by using a stainless steel
extension to attach the pone|.

This extension is anchored on the concrete slab and
has welded pins fo connect the pone|s. The same
strategy is used to p|oce the actuator in the required
position, ’roge’rher with a stainless steel case for
protecting it from direct weather.

As for the previous o|’rernc|’rive, this extension can be
used in two configurations according to the desired
aesthetical result. Either it can be placed only on the
connection points, e.g. the corners of the panel; or it
can be in’regro’red in the whole |eng+h of the concrete
slab for visual continuity.

8.6.2.Second Solution

The second solution is based on the approach of
maintaining the current architectural characteristics
of the bui|ding by p|ocing the pone| in between the
external concrete slabs. It is presented on Figure 162
and Figure 164.

This solution follows the same strategy as the
Alternative A described in item 8.6.1.1. However, as in
this case the panel is placed in between the external
concrete slabs, there is not the necessity of increasing
their width.

In this case, the necessary substructure for the
actuator was used as a support for the whole pcme|,
avoiding mu|’rip|e connections to the concrete slab.
In this way the channel steel beam (UNP 270 size)
has both the function of supporting the pcme| and
housing the actuator.

The finishing of the steel beam was also made using
a perforated stainless steel sheet with a detachable
part.

8.6.3.Comparison

After deve|oping the different alternatives, there is the
necessity of comparing them among each other and
also with the existing bui|ding in order to understand
the benefits and disadvantages of the system in this
confext.

The comparison parameters are based on the desired
purposes for using an adaptive panel in the design
example, which are ventilation and visual effect.

In addition to that, a brief comparison of the

systems regarding sustainability aspects was also
developed so to check if the assumptions made in the
introduction of the research are valid in this example.

8.6.3.1.Ventilation

The first factor of comparison is the ventilation of the
cavity induced by the openings.

The ventilation of a building is based on multiple
factors such as the pressure difference, size of the
openings, wind speed and direction.

However, in this case study analysis, the only changes
produced by using the design exomp|e are related to
the increasing of the opening areas.

The comparison regarding ventilation was then based
on this parameter and different wind conditions; it
was based on the following formula [38]:

Q_wind=K*A*V
Qwind = volume of airflow (m*/s)
A = area of smaller opening (m?)
V = outdoor wind speed (m/s)

K = coefficient of effectiveness

Overlapping panels
Maximum opening

Effective Operable are Ef

Although being a simplified approach to a very
complex factor such as ventilation, this formula can
relate all the parameters available and can give an
insigh’r on the consequences being able to control the
opening area of the Fogode.

The comparison was made between the case study
original panels and the two different proposed

solutions, by using as parameters wind speeds from |
to 6m/s at 45° and 90°.

The original case study panels cover the full area
between the external concrete slabs. As the panels
overlap each other, and are placed at a small
distance from one ono’rher, ’rhey allow for ven+i|o’rion;
however, not at 90°. For this airflow estimation it was
considered that these openings can be equivalent of
a maximum of 10% of the facade areq, allowing only
for wind flows at 45°.

As for the design solutions (items 8.6.1 and 8.6.2),
fhey have vir’ruo”y the same opening areas, therefore
for this calculation they are considered the same. The
effective area of the opening is different than the
total g|oss area due to the obstruction caused by the
actuator steel beams.

The initial position of the panel already allows for 5%
of opening area (due to brackets, and edge profiles).
In addition, the maximum opening of the panels
allows for 30% of the opening of the facade.

Figure 165 illustrates the opening areas for each of
the compared panels described before.

Glass area

ective Operable area

Maximum opening

Original design

Figure 165-Ventilation areas for each of the a‘nalyzed or)tions.
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Chart 53-Current building air flow for wind at 45° according to
opening area percentage.
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Chart 54-Design example air flow for wind at 45° according to
opening area percentage.
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Chart 55-Design example air flow for wind at 45° according to
opening area percentage.

The Chart 53 shows the airflow allowed by the
facade of the current situation of the building, for a 5
and 10% facade openings for a wind direction of 45°
degrees.

By comparing the values of this chart with
those related to the design example the difference
in the allowed air flow is evident. Chart 54 shows the
increase in air flow for larger opening areas at the
same wind direction, while Chart 55 shows the air
flow related to the wind incidence at 90°.

A|’r|’10ugh the operolb|e area is smaller for the

design example panel, the possibility of opening it
up to 30% allows for four times more ventilation,
considering the 90° incidence wind.

Although it is notable that the design example could
increase the air flows by four times, it is important

to remark that the comparison is with a static panel.
Other alternatives of adaptive panels such as vertical
louvers that could allow for almost 100% opening
areas would be much more efficient. This type of
alternative is discussed in item 8.6.3.3.

8.6.3.2.Visual effect

The second factor of comparison is the visual effect
genero’red in the Fogode, which was cmo|yzeo| from
the inside and the outside of the building.

The inside of the building was analyzed regarding
the fransparency of the pone|, and the effects the
different shopes it can assume can create to the
occupants of the building.

To be able to analyze this factor a 3D model was

developed based on a picture from the interior of the
building (Figure 166).

Hans Jirgen Landss

Figure 166-Interior view of case study building used as a
reference for 3D model.

Using this model, it was possible to create
visualizations that can show the visual results of using
this panel in the case study, the Figure 167 to Figure
169 show the developed visualizations.

As this point of view is not directly turned to the
facade, a new set of visualizations were developed
on another position, looking directly to the outside
in order to be able to better understand the visual
results due to the use of the thin glass panel. Figure
170 to Figure 172 show the visualizations from this
other view point.

Figure 167-Inside view of current situation.

Figure 168-First solution inside view.

Figure 171-First solution inside view.

Figure 169-Second solution inside view.

In the first set of visualizations the difference between
the different facade systems is not so evident, in fact
both solutions developed for installing the design
example in the case study presented very similar
results from the interior view.

However, on the second set of visualizations this
difference between the existing situation and the
proposed thin g|oss pone| becomes clear.

A|’rhoug|’1 the reflections genero’red by the
curvature do not inferfere on the fransparency of
the facade. On the other hand, the vertical bar
and profiles present very evident visual barriers to

Figure 172-Second solution inside view.

the outside views, when compored to the almost all
transparent existing facade.

This effect could be reduced by using larger panels,

however, as presented in Chapter 6 this would imply
in larger stresses for the same curvature, which could
limit the amount of movement allowed for the pome|.

The outside of the building was analyzed by the
same method, using a reference picture (Figure 158)
to develop a 3D model.




Figure 175-Second solution outside view.

Figure 176-Outside view of current situation.
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Figure 177-First solution outside view.
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Figure 178-Second solution outside view.

The first set of visualizations mimics the reference
picture, while the second one shows a frontal view of
the facade. Both clearly show the difference between
the existing situation and the use of the thin glass
panel.

Again, the solutions presented in items 8.6.1 and
8.6.2 presented almost no visual difference.

The most evident change in the images is the
reflection as a result of the curvature of the panel, the
glass becomes much more present.

It is also noticeable that the visibi|i’ry to the
inside of the building is affected as well by these
reflections, even if from the inside view they do not
interfere in the visibility. It is important to remark
that the result of the reflections in the visualization is
not exact, which is visible by comparing Figure 158
and Figure 173; so the difference between the two
scenarios could be reduced.

Although in the case study the architectural
approach (which is based on prismatic volumes) is
certainly affected by the implementation of these
panels, they certainly achieve a remarkable visual
effect, which can be even more enhanced by their
movement.

8.6.3.3.Sustainability

The third and last factor of comparison is the
sustainable aspect.

One of the inspirations of this graduation was of
finding on thin glass an alternative to common glass
in certain applications in the built environment.

Some of the odvon’roges raised that the
use of this material could bring were on the weight
reduction of building elements, and reduction of
material use, both g|oss and genero| structural
material.

In this section the design example is compared with
the case study in four aspects: weight, embodied
energy, CO_ emissions and water usage for
production. This comparison aims to evaluate if, in
the use of the design exomp|e, the odvon’roges made
in the introduction of this thesis are valid.

However, to make the comparison possible, it was
necessary to adapt the case study. As most of the
material needed for the design example is based on

its movement, the case study panel was modified in
order for it to be movable.

This adjustment was made by transforming the fixed
panels of the case study to vertical glass louvers.

The louver system used was based on a standard
product [42] which was adapted for the use of the
glass louvers, with the same thickness of the current
external glass elements. The detail of this system

can be seen on Figure 179, while the section of the
building on Figure 180.

STAINLESS STEEL FRAME

STAINLESS STEEL ROTATING AXIS

STAINLESS STEEL ROTATING PLATE

ALUMINUM PROFILE

STAINLESS STEEL ANCHOR

Figure 179-Detail of the louver system adaptation for the case
study. Scale 1:5.
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Figure 180-Section in scale 1:20 of the proposed adjustment of the case study for a louver system.

The systems were compored by co|cu|o’ring for
each of their components its environmental impact
according to its material. In Appendix 010 all the
data used as a reference is presenTed.

In order to keep the cohesion of the research, the
data for this comparison has the same reference

as the one used in Chapters 1 and 2 regarding the
material properties of soda lime and alumino silicate
glass.

For this comparison were not taken into account

the actuators and motors, as detailed information

of its environmental impact was not found and
decomposing its elements would be out of the

range of this item. In Gddiﬂon, small bolts and nuts
connections were also not considered due to their low
impact on the overall ono|ysis.

The Table 22 summarizes the results of this analysis.

The detailed values for each of the building
components is presented on Appendix O11.

By only analyzing the Table 22 by itself, the design
example solutions present a higher environmental
impact than the case study. Regarding the loads on
the structure of the building (weight of the panel)
the solution 02 has the lower value. However, this
summary does not present the data clearly and it is
not possible identify the impact of the glass on the
overall environmental impact and dead loads on the
building structure.

The Chart 56 to Chart 59 deconstruct this data
according to each of the materials present on the
panels.

On the Chart 56 it is possible to see the reason
behind the higher weight value for the design
excmp|e first solution.

WEIGHT (KG) | EMBODIED ENERGY(MJ) | CO2 EMISSIONS (KG) | WATER USAGE (L)

CASE STUDY WITH LOUVER
ELEMENTS

SOUTION 01

SOUTION D2

Table 22-Environmental impact comparison summary.

MATERIAL WEIGHT COMPARISSON
600,00
500,00
400,00

300,00

200,00
100,00
I

CASE STUDY_WEIGHT (KG)

SOLUTION 01_WEIGHT (KG) SOLUTION 02_WEIGHT (KG)

W STAINLESS STEEL W ALUMINUM  mSODA LIME GLASS THIN GLASS ~ mSTEEL  m CONCRETE

Chart 56-Panel weight comparison according to material.

MATERIAL EMBODIED ENERGY COMPARISSON

2500000,00
2000000,00
1500000,00
1000000,00

500000,00

0,00
CASE STUDY_EMBODIED ENERGY(MJ) SOLUTION 01_EMBODIED SOLUTION 02_EMBODIED
ENERGY(MJ) ENERGY(MJ)

m STAINLESS STEEL ~ ®m ALUMINUM = SODA LIME GLASS THIN GLASS = STEEL m CONCRETE

Chart 58-Embodied energy comparison according to material.

MATERIAL WATER USAGE COMPARISSON

1200000,00
1000000,00
800000,00
600000,00

B -

200000,00

CASE STUDY_WATER USAGE (L) SOLUTION 01_WATER USAGE (L) SOLUTION 02_WATER USAGE (L)

0,00
WSTAINLESS STEEL ~ WALUMINUM M SODA LIME GLASS ~ MTHIN GLASS ~WSTEEL M CONCRETE

Chart 57-Water usage comparison according to material.

MATERIAL CO2 EMISSIONS COMPARISSON

160000,00

140000,00

120000,00

100000,00
80000,00
60000,00 -
40000,00 -

0,00
CASE STUDY_CO2 EMISSIONS (KG) ~ SOLUTION 01_CO2 EMISSIONS (KG) ~ SOLUTION 02_CO2 EMISSIONS (KG)

W STAINLESS STEEL W ALUMINUM  m SODA LIME GLASS THIN GLASS ®STEEL ®m CONCRETE

Chart 59-CO2 emissions comparison according to material.




As discussed in item 8.6.1, the positioning of the
design example panel on the outside of the building
would imply in the necessity of extending the
concrete slab in the alternative 1 (item 8.6.1.1). When
considering the alternative 2 (item 8.6.1.2), the
concrete addition is not necessary and the weight of
the panel in the solution 1is reduced to 126,72 kg,
being the lightest of all options.

MATERIAL WEIGHT COMPARISSON

150,00

100,00

50,00

CASE STUDY_WEIGHT (KG) SOLUTION 01_WEIGHT (KG) SOLUTION 02_WEIGHT (KG)

W STAINLESS STEEL W ALUMINUM  ®m SODA LIME GLASS THIN GLASS ~ mSTEEL

Chart 60-Panel weight comparison according to material. Not
considering the concrete addition.

MATERIAL EMBODIED ENERGY COMPARISSON

2500000,00
2000000,00

1500000,00

CASE STUDY_EMBODIED ENERGY(MJ) SOLUTION 01_EMBODIED SOLUTION 02_EMBODIED
ENERGY(MJ) ENERGY(MJ)

W STAINLESS STEEL W ALUMINUM  m SODA LIME GLASS THIN GLASS ~ mSTEEL

Chart 62-Embodied energy comparison according to material.
Not considering the concrete addition.

However, on the other chorfs, the g|css environmental
impact is not visible. The steel beams necessary for
the onchoring of the case s’rudy louver system and
for the actuator positioning of the design exomp|e

MATERIAL WEIGHT COMPARISSON

200,00
180,00
160,00
140,00
120,00
100,00
80,00
60,00
40,00
20,00
0,00

CASE STUDY_WEIGHT (KG) SOLUTION 01_WEIGHT (KG) SOLUTION 02_WEIGHT (KG)

W STAINLESS STEEL  mALUMINUM  mSODA LIME GLASS THIN GLASS

Chart 64-Panel weight comparison according to material.
Considering the panels without additional structure.

MATERIAL EMBODIED ENERGY COMPARISSON

700000,00
600000,00
500000,00
400000,00
300000,00
200000,00

100000,00

0,00
CASE STUDY_EMBODIED ENERGY(MJ) SOLUTION 01_EMBODIED SOLUTION 02_EMBODIED
ENERGY(MJ) ENERGY(MJ)

M STAINLESS STEEL W ALUMINUM  m SODA LIME GLASS THIN GLASS

Chart 66-Embodied energy comparison according to material.
Considering the panels without additional structure.

The Chart 60 to Chart 63 show the dead weight
and environmental impact comparison without
considering the concrete slab. It is possible to see
in Chart 60 the impact of the weight of the glass
p|oTes on the case sfudy pone|, being responsib|e for
58.89% for the total weight. In the same chart the
weight of the thin glass corresponds to 14,23% and
9,64% on Solutions 1 and 2 respectively.

MATERIAL WATER USAGE COMPARISSON

1200000,00
1000000,00

800000,00

600000,00
400000,00
200000,00

CASE STUDY_WATER USAGE (L) SOLUTION 01_WATER USAGE (L) SOLUTION 02_WATER USAGE (L)

W STAINLESS STEEL W ALUMINUM  m SODA LIME GLASS THIN GLASS ~ mSTEEL

Chart 61-Water usage comparison according to material. Not
considering the concrete addition.

MATERIAL CO2 EMISSIONS COMPARISSON

160000,00

140000,00
120000,00
100000,00
80000,00
60000,00
40000,00
20000,00
0,00

CASE STUDY_CO2 EMISSIONS (KG) ~ SOLUTION 01_CO2 EMISSIONS (KG) ~ SOLUTION 02_CO2 EMISSIONS (KG)

W STAINLESS STEEL  mALUMINUM  m SODA LIME GLASS THIN GLASS ~ mSTEEL

Chart 63-CO2 emissions comparison according to material.
Not considering the concrete addition.

solutions has an impact much higher than the other

materials sco|ing the charts, rendering the g|oss's
impact not visible.

MATERIAL WATER USAGE COMPARISSON

400000,00
350000,00

300000,00
250000,00
200000,00
150000,00
100000,00
50000,00
0,00

CASE STUDY_WATER USAGE (L) SOLUTION 01_WATER USAGE (L) SOLUTION 02_WATER USAGE (L)

m STAINLESS STEEL  mALUMINUM = SODA LIME GLASS THIN GLASS

Chart 65-Water usage comparison according to material.
Considering the panels without additional structure.

MATERIAL CO2 EMISSIONS COMPARISSON
60000,00

50000,00

40000,00
30000,00
20000,00
10000,00

0,00

CASE STUDY_CO2 EMISSIONS (KG) ~ SOLUTION 01_CO2 EMISSIONS (KG) ~ SOLUTION 02_CO2 EMISSIONS (KG)

m STAINLESS STEEL  mALUMINUM = SODA LIME GLASS THIN GLASS

Chart 67-CO2 emissions comparison according to material.
Considering the panels without additional structure.

The Chart 64 to Chart 67 show the dead weight
and environmental impact comparison without
considering the additional steel structures, both
for onchoring (case s’ruo|y) and for the actuators
positioning (design example), in other words, only
considering the panel itself.

In this case it is possible to see that the environmental
impact of the panel only is almost equivalent for alll
solutions, the design example solutions have around
3% lower values than that of the case study.

Although again when considering the dead load on
the building (Chart 64) the influence of the glass is
visib|e, its environmental impact is still not visible.

On the case study, without considering the
steel anchor beam, the soda lime glass environmental
impact is of 0,53% (embodied energy), 0,53%
(CO, emissions) and 0,39% (water usage). As for
the design exomp|e first solution the thin g|oss
impact is of 0,08% (embodied energy), 0,08%
(CO, emissions) and 0,06% (water usage). For the
second solution these values are reduced to 0,05%
(embodied energy), 0,05% (CO, emissions) and
0,04% (water usage) as the glass pane is a little bit
smaller.

It is clear that the environmental impact of both soda
lime and alumino silicate glass is low when compared
to other materials, and have very low influence on
the panel's environmental impact. Their influence was
more visible on the dead weight of the panel, when

MATERIAL WEIGHT COMPARISSON
140,00
120,00
100,00
80,00
60,00
40,00

20,00

CASE STUDY_WEIGHT (KG) SOLUTION 01_WEIGHT (KG) SOLUTION 02_WEIGHT (KG)

B SODA LIME GLASS THIN GLASS

Chart 68-Panel weight comparison according to material.
Considering the panels without additional structure.

MATERIAL EMBODIED ENERGY COMPARISSON
7000,00
6000,00
5000,00
4000,00
3000,00
2000,00
1000,00

0,00
CASE STUDY_EMBODIED ENERGY(MJ) SOLUTION 01_EMBODIED ENERGY(MJ)SOLUTION 02_EMBODIED ENERGY(IVLJ)

W SODA LIME GLASS THIN GLASS

Chart 70-Embodied energy comparison according to material.
Considering the panels without additional structure.

soda lime glass had a major influence on the case
s’rudy pone| when compored to that of thin g|ass on
the design example options.

In order to establish a direct comparison between
these two materials, all other components were not
considered on Chart 68 to Chart 71.

It is visible in all charts (68 to 71) that the dead weight
and environmental impact of thin glass is much lower
than that of soda lime glass in the design example.

It is also remarkable that the proportions of alll
charts remain the same. This is due to the fact that
the environmental impact values are based on the
amount of material used, in other words, on its
Weigh’r‘ Therefore, all charts follow the pattern of

Chart 68.

By looking at the individual values of the
environmental impact of soda lime and alumino
silicate glass, those of alumino silicate are higher.
However, as alumino silicate glass is used in lower
thicknesses its environmental impact is generally
lower than that of soda lime g|oss.

EMBODIED CO2 EMISSIONS | WATER USAGE
ENERGY(MJ/KG) (KGcoa2/KG) (L/KG)

SODA LIME GLASS

ALUMINO SILICATE GLASS

Table 23-Soda lime glass and alumino silicate glass
environmental impact comparison per unit (kg).

MATERIAL WATER USAGE COMPARISSON

2500,00
2000,00
1500,00
1000,00
500,00
0,00

CASE STUDY_WATER USAGE (L) SOLUTION 01_WATER USAGE (L) SOLUTION 02_WATER USAGE (L)

m SODA LIME GLASS THIN GLASS

Chart 69-Water usage comparison according to material.
Considering the panels without additional structure.

MATERIAL CO2 EMISSIONS COMPARISSON

500,00
450,00
400,00
350,00
300,00
250,00
200,00
150,00
100,00
50,00
0,00
CASE STUDY_CO2 EMISSIONS (KG) ~ SOLUTION 01_CO2 EMISSIONS (KG) ~ SOLUTION 02_CO2 EMISSIONS (KG)

m SODA LIME GLASS THIN GLASS

Chart 71-CO2 emissions comparison according to material.
Considering the panels without additional structure.




To illustrate this relation, a comparison with a IxIm
plate of soda lime and alumino silicate glass was
elaborated for multiple thicknesses.

Although for the same thickness soda lime glass has
always a lower environmental impact, it is visible in
the Chart 72 to Chart 74 that a comparison between
a 2mm alumino silicate glass with a 6mm soda lime
glass would show a lower environmental impact for
the alumino silicate glass. Both materials data do not
include its strengthening treatment.

Embodied energy comparison for 1x1m plate
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Chart 72-Embodied energy comparison for 1x1 plate of soda
lime and alumino silicate glass.

CO, emissions comparison for 1x1m plate
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Chart 73-CO, emissions comparison for 1x1 plate of soda lime
and alumino silicate glass.

Water usage for 1x1m plate
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Chart 74-Water usage comparison for 1x1 plate of soda lime
and alumino silicate glass.

8.7.Further development

During the development of the design example

some factors were not considered due to the lack of
reference data or the time frame of the time frame of
the research.

In this section, some of them are explored due to their
importance; in order to show possible developments
for the design example and also to provide reference
material for future research on the topic.

8.7.1.Lamination

The first of these factors is the lamination of thin
g|oss.

The necessity of s’rudying the lamination in this case
is mosf|y related to the safety of using this material.
As explained in item 1.4.4 this is a standard practice
in g|oss design, lamination is a strategy used fo
guarantee the structural integrity of g|oss elements
even under failure and also to keep shattered
elements bonded to the pone|, ovoiding injuries.

The reason this was not considered during the
development of the case study is because any
reference could be found regarding the lamination of
thin glass.

Although thin glass can be laminated in the same
way as common g|oss, my concern is related with the
delamination of the glass panes due to the repetition
of movement of the pone|. Therefore, the design
example was developed using a single layer of glass.

However, disregarding this factor, numerical
simulations were performed in order to understand
the effects of laminating thin glass to the stress
distribution and load resistance of the panel.

These simulations were pencormed using a 2D p|one
strain numerical model and therefore the asymmetric
position of the pone| could not be studied.

As the case study used a 2mm glass pane, the
simulations were performed in order to deconstruct
that into two panes of thin glass.

First of all, a numerical model was developed
simulating a 2mm thin glass plate as a parameter
comparison to the previous simulations using shell 2D
elements

This was developed in order to validate the
new type of numerical model, checking if the values
correspond to each other.

The charts below show this comparison for the initial
and increased positions's bending stresses and also

2KN/m? wind loads.
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Chart 75-Initial bending principal stress distribution
comparison between shell elements and 2D plane strain
simulations.

Increased Bending

Principal stresses distribution along x axis
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Chart 76-Initial bending principal stress distribution
comparison between shell elements and 2D plane strain
simulations.
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Chart 77-Initial bending principal stress distribution
comparison between shell elements and 2D plane strain
simulations.
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Chart 78-Initial bending principal stress distribution
comparison between shell elements and 2D plane strain
simulations.

As it is possib|e to see in the chor’rs, there is few
difference between the results of the two simulations,
the average of the variations was: 3% (initial
bending), 1% (increased bending), 6,5% (initial
bending + wind) and 16,5% (initial bending + wind).

The last two had higher differences (although not
visible in the Chart 77 and Chart 78), due to the
fact that for the shell elements simulation, the edge
supports are simulated as lines, having zero bending
moments. As for the 2D p|one strain the support
position was placed on the inner node of the model,
generating (small) bending moments in the areas

of the edges (Figure 181). When these values are
compared to the almost null stresses of the shell
elements, the percentage difference increased. If the
edges values for the 2D plane strain simulations are
not considered the average variation is reduced to 1%
(initial bending + wind) and 3,4% (initial bending +
wind).

[ ———

Figure 181-Support position for the shell element and 2D
plane strain simulations.

After validating the 2D strain numerical modeling,
two different configurations of laminated thin

glass were simulated. Both of them use PVB as the
interlayer as it is flexible and also a usual material for
this type of application.

The material properties for the PVB interlayer
were found in literature. As this material has a
variable young's modulus according to temperature,
the selected data was based on a manufacturer
datasheet (Appendix 09) and in literature [39]
[40] [41], to check if the values were within the




correct range. The values selected correspond fo a
temperature of 50°C which is expected for a chode
panel.

PVB material properties (50°C)

Youngs Modulus

Poisson Ratio
Density

Table 24-PVB material properties used in the simulations
based on manufacturer’s data (Appendix 09)

To match the thickness of 2mm of the design
example two different configurations were studied:
1.Imm glass x 0.38mm PVB x 0.55mm glass (total
width of 2.03mm); and 1.Imm glass x 0.38mm PVB x
LImm glass (total width of 2.58mm)

L
Figure 182-Laminated thin glass configurations analyzed.
Scale 1:1.

These different configurations were simulated on the
initial and increased bending position; and applying
perpendicular, negative and parallel wind loads on
each of them.

The Chart 79 to Chart 83 shows this comparison for
the initial bending position.
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Chart 79-Initial bending principal stress distribution
comparison.
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Chart 80-Initial bending with 1KN/m? perpendicular wind load
principal stress distribution comparison.
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Chart 81-Initial bending with 2KN/m? perpendicular wind load
principal stress distribution comparison.
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Chart 82-Initial bending with 2KN/m2 negative wind load
principal stress distribution comparison.
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Chart 83-Initial bending with 2KN/m2 parallel wind load
principal stress distribution comparison.

The difference of the principal stresses between the
fop |oyer of the different conﬁgurofions for the initial
position is summarized in the Table 25.

1,1X0,38X0,55 1,1X0,38X1,1

INITIAL BENDING

+PERPENDICULAR
WIND 1KN

+PERPENDICULAR
WIND 2KN

+NEGATIVE WIND 2KN

+PARALLEL WIND 2KN

Table 25-Initial bending position stress ratio between laminated

configurations and si

ngle glass layer.

The Chart 84 to Chart 88 shows this comparison for
the increased bending position.
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Chart 85-Increased bending with 1KN/m? perpendicular wind
load principal stress distribution comparison.
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Chart 86-Increased bending with 2KN/m? perpendicular wind
load principal stress distribution comparison.
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Chart 87-Increased bending with 2KN/m? negative wind load
principal stress distribution comparison.
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Chart 88-Increased bending with 2KN/m2 parallel wind load
principal stress distribution comparison.

The difference of the principal stresses between
the top layer of the different configurations is
summarized in the Table 26.

1,1X0,38X0,55 1,1X0,38X1,1

INCREASING BENDING

+PERPENDICULAR
WIND 1KN

+PERPENDICULAR
WIND 2KN

+NEGATIVE WIND 2KN

+PARALLEL WIND 2KN

Table 26-Increased bending position stress ratio between
laminated configurations and single glass layer.

In all comparisons the most remarkable fact is the
difference of stress between the different glass layers.

A simple explanation to this that the different layers
of glass can function together similarly as if they
were a single layer, therefore the inner glass layer has
stresses equivalent to those in the middle of a single
|oyer g|ass pane; much lower than its top surface.

This becomes clearer when looking at the stress
distribution along the cross section. In the single layer
glass the increase on the stresses are linear, while on




the laminated configurations this is divided in the
two glass layers, with an inferruption on the interlayer
area. (Chart 89 to Chart 91).
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Chart 89-Stress distribution for increased bending position for
the 2mm single layer configuration.
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Chart 90-Stress distribution for increased bending position for
the 1.1x0.38x0.55 configuration.
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Chart 91-Stress distribution for increased bending position for
the 1.1x0.38x1.1 configuration.

Another interesting conclusion from the charts

is the relation to the stress to the cross section.

While the single layered glass (2mm thick) and the
configuration 1.1x0.38x0.55 (2.03mm thick) have very
similar principal stress, these are always higher for the

configuration 1.1x0.38x0.11 (2.58mm thick).

Regarding the deformation of the panels due to
the wind loads, only perpendicular wind loads were
studied. By looking at the results of this simulation it
is possible to see that the deformation of the panel

is gradually reduced with the increasing of the cross
section; as the pcme| becomes more resistant fo these
loads.

Based on the results it is possible to say that the main
advantage of using a laminated thin panel is that the
highest stresses are accumulated only on the outer
layer of the panel.

This means Jrho’r, if the outer |oyer would Foi|, its
fragments would remain attached to the inner layer,
which was not exposed to such stresses. In this way
it would be possible to use this panel still ensuring its
structural integrity even under failure.

This factor should be further exp|oreo| in experiments,
in order to check if the numerical simulations
correspond to the real behavior of the lamination

of this material. In addition, the delamination, due
to the movement of the pone| has also to be further
studied as it could compromise its structural integrity

In all comparisons the most remarkable fact is the
difference of stress between the different g|oss |oyers.

A simple explanation to this that the different layers
of glass can function together similarly as if they
were a single layer, therefore the inner glass layer has
stresses equivalent o those in the middle of a single
layer glass pane; much lower than its top surface.

This becomes clearer when looking at the stress
distribution o|ong the cross section. In the sing|e |oyer
glass the increase on the stresses are linear, while on
the laminated configurations this is divided in the
two glass layers, with an interruption on the interlayer
area.

Another interesting conclusion from the charts

is the relation to the stress to the cross section.

While the single layered glass (2mm thick) and the
configuration 1.1x0.38x0.55 (2.03mm thick) have very
similar principal stress, these are always higher for the
configuration 1.1x0.38x0.11 (2.58mm thick).

Regarding the deformation of the panels due to

the wind loads, only perpendicular wind loads were
studied. By looking at the results of this simulation it
is possible to see that the deformation of the panel

is gradually reduced with the increasing of the cross
section; as the pcme| becomes more resistant fo these

loads. (Figure 183).

1.Imm glass x 0.38mm PVB x 0.55mm glass

1.Imm glass x 0.38mm PVB x 1.1mm glass

Figure 183-Deformation due to wind loads for different configurations.

Based on the results it is possib|e fo say that the main

odvon’roge of using a laminated thin pone| is that the

highes’r stresses are accumulated on|y on the outer
|oyer of the pone|.

This means Jrho’r, if the outer |oyer would Foi|, its
fragments would remain attached to the inner layer,
which was not exposed to such stresses. In this way
it would be possible to use this panel still ensuring its
structural infegrity even under failure.

This factor should be further exp|oreo| in experiments,
in order to check if the numerical simulations
correspond to the real behavior of the lamination

of this material. In addition, the delamination, due
to the movement of the pome| has also to be further
studied as it could compromise its structural integrity.

8.7.2.Breakage behavior

The last of these factors is the breakage behavior of
thin glass. During the last weeks of my graduation

| could follow part of a research developed by
Francisco Santos under the guidance of Christian
Louter.

Although to this date this research is still under
development, to perform bending tests of thin glass
the material had to reach its limit state, or breakage.
The result was that under bending the glass showed
the breakage behavior described by Hundevad [19],
of very small fragments.

However, also during the development of the
research, by meeting another student working on a




similar topic but in a further stage, was mentioned
to have worked on a thin g|oss model that had
occiden’ro”y broken, on an annealed g|oss pattern.

My opinion from these results are that under high
bending stresses, thin glass shatters in small pieces, as
the thin layer of the chemical strengthening is broken,
releasing all the concentrated accumulated stress by
the bending.

However, by point loads, there are no accumulated
stresses, and the breckoge of the chemical
strengthening does not release such immense forces.
This is commonly the result of the breakage of
smor’rphone screens.

As for the design example developed in this research,
the initial bending position already accumulates
stresses on the glass, making it more susceptible

to the first mentioned breokage pattern, that of
shattering in small pieces.

This affects directly the decision of the type of
lamination of this material.

If laminated, in case of failure of both glass panes,
the panel would present the same breakage behavior
of laminated toughened glass, which can be very
dangerous if falling from a building.

Compored to ’rho’r, not |omino+ing it seems
to be a better option in this case, by considering the
shattering in very small fragments, “almost exhibiting
a power like state” [19]; as the potential injury could
be lower.

However, | believe an interesting alternative may
be the use of security window films which can hold
the shattered pieces together, but is not susceptible
to failure as would another glass pane. In this way
the g|oss Frogmen’rs would remain attached to the
supports, until the rep|acemen’r of the pone|.

In Appendix 7 an example of this product is
presented, which in this case is made out of polyester
and is around 0.2mm thick.

Still, as for the glass lamination, there is the necessity
of investigating the delamination of this material due
to the movement of the panel.

8.8.Conclusions

This chapter analyzed the design example first
individually and then applied in a case study; finally,
other aspects which were not studied in depth were
analyzed to be able to better understand their
influence in the design and the use of thin glass.

It is important to c|orify that the work deve|op

in this chapter was used as an example of using

this material, not the only way of doing it. As
demonstrated along this research there are multiple
possibilities of using thin glass in adaptive fogode
panels (Chapter 5 and 7), and even more in other
applications (which some were raised in this research

Chapter 2).

The use of this material in a design example helped
to better understand its possibilities and limitations,
as well as applying the design guidelines developed
in Chapter 7.

Besides that, the opp|ico+ion of the design exomp|e in
a case s’rudy, comparing it with an existing bui|ding,
he|peo| to understand the use of this material in a redl
situation.

In addition, the comparisons established between the
case study current situation and the possible use of
thin glass showed the consequences of the use of this
material (as in the design example) in a functional,
aesthetical and sustainable aspects.

The final section of this chapter showed other

areas of research, which in my point of view are
fundamental for the imp|emen’roﬁon of this material
in the built environment, as They regorcl its soncefy. This
section had the objective of providing initial research
on them.




CONCLUSIONS

his CthJ[QI presents the generoﬂ conclusions of
the research fogeﬂﬂer with the research questions

review and suggestions for further devebpmerﬁs

9.1.Initial considerations

Thin glass is a common material for the mobile
electronics industry, with its main application as

a protector for smartphone screens. This material
presents characteristics not commonly associated
with glass such as impact resistance, flexibility and
lightness.

On the other hond, the construction indus’rry and
designers are exploring the limits of designing with
g|oss; Focing cho”enges related to the weigh’r of

the panels and the use of raw material and energy.
These issues are mainly associated with the necessity
of using many |c1yers of g|oss Togefher, for stiffness
and safety of building elements.

This research aimed to link these two points, using the
characteristics of thin glass to overcome the problems
faced on glass design.

|n+roo|ucing this new g|oss ’rechno|ogy in this context
follows the his’rory of the deve|opmen’r of g|oss design,
which shoped the built environment we experience
’rodoy.

Nevertheless, using thin glass as an alternative to
common glass implies in a reduction of raw material
and energy. Besides that, it also reduces the loads

in main structures of buildings, reducing the need

for structural material. In oddi’rion, if used as an
alternative to achieve geometries previously executed
by hot bending, energy and economic resources are
spared.

The challenge faced on this research was on finding
opp|ico’rions in the built environment for this new
material.

Although many possibilities could be explored, the
main characteristic of this material, its ﬂexibih’ry,
dictated the focus of this research.

After reseorching different possibi|i’ries, an opp|ico’rion
showed greaf po’ren’rio| to use this material as an
alternative fo g|oss and also embrocing its ﬂexibﬂi’ry:
adap’rive Fogode pone|s.

This defined the research question, which was how to
make thin glass panels adaptive.

To answer that question many aspects had to be
o|eve|opec| as there is very few research on the use of

this material on the built environment.

These aspects were defined as sub questions which
started as very broad topics, such as the possible
purposes for adapting this panels, until very technical
ones, as in how to translate the degrees of freedom
into detailing.

The next items on this chop’rer will cover a summary
of the process of answering the research questions,
and suggestions for further research based on the
findings developed on this one.

9.2.Research Questions

The beginning of this research started as trying
to find a suitable use for thin glass in the built
environment.

The first three chop’rers were dedicated to the
introduction to the subject. After looking into the
characteristics of glass, thin glass and possibilities
of using the later as an alternative to the first, the
research gained a direction: adaptive elements.

However, this was still not specific. To refine this,
adaptiveness in the built environment was studied
together with trying to apply thin glass in different
contexts to understand its potential and constraints

(Chapters 4 and 5).

This first part of the research defined its focus and its
main research question:

How can a thin glass double skin facade panel be
made adaptive?

In order to answer that question, multiple other
factors had to be studied (as there is very few
research available on the use of this material on this
con’rex’r), these were then defined in sub questions,
from wider to very specific ones, which were studied
during the research.

This structure established the development of the
research, which aimed to cover these aspects on the
best way possible, increasing the knowledge over this
material in the built environment.




9.2.1.To what purposes can
a thin glass panel be made
adaptive?

This question had the objective of understanding
the relation between thin glass and adaptive facade
panels and mainly why would a thin glass Fogode
panel be made adaptive.

In cnop’rer 4, odopﬁveness in the built
environment was studied, iden’rh(ying princip|es and
purposes which would suit the use of thin g|oss in
this context. The conclusion of this cngp’rer was that
thin g|oss in odopfive elements could be used to six
different purposes: ventilation, sun protection, sun
energy, visual effect, wind load and noise reduction.

Although all these different uses have potential,
ventilation and visual effect were selected as the
ones to be taken in account for the following of the
research.

9.2.2.How does bending
influences the stress generation
in the thin glass panel?

The second sub question was related to
understanding the behavior of this panel under
bending, as using its flexibility implies on curving it.

In chapter 6 multiple simulations were developed
with the objective of answering this question. As thin
glass was not available, acrylic was used in a study
model to gain insights, and then these ideas were
further developed in FEM simulation:s.

The computer simulations compored bending
for different thicknesses of g|gss and a clear relation
was shown between the bending radius and the
thickness of the pone|: the stress generation was
propor’riono| to the thickness of the material.

It was clear that the more the material would be bent
the more the stresses would increase, however the
objecﬂve was to know how mucn, to be able to set
boundaries to the development of the research, and
these simulations presented a good overview.

9.2.3.What are the influences

of bending and thickness on
the load resistance of the thin
glass panel?

This question was a development of the previous one.

Considering that the panel is on a fggode context it
is important to understand how the bending of the
panel relates to its load resistance, if it makes it more
suscep’rib|e to loads or more resistant to them.

The research for this question was also
deve|oped in Cnop’rer 6, opp|ying a wind load to
each of the ono|yzed bent geometries.

The results of the simulations did not correspond to
the expected, just one of the three thicknesses did.

Therefore, although this question was explored, there
is still room for improvement in this case.

Generally, the bending of the panel did not
increase the resistance to wind loads, either the
panel maintained its resistance or, as expected with
excessive bending, it became unstable very easily.

9.2.4.What are the possibilities
of moving the panel by
adapting its geometry?

As for moking a thin g|oss fgggde pone| odgp’rive
movement is necessary, this question had the
objecfive of iden’rhcying ways o do that, Jro|<ing in
consideration the results of the previous questions.

This question was answered in two phases of the
research. On cnop’rer 5, by simu|o+ing the use of thin
glass in multiple case studies and on chapter 7 by
further analyzing the types of movement developed
before.

From those ideos, seven different movement
possibilities were developed and studied, looking into
the constraints and po‘ren’rio|s for each of them.

9.2.5.How can supports
influence the movement and
geometry of the thin glass

adaptive panel?

Toge’rner with movement, the supports also |o|oy a
fundamental role on mGking the pcune| odop’rive.

The objec’rive of this question was to relate the
support constraints to the movement desired.

Initially, in the same process as the movement
possibilities, support possibilities were selected.

Then each movement was analyzed according to
different types of supports and degrees of freedom.

| became clear after the onc1|ysis that the movement
of the panel is highly dependent on the design of the
supports.

If the supports are designed with less degrees of
freedom necessary for the movement, there is
concentration of stresses and geomeftry deformation.
On the other hand, an excess of degrees of freedom
can cause unnecessary comp|exi’ry on the de’rgi|ing or
unpredic’rob|e movements.

9.2.6.How to translate the
necessary degrees of freedom
to the detailing of the panel?

The last sub question refers to the detailing of the
panel, on how to bring the theoretical approach of
analyzing the degrees of freedom to a design.

In cnop’rer 8, this process was deve|oped step by
step in a way to show that on|y by creating elements
answering fo each degree of freedom is not a
recommended po’rn, as it can create unwanted
results.

This method has to consider all degrees of freedom
together, in a way that the solution for one movement
does not interferes or obstructs the others.

Most of alll, considering the thin g|oss pone|, the
de’rgi|ing of the pgne| and the movement allowance
has to be made in a way fo make the movement of
the g|oss as unobstructed as possib|e.

9.2.7.Main research question

After looking into all the sub questions, it is possible to

reanalyze the main question and provide its answer.

The development of this research covered the process
of making a thin glass Fogode panel adaptive, from
the material behavior analysis to the considerations
into the detailing of the panel.

It is possible to say that only the ensemble of the sub
questions creates the knowledge necessary to answer
the main proposed question.

In summary, the process to make a thin g|oss pone|
odgp’rive is connected to all factors presenfed above.

Initially, the identification of the purpose of
adaptiveness is fundamental, as it defines the
necessities to which the panel has to adapt.

This is necessary for the definition of the
initial geometry of the panel and of its movement,
according to the limitations of the material.

The movement of the panel has then to be
studied, identifying the degrees of freedom needed
to allow for it. This process has to be related to the
definition of the types of supports.

Fino||y, after on0|yzing relation between supports,
movement and degrees of freedom it is necessary to
translate this into a design.

It was shown that an in’regro| opprooch is necessary

to do so, in order to take in consideration all possible
movements of the pone|, ’roking specio| care for the

unobstructed movement of the thin g|oss pone|.

9.3.Suggestions for
further development

Regarding the development of the research of thin
glass in the built environment there is still much to be
done as this subject is still in its first steps.

During the development of this research | identified
subjects that are in need of further development and
that | would like to leave as a suggestion for future
works.

First of all, there is the necessity of studying the
properties of this material, related to the build
environment, such as pre stress levels on the surface
and on the edges, s’rreng’rn, fracture behavior. As this
material was developed for the electronics industries,




these factors were not studied (or pub|isheo|) with
enough data to allow for its use in build applications.
As for the date of this thesis, there is a research
currently being developed considering the strength of
this material in TU Delft by Francisco Santos under
the guidance of Christian Louter.

A factor that | became much curious about was if
there is fatigue present in this material, an aspect

which was not yet tested (as glass is not commonly
cold bent continuously).

Another factor is the lamination of this mo’rerio|,

and how does this affects its properties. This aspect
was briefly studied in the context of the case study,
showing great potential for guaranteeing safety

of the pone|; a recommendation for future studies
would be on the possibility of delamination of thin
glass by its movement, due to its flexibility (especially
for adaptive elements.

An aspect that | consider to be also of great
importance, and which was also addressed in this
thesis was the behavior of this material under wind
loads, and how to make it stiff by curvature (which is
challenging due to the limitation of single curvature).

Besides that, to define better its environmental
impact, life cycle analysis (LCA) of this material
should be developed in order to be able to establish
more accurate comparissons.

These were general aspects which | think should
be covered to provide the fundaments for further
research in this material.




REFLECTION

his CthJ[QI presents the reflection of the author

concerning the process of the gr@duaﬁon research.

This chapter is a way of looking back and critically
analyzing the process chosen for this research, and
understand the factors that were o|eve|oped correc’r|y
and those which could be improved.

This research started by looking into a new material,
to be used out of its intended application. This was in
itself a challenge.

The first major constrain regarding this factor
was the lack of information on the subject, mainly on
material properties.

This factor led to an extended literature
review, as much of the initial months were spent
|ool<ing for possib|e reference material.

Another factor that o|e|cyeo| the process was the
time taken to define the focus of the research. In my
point of view this was due to two main reasons; one
of them being the lack on references and the other
to be the initial intention of the research which was to
create a stiff panel of thin glass.

However, with time, this deve|oped into better
understanding the material and focusing the research
on adaptive fogode panels.

After focing the first cha”enge of the references, the
use of FEM simulation software also proved to be
very time consuming, for further research in this area
| recommend the research on alternatives to this. |
could get access to a plugin from ITKE in Stuttgart
that could do that more efﬁcienﬂy in alate phose of
the research when learning a new software was not
feasible.

The genero| strategy odop’red during the research
was of facing each part of it by creating multiple
alternatives, and then selecting the most interesting
to be further explored. This method proved to be
cho”enging but at the same time rewcrding, as many
different alternatives have to be exp|oreo| equo”y fo
be comparable, but in the end a good overview of
the work is achieved.

A|’rhough some phoses took much time, the schedule
presen’red on the P2 was mos’r|y accurate until the
end of the research.

A challenge faced in the end of the research was the
development of the mockups. Although this process
started late, many factors also created barriers to

it, related to the dependence on external actors

and difficulty to find a workplace suitable for metal
working.

This showed that the mock development should be
made with more planning as the unpredictability of
events delayed its process.

Also | believe, that a better planning could have
allowed me to get access to other software earlier
and study more alternatives in this research.

Overall, | believe that this thesis will help to grow the
knowledge over this material, by helping to increase

the few studies related to it; and to the possibilities of
implementing it on the built environment. It may also
inspire other students to exp|ore and research about

it.




Image Credits

Figure 1 - GOOGLE CULTURAL INSTITUTE [2].

Figure 2 - Photograph by Mdrcio Cabral de Moura.
Available at: https://www.flickr.com/photos/
mcdemoura/519094293.

Figure 3 - Photograph by Mandy Barrow. Available
at: http://resources.woodlands-junior.kent.sch.uk/
homework/houses/victorian/terraced.htm.

Figure 4 - Public domain. Avaialbe at: https://

en.wikipedia.org/wiki/ The _Crystal _Palace#/media/
File:Crystal_Palace. PNG.

Figure 5 - Public domain. Avaialbe at: https://
en.wikipedia.org/wiki/Glass_Pavilion#/media/
File:Taut_Glass_Pavilion_exterior_1914.jpg.

Figure 6 - Bundesarchiv, Bild 183-1987-0204-
305. Available at: https://en.wikipedia.org/wiki/

Bauhaus#/media/File:Bundesarchiv_Bild_183-1987-

0204-305,_Dessau, _Bauhaus.jpg.

Figure 7 - Foster and Partners. Available at: http://
WWW.Fos’rerondpor’rners.com/projec’rs/opp|e-s’rore-
zorlu/.

Figure 8 - University of Cambridge. Available at:
http://www.doitpoms.ac.uk/tlplib/BD5/results.php.

Figure 9 - Kraaijvanger archtitects. Available at:
http://www.kraaijvanger.nl/en/projects/ 73 /temple-
de-lamour/.

Figure 10 - WELLER, B. [6] p.12.
Figure 11 - WELLER, B. [6] p.I5.
Figure 12 - WURM, M. [8] p.54.
Figure 13 - WELLER, B. [6] p.17.
Figure 14 - WURM, M. [8] p.66.

Figure 15 - O'CALLAGHAN, J. The Apple Glass
Cube: Version 2.0. Challenging Glass 3. p60. 2012.

Figure 16 - LOUTER, C. et al. Reinforced Glass
Cantilever Beams. Glass Processing Days. p434.
2005

Figure 18 - SCHOTT. Ultra-thin Glass.

Available at: https://www.flickr.com/photos/
mcdemoura/519094293. Retrieved in 30 December
2015.

Figure 19 - KUEFFNER, G. BRUCHFEST UND
HART MUSSEN SCHEIBEN SEIN. Frankfurter
Allgemeine. April 2012. Available at: http://www.
faz.net/aktuell/technik-motor/smartphone-displays-
bruchfest-und-hart-muessen-scheiben-sein-11712180.
html#aufmacherBildJumpTarget. Retrieved in 30
December 2015.

Figure 20 - ALBUS, J. ROBANUS, S. [13] p.9.

Figure 21 - AGC. AGC Succeeds in Rolling
SPOOLTM, a 0.05 mm:-thick Sheet Glass. Press
release. May, 2014,

Figure 22 - WURM, M. [8] p.54.

Figure 23 - NEG. Dinorex™ - The Ultimate Glass for
Chemical Strengthening. Available at: http://www.

neg.co.jp/glass_en/02.html Retrieved in 02 january
2016.

Figure 24 - MEM4WIN Technologies explored in
MEMA4WIN project. Available at: http://mem4win.
eu/index.php?id=86 Retrieved in O5 january 2016.

Figure 25 - AGC 2014 FIFA World Cup Brazil™
Glass Roof for Player Benches Unveiled. Available
at: http://www.agc-glass.eu/English/Homepage/
News/Press-room/Press-Detail-Page/page.
aspx/979?pressitemid=3295. Retrieved in O5 january
2016.

Figure 27 - HUNDEVAD, J. [19] p.335.

Figure 28 - HUNDEVAD, J. A movable canopy.

International Conference on Building Envelope
Design and Technology. Graz. Advanced Building
Skins. 2015. p.324.

Figure 34 - WURM, M. [8] p.28.

Figure 35 - Corner Magazine. Available at: http://
www.cornermag.com/an-insiders-guide-to-antwerp-
part-three-what-to-do/. Retrieved in: 15 march 2016.

Figure 38 (right) - Spacebuster - Raumlaborberlin,
photograph by Alan Tansey. Avaiable at: http://

raumlabor.net/spacebuster/. Retrieved in: 26 april

2016.

Figure 38 (left) - Electrocromic glass. Brombach
+ Gess. Avaiable at: http://raumlabor.net/
spacebuster/. Retrieved in: 26 april 2016.

Figure 39 - Ibuku. Avaiable at: http://
gz.com/367284/spectacular-bamboo-architecture/.
Retrieved in: 26 april 2016.

Figure 40 - SCHLEICHER, S. et al. Form-
Finding and Design Potentials of Bending-Active
Plate Structures. Modelling Behaviour. Springer
International Publishing.p 53-63. 2015.

Figure 41 - LIENHARD, J. KNIPPERS, J. Bending-
active structures. Diss. Dissertation, University of
Stuttgart. 2014.

Figure 42 -LIENHARD, J. KNIPPERS, J. Bending-
active structures. Diss. Dissertation, University of
Stuttgart. 2014,

Figure 43 - SCHINEGGER, K. Kinetic Facade,
Theme pavillion Expo 2012 Yeosu, South Korea.
Lecture. Prototyping Architecture conference.

2013. Avaiable at: https://www.youtube.com/
watch?v=iCAGlu4vPog. Retrieved in: 26 april 2016.

Figure 44 - SCHINEGGER, K. Kinetic Facade,
Theme pavillion Expo 2012 Yeosu, South Korea.
Lecture. Prototyping Architecture conference.

2013. Avaiable at: https://www.youtube.com/
watch?v=iCAGlu4vPog. Retrieved in: 26 april 2016.

Figure 45 - KOH, D. et al. Microsoft Arc Touch
Mouse. Avaiable at: Hps://www.behonce.ne’r/
gallery/1770408/Microsoft-Arc-Touch-Mouse.
Retrieved in: 26 april 2016.

Figure 46 (left) - FORD, C.. 2012 R+D Awards
Honorable Mention: Bloom. July 2012. Avaiable
at: http://www.architectmagazine.com/awards/r-
d-awards/2012-r-d-awards-honorable-mention-
bloom_o. Retrieved in: 26 april 2016.

Figure 46 (right) - SUNG, D. Glittering Metallic

Pavilion Morphs ltself As Temperature Changes.
April 2012. Avaiable at: http://www.treehugger.com/
green-architecture/bloom-responsive-thermobimetal-

pavilion-doris-kim-sung.html. Retrieved in: 26 april

2016.

Figure 47 - ICD Universitat Stuttgart. HygroSkin

- Meteorosensitive Pavilion. September 2013.
Avaiable at: http://www.detail. de/artikel/hygroskin-
meteorosensitive-pavilion-11029/. Retrieved in: 26
april 2016.

Figure 48 - SCHUMACHER, M. [25]. p. 235.
Figure 51 - SCHUMACHER, M. [25]. p. 194.

Figure 52 - (Right) KHAN, A. Avaiable at:
http://www.asif-khan.com/project/sochi-winter-
olympics-2014/. Retrived in: 24 april 2016.

Figure 52 - (Left) KHAN, A. Avaiable at: hhttp://
www.dezeen.com/2014/01/10/asif-khan-mount-
rushmore-of-the-digital-age-sochi-winter-olympics/.
Retrived in: 24 april 2016.

Figure 53 - VONGSINGHA, P. [32].

Figure 54 - TECHEN, H. [33].

Figure 55 - TECHEN, H. [33].

Figure 56 - QUISTNIX. Avaiable at: https://

commons.wikimedia.org/wiki/ File:Westland _kassen.
ipg. Retrieved in: 02 may 2016.

Figure 58 - ARCHITECTUURGIDSDELFT. Avaiable
at: http://www.architectuurgidsdelft.nl/server/files/
pages/317/pictures/04-18 jpg. Retrieved in: 02 may
2016.

Figure 60 - (Top)WIKIPEDIA. Avaiable at: https://
de.wikipedia.org/wiki/Elbphilharmonie#/media/
File:Die_Elbphilharmonie_-_21.07.2015.jpg.
Retrieved in: 02 may 2016.

Figure 60 - (Bottom) RAIMOND SPEKKING.
Avaiable at: https://commons.wikimedia.org/wiki/
File:Elbphilharmonie, _Februar_2015-4964 jpg.
Retrieved in: 02 may 2016.

Figure 62 - REX. Avaiable at: http://www.rex-ny.
com/2050-m-street/. Retrieved in: 20 november
20I15.

Figure 64 - WURM, M. [8] p.228.




Figure 66 - SCHUMACHER, M. [25].
Figure 69 - SCHUMACHER, M. [25].

Figure 71 - Foster and Partners. Available at: http://
www.Fos’rerondpor’rners.com/projec’rs/30-s’r-mory-
axe/ Retrieved in: 02 may 2016.

Figure 73 - CHAKROFF, E. Available

at: http://www.swissmade-architecture.
com/?seite=Overview&pid=37. Retrieved in: 02 may
2016.

Figure 75 - OCTATUBE. Available at: http://www.
oc’ro’rube.n|/projec’ren/]61/gemeen’remuseum/.
Retrieved in: 02 may 2016.

Figure 77 - (TOP) MELKI, S. Available at: https://
commons.wikimedia.org/wiki/File:Agbar_Torre_-_
Agbar_Tower_%26 _moon_(3409529158).jpg.
Retrieved in: 02 may 2016.

Figure 77 - (BOTTOM) ROIG, O. Available at:
http://flt3rs.net/case/double-skin-facade-agbar-
tower-barcelona-jean-nouvel-226. Retrieved in: 02
may 2016.

Figure 130 - Elevator bolt. Steel. Thread Size (Inch):
1/4-20; Length (Inch): 2-3/4. Available at: http://
www.mscdirect.com/product/details/67148569.
Retrieved in: 10 may 2016.

Figure 143 - TSUBAKI. [37]. p. 17.

Figure 158 - Schittich, C. et al. best of Detail: GLAS
/ best of Detail: GLASS. First Edition. 2014. p.102.

Figure 159 - Schittich, C. et al. best of Detail: GLAS
/ best of Detail: GLASS. First Edition. 2014. p.103.

Figure 166 - LANDES, H. Available at: http://www.
scholl-architekten.com/galerien/4_max_born_E_O_
lueftung_O2.html. Retrieved in: 10 june 2016.




References

[1JOWEN, J. Ancient Egyptian City Yields World's
Oldest Glassworks. National Geographic News. June
2005. Available at: http://news.nationalgeographic.
com/news/2005/06/0616_050616_egyptglass.
html. Retrieved in 21 December 2015.

[2] GOOGLE CULTURAL INSTITUTE Glass
window pane 1AD - 70AD. British museum
collection. 2015. Available at: https://www.google.
com/culturalinstitute/asset-viewer/glass-window-
pane/kQFuw8r3yB6éihw?hl=en. Retrieved in 21
December 2015.

[3] KOOLHAS, R. et al. Elements of Architecture.
14 International Architecture Exhibition. Publication.
2014.

[4] ADVAMEG Glass - Chemistry Encyclopedia.
Chemestry Explained. 2015. Available at: http://
www.chemistryexplained.com/Ge-Hy/Glass.html.
Retrieved in 21 December 2015.

[5]MIODOWNIK, M. Why is glass transparent?.
TED-Ed. 2014. Available at: http://ed.ted.com/
|essons/why-is—g|oss-+ronsporen’r-mork-miodownik
Retrieved in 21 December 2015.

[6) WELLER, B. et al. Glass in Building. DETAIL
Practice. Book. 20089.

[71VEER, F. The strength of glass, a
nontransparent value. Heron-english edition- 52.1/2.
087. 2007,

[8] WURM, Jan. Glass structures: design and
construction of self-supporting skins. Walter de
Gruyter. 2007.

[9] CES Edupack 2015. Soda lime - 0070 (Granta
Design Limited). 2015.

[10]di CESARE, P. Heated Glass Comparison.
PPG Education center. Available at: http://
eo|uco’rioncen’rer.ppg.com/g|oss‘ropics/|’1eo’reo|_g|oss.
aspx. Retrieved in 22 December 2015.

[N FEIEN et al. Cold-Bent Single Curved Glass;
Opportunities and Challenges in Freeform
Facades. Challenging Glass 3. 2012.

[12] AGC. AGC Develops World's Thinnest Sheet

Float Glass at Just 0.1 mm. Press release. May, 2011.

[13]ALBUS, J. ROBANUS, S. Glass in Architecture
- Future developments. Detail magazine - english
edition. March - April. 2015.

[14] CES Edupack 2015. Alumino silicate - 1720
(Granta Design Limited). 2015.

[15] CORNING MUSEUM OF GLASS. The long
road to success: fusion drawn glass. October 2011.
Available at: http://www.cmog.org/article/long-
road-success-fusion-draw-glass. Retrieved in 30

December 2015.

[16] GY, R. lon exchange for glass strengthening.
Materials Science and Engineering: B 149.2: pg 159-
165. 2008.

17]1LU, Z. OVEREND, M. Cold Bent Glass.
University of Cambridge.

[18] SCHITTICH, C. et al. Glass construction
manual. Birkhauser Architecture, 2007.

[1I9]HUNDEVAD, ). Super lightweight glass
structures - a study. GlassCon Global. pg324. 2014.

[20]NODA, T. et al. Experimental study of
flexibility of thin sheet glass based on fatigue
fracture. Nippon Electric Glass. FFAG. 2007.

[21]van NIEUWENHUIJZEN, E.J., F. P. Bos, and
F. A. Veer. The Laminated Glass Column. Glass
processing days Tampere: GPD. 2005.

[22] SCHNEIDER, J. Thin Glasses - A future
envelope?. The Future Envelope 9 - Conference on
the Building Envelope. 2015.

[23] ADAPTIVE FACADES NETWORK.
“Structural” adaptive facade case studies. COST
Action TU1403 Education Pack report. 2015.

[24] VELASCO, R. et al. Dynamic Fagades and
Computation: Towards an Inclusive Categorization
of High Performance Kinetic Fagade Systems.
Computer-Aided Architectural Design Futures.

The Next City—New Technologies and the Future

of the Built Environment. Springer-Verlag, Berlin,
Heidelberg, p.172-191.

[25] SCHUMACHER, M. et al. Move: Architecture
in motion - Dynamic components and elements.
2010.

[26] LIENHARD, J. et al. Active bending, a review
on structures where bending is used as a self-

formation process. International Journal of Space
Structures, 28(3-4), p.187-196. 2013.

[27]HARDY E. Magical houses made of bamboo.
March 2015. Available at: http://www.ted.com/talks/
elora_hardy_magical _houses_made_of _bamboo/
transcript?language=en. Retrieved in 24 April 2016.

[28] KOLAREVIC, B. Actualising (Overlooked)
Material Capacities. Architectural Design 85 (5),
6.198-133. 2015.

[29] KRIEG, O. Hygroskin: Meteorosensitive
pavilion.Fabricate 2014 Conference, Zurich, p. 272-
279.2014.

[30] DROZDOWSKI, Z. GUPTA, S. Adaptive
fritting as case exploration for adaptivity in
architecture. ACADIA 09: reForm ()-Building a
Better Tomorrow [Proceedings of the 29th Annudl

Conference of the Association for Computer Aided
Design in Architecture (ACADIA). 2009.

[311 KHAN, A. MegaFaces. 2014. Available at:
http://www.asif-khan.com/project/sochi-winter-
olympics-2014/. Retrived in: 24 april 2016.

[32] VONGSINGHA, P. Adaptive Fagade for
Windload reduction in High-rise. Diss. TU Delft,
Delft University of Technology, 2015.

[33] TECHEN, H. Acoustical invisible envelopes.
The Future Envelope 9 - Conference on the Building
Envelope. 2015.

[34] AGC. Leoflex Architectural Glass. Available at:
http://www.chemistryexplained.com/Ge-Hy/Glass.
html. Retrieved in O5 May 2016.

[35] 3M. 3M™VHB™Structural Glazing Tape
Technical Guide. Available at: http://multimedia.3m.
com/mws/media/4589080/3mtm-structural-
glazing-tape-technical-guide.pdf?fn=Glazing%20
Tech%20Guide.pdf. Retrieved in 10 May 2016.

[36] ALUMINIUMDESIGN.NET. Extrusion Design
Guide. Available at: http://www.aluminiumdesign.
net/design-support/extrusion-design-guide/.
Retrieved in 10 May 2016.

[37] TSUBAKI. Zip chain actuator catalogue.
Available at: http://ptp.tsubakimoto.co.jp/
contents/e_book/catalog/C_ZCA_EN/pageview/
data/target.pdf?_ga=1.58275629.641461260.14630
78924, Retrieved in 10 May 2016.

[38] WALKER, A. Natural ventilation. Whole
building design guide program. National Institute
of Building Sciences (United States). April 2014.
Available at: https://www.wbdg.org/resources/
naturalventilation.php. Retrieved in 15 May 2016.

[39] TIMMEL, M., et al. A finite element model
for impact simulation with laminated glass.

International Journal of Impact Engineering 34.8
(2007): 1465-1478. 2007,

[40]BENNISON, S.J., QIN, M. H., & DAVIES,
P.S. High-performance laminated glass for
structurally efficient glazing. Innovative light-
weight structures and sustainable facades, Hong

Kong.2008.

[41] KRUGER, G. Temperature effects on the
structural behavior of laminated safety glass. Otto-
Graf-Journal, 9, 153.1998.

[42] SCHUCO. Schiico Large Louvres Blades
ALB - activeLinear drive Available at: https://www.
schueco.com/web2/de-en/architects/products/

solar_shading/large_louvre__systems/active_linear.
Retrieved in 15 June 2016.

[43] CES Edupack 2015. Stainless steel, austenitic,
AlSI 316, wrought, annealed (Granta Design
Limited). 2015.

[44] CES Edupack 2015. Aluminum, 5052,
wrought, O (Granta Design Limited). 2015.

[45] CES Edupack 2015. Structural steel, S275N
(Normalised) - 1720 (Granta Design Limited). 2015.

[46] CES Edupack 2015. Concrete (normal
(Portland cement)) (Granta Design Limited). 2015.




. Sitema index.php/product-information2-4
AGC ciecrronics america®

Home (/index.php) Product Information (/findex.php/product-information2) Our Global Network (/index.php/2014-03-11-05-22-49)

Appendix

Appendix 01. Abrisa Technologies specialty glass et o
. . . . . . architectural-glass)
materials products and specifications techinical sheet.

BRISA

TECHNOLOGIES
S B ———

Leoflex Architectural Glass

Literature

= o
x‘-"“ ‘M\ Request Literature
- K mailto:rmetter@agcem.com?
e O e 3 \\ subject=Advanced Packaging
\ Information Request

r-_

e ——

Specialty Glass Materials

Shaping the Future with new
flexible lightweight chemically
strengthened architectural glass.

Products & Specifications

Corning® Gorilla® Glass

Is an environmentally friendly alkali-aluminosilcate thin sheet glass. Its superior composition allows a deeper layer of
chemical strengthening than is possible with most other chemically strengthened glasses, making it durable and damage
resistant.

Benefits:

e Class designed for a high degree of chemical strengthening
- High compression
- Deep compression layer

TO ug h Product Features

e High retained strength after use it ’ -

e  High resistance to scratch damage Yt beautiful. Leoflex™ Features

e Pristine surface quality v" 5X tougher than thermally tempered soda Weather Resistance Test
Applications: lime glass

o Ideal protective cover for electronic displays in:

- Handheld devices and instrumentation

- Laptops and tablet computer screens

- Mobile devices including smart phones v" Bendable
e  Touchscreen devices
e  Optical components

v Lightweight

v" High scratch resistance

e High strength glass articles Optical: . .
g srengie e Refractive Index (633nm) v Outstanding weather resistance
Dimensions: Core Glass 1.5094 . . .
e Available thicknesses 0.55 mm - 2.0 mm Compression layer 1.5116 v ngh optlcal cIarlty .
e Non-standard sizes may also be available upon request v ngh Strength compared to soda lime glass T ‘
e Available in Gen 5 - 49.21 x 35.43” (1250 x 900mm) sheets 100 £ No Change! |
. o 90 e EE— g
VISCOSIty. 80 :' AGC Leoflex™ opens the door to new groundbreaking opportunities for glass. =
e  Softening Point (107.6 poises) 852°C £ 10 5 s L Leoflex is chemically strengthened and 5 times stronger than thermally tempered 0.3%
e Annealing Point (1013.2poises) 613°C g 6 H < oo f'% L soda lime. This allows the designer new opportunities to create thinner, curved i
e Strain Point (1014.7 poises) 563°C E © : g e [ designs, while maintaining the safety and beauty of tempered glass. Thermally Tempered Leoflex™
w 50 ' 2 guoo f _— | Soda Lime Chemically Tempered
Propertles: E 40 ! § s i — This next-generation glass offers additional benefits in the industrial and building ‘ ) )
e Density 2 44 glcm3 :;.3 30 ' ;”:z ‘ I environment. Leoflex offers superior clarity without any green tint, plus outstanding
e Young.s Modulus 71.7 GPa 20 ! 30 450 Siav;f;gﬂﬁ:mjsso 950 scratch and weather resistance. Architects and builders get the weight benefits of
e Poisson.s Ratio 0.21 10 ! plastic sheets with superior performance and durability of glass.
e Shear Modulus 29.7 GPa st 318
e Vickers Hardness (200 g load) o ——T T T T T T T T Leoflex is produced using AGC float technology that ensures the highest-quality and
Un-strengthened 625 kgf/mm? O 250 500 750 1000 1250 1500 1750 2000 2250 2500 lowest-cost product.
Strengthened 674 kgf/mm? Wavelength (nm)
e  Fracture Toughness 0.7 MPa m0.5 . .
«  Coefficient of Expansion 84.5 x 10-7/°C Chemical Durability: Durabiiity is measured via weight
(0°C-300°C) ' loss per surface area after immersion. Values are highly depend- ™ .
ent upon actual testing conditions. Data is reported for Code Leoflex™ Properties
. . 2318 glass. Unless otherwise noted, concentrations refer to . . . X
Chemical Strengthening: weight percent. Property Measurement Leoflex™ Soda Lime Available Sizes & Thickness:
° Compressive Stress Capable 2800 MPa ¢ - nt Mechanical Density g/lcm® 2.48 2.50 Thickness:
° Depth of Layer Capable 240um Reagen Time Temperature (C) Welght Loss (mg/cmz) Young's Modulus GPa 74 73
HCl - 5% 24 hr? 95 0.04 Shear Modulus GPa 30 30 From 0.5mm to 2.0mm
NHaF:HF -10% 20 min 20 314 Poisson's Ration 0.23 0.21
HF -10% 20 min 20 1.96 Vickers Hardness Before CT 595 533 Sizes:
NaOH - 5% 6 hrs 95 110 Vickers Hardness After CT 673 580

Standard size is 48" x 29".

Web: www.abrisatechnologies.com - E-mail: info@abrisatechnologies.com - Tel: (877) 622-7472 Page 6




Thermal

Optical

Electrical

CTE
Tg

Softening Point

Annealing Point

Strain Point

Refraction Index

Photoelastic Constant

Volume Resistivity

Toughness Ring-on-Ring Test

0.99

o
8

o
n
=

Crack Probability

o
o
A

0.01|
100

Privacy Polic

index.ph

rivacy-polic

[107](50~200°C ) 98 85 Custom sizes available.

C 604 550
°C 831 733
°C 606 554
°C 556 511
Nd 1.51 1.52
nm/cm Mpa 28.3 25.6
log (Q-cm) 8.4 8.5

Chemical Tempering Performance

90 ¢
80 ° oo

70 ®

- b $°48% .
50

40

DOL [um]
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SCHOTT Xensation™

SCHOTT Xensation™ is a high-quality alumino-silicate glass with outstanding
resistance to breakage and scratches for all cover and touch applications, including
capacitive, resistive, optical, and acoustic touch technologies.

Key-Benefits of Xensation™ Cover:

e SCHOTT’s unique micro-float manufacturing process gives the Xensation™
Cover alumino-silicate glass its excellent sheet quality.

e Impressively high and very stable Compressive Stress (CS) and Depth of Layer
(DoL), ensure that Xensation™ Cover offers outstanding strength.

Thermal Properties:

0.96 W/(m+K)
0.84 K|/(Kg+K)

Coefficient of Mean Linear Thermal Expansion a (39<c; 300°c) 8.8 * 108 K™

Thermal Conductivity A (55 <c)
Specific Heat Capacity Cp, 20 °c; 100 °c)
Electrical Properties:

Transformation Point Tg 615 °C’ Frequency Dielectric Constant Loss Tangent
. i 13 . MHz £ tand
Annealing Point (10'° dPas) 635 °C 1 7.74 0.011
. . 7.6 o 54 7.49 0.008
Softening Point (10”° dPas) 880 °C e ey i
Working Point (10* dPas) 1265 °C 825 7.38 0.010
912 7.38 0.010
*cooled according to DIN 1977 7.35 0.012
2170 7.35 0.012
Chemical Properties: EED o cCl2
. A . Electric Volume Resistivity pp for A.C. at 50Hz
Optical Properties: v =250°C 1.5 - 1050 -cm
v =350 °C 8.9-10°0Q-cm
Hydrolytic Resistance DIN ISO 719 Class HGB 1 | | «tnese vatues are no guaranteed data - for customer orintation ony.
Acid Resistance DIN 12116 Class S 4
Alkali Resistance DIN ISO 695 Class A 1 Mechanical
Density 2.477 g/em* | Properties:
Young’s Modulus E 74 kN/mm?
Refractive Index at 588 nm (ng) 633 nm 780 nm ek i T 12l
Core Glass 1.508 1.506 1.502 Shear Modulus 30 kN/mm?
(Carpresatem Ly Knoop Hardness HK g 1/20
KNOj3 pure 1.516 1.514 1.510
Transmittance T (Glass Thickness 0.7mm) Non-strengthened 534
LT onm =015 ¢ Strengthened 639
560 nm >91.5%
380 nm >90 % Vickers Hardness HV g3/20
Photoelastic Constant 29.2 nm/cm/MPa N " th d 617
on-strengthene
Sheet 9
Dimensions: Strengthened 681
L] Sheet Size: 475 x 575mm (187 X 2264H) *cooled according to DIN
1150 x 950mm (45.27 x 37.4")
e Thickness Range: 0.55 to 2mm stocked other requirements Chemical
available on request Compressive Stress capable > 900 MPa Strengthening:
Depth of Layer capable > 50 um
4-Point Bending Strength  cap. > 800 MPa
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Appendix 02. Movement of rigid and deformable
building elements [25] p.45 - 47.

Movement of rigid building elements

Mechanical concept

Architectural type

Simple movements of surfaces

Horizontal

Vertical

Level

Simple movements of volumes

Horizontal
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Appendix 03. Coming Gorilla Glass for large format

applications technical sheet.

CORNING

Gorilla’Glass

Corning® Gorilla® Glass is Big, Bold,
and Beautiful

Corning® Gorilla® Glass is an ideal cover glass for the most
innovative large-format displays, including interactive white
boards, digital signage, and other large-size public displays. It
is elegant, lightweight, and durable enough to resist many
real-world events that commonly cause glass damage and
failure.

The unique composition of Gorilla Glass allows for a deep
layer of high compressive stress created through an
ion-exchange process. This compression layer makes the
glass exceptionally tough and damage resistant. The
composition also helps to prevent the deep chips and
scratches that degrade appearance and can cause glass to
break.

Additionally, Gorilla Glass is formed using the same
proprietary fusion process as all of Corning’s high-technology
display substrates. This extraordinarily precise,
highly-automated process produces glass with exceptionally
clean, smooth, flat surfaces and outstanding optical quality.

Gorilla Glass is also remarkably thin and clear, which reduces
weight, helps reduce the appearance of parallax, enables
more sensitive and accurate touch responses, creates a more
precise and professional display, and helps deliver on the
promise of high-definition and 3D technologies.

Product Information

Display Screen Diagonal Size

Typical sizes 32 inches to 84 inches

Finished Part Dimensions

Width (max) 2020 mm

Length (max) 1365 mm @ 1 mm thickness
1200 mm @ 2 mm thickness

Thickness (mm) 2.0,15,1.0,0.7,0.55

Corning® Gorilla® Glass for
Large Format Applications

Viscosity

Softening Point (107 poises) 896 °C
Annealing Point (1037 poises) 627 °C
Strain Point (107 poises) 573 °C

Mechanical Properties

Density 239 g/cm?
Young’s Modulus 68.0 GPa
Poisson’s Ratio 0.22
Shear Modulus 27.9 GPa
Vickers Hardness (200 g load)

Un-strengthened 551 kgf/mm?

Strengthened 654 kgf/mm?
Fracture Toughness 0.69 MPa m®5
Thermal

Coefficient of Expansion 75.5x107/°C

(0°C-300°0Q)
Optical
Refractive Index (590 nm)

Core index (no ion-exchange) 1.50
Compression layer 1.51

100
90

80 [
70
60
50

40
30

Wavelength 450 nm - 850 nm
20 Transmittance > 91%
10

0
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Transmission (%)

Chemical Strengthening
Compressive stress =650 MPa @ 40 pm DOL
Depth of Layer >40 Pm

Note: Additional surface treatments are available, such as screen printing,
optical films, and anti-glare finishes. For more information please contact
Corning with your specific requirements.

Greater retained strength for Gorilla® Glass
after scratch
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Higher damage resistance for Gorilla® Glass
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Error bars represent 95% Cl

CORNING

For more information about Corning® Gorilla® Glass:
email: gorillaglass@corning.com
Web: CorningGorillaGlass.com

Greater retained strength for Gorilla® Glass
enables use of thinner glass

300
250
200 Gorilla Glass

150

100

i ./.——OSLG/‘

Retained SurfaceStrength »

Abraded Ring-on-Ring fracture load (kgf)

Gorilla Glass Thickness
(mm)

Scratches are less visible

Knoop Visual Scratch Test

After lon Exchange

Soda-lime Glass Gorilla Glass Gorilla Glass
(4N) (4N) (6 N)

500 pym 500 ym

Corning and Gorilla are registered trademarks of Corning Incorporated, Corning, N.Y,, USA

© 2015 Corning Incorporated. All rights reserved.
September 2015




Appendix 04 Calculated bending stresses Calculated stress X Numerical simulation
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Appendix 05. Profile reference for first detailing

concept

IVT INTEGRAL V TECHNOLOGY [lNTEGRALJ
IVT Overview
IVT AAN ? IVT AAQ ;——1.43—*71_4sﬂ
Page 8 83 :: Page 16 T 1 fb |
i ] { <
B i | |
1.18 I 2.94 1
4.13 |
IVT AAW | 7
Page 10
IVT AAG
L— 1.18 ——f Page 18
1.39
1.4

IVT AAB
Page 12 1. 43% u (_}

Lﬁ 1.33 4—1

2.56
IVT ﬂ f ‘ 7.286 \
IVTAAE T 5 ‘ ‘ Faoe 20 L0 |
Page 14 1 4TQ—@— 2717
e
3.74

MACHINED PRECISION AT EXTRUSION PRICES

Fd = Dynamic capacity (LC)
Fz = Axial capacity

f SIMO ENABLED ° Rigid, accurate, repeatable Fy = Radial capacity )
‘A « Low cost Mx, My, Mz = Moment capacities
1D' * Machined rail edges can be used as r%m‘;%)s:(%gsm b
‘ - a reference when mounting (Ibf) meter x 0.0397 = inch
L i' newton - meter (N-m) x 8.851 = in.-Ibs.
Static Load Ratings Dynamic Load Ratings Rail Moments of Inertia Rail Miax Rail
SERIES | Radial FoV| Axial F% | Roll MO | Pitch M9V | Yaw M% | Radial | Axial Roll Pitth | YawMz | L, L ey enuti
) N | Nm) | m) | em) | Fy(N) | Fz(N) | Mx(Nem) | My(Nm) | (Nm) | emd) | emdy | (kom) o (mm)
IVTAAN | 1,960 1,200 16 36 59 2,480 1,490 20 45 74 1.7 2.1 1.30 3,657
IVTAAW | 8900 5,560 194 278 445 10,020 6,150 214 308 501 28 38 1.65 3,657
IVTAAB | 8,900 5,560 171 348 556 10,020 6,150 190 384 626 55 254 277 3,048
IVTAAE | 8,900 5,560 255 487 778 10,020 6,150 282 538 877 6.0 748 2.74 3,657
IVTAAQ | 8,900 5,560 283 278 445 10,020 6,150 313 308 501 34 919 3.06 3,657
IVTAAG | 8,900 5,560 171 348 556 10,020 6,150 190 384 626 297 349 3.36 3,657
IVTABK | 8,900 5,560 599 390 1,154 10,020 6,150 662 431 1,300 175 1,300 10.1 3,657

*Weight may vary slightly depending on carriage options. ““Load ratings are based on standard carriage.

2 LINEAR MOTION SOLUTIONS | www.pbclinear.com




Appendix 06. Product Specification

DIN 7984
Hexagon socket head cap screws

with low head

3M™ VHB" Structural Glazing Tape

performance of 3M VHB Tape acrylic foam chemistry.

Details
Brand 3M
Size & Packing 15mm x 36 yards
20mm x 36 yards
1 Hexagon socket head cap screws with low head and pilot recess can be found as DIN 6912 and with TX as IS0 14580 in this catalogue.
25mm x 36 yards

other sizes available
Sold individually

Part Mumbers B23F

B A1/ A A2/ @ A4 | SU: Sales unit | All measurements in mm | Other dimensions on request.
Example item no. 7984-2-8X40 DIN 7984 - A2 - M8 - | = 40mm - *1 with flat point acc. to DIN 78

*1
: O
s
dk 5,5 7,0 8,5 10,0 13,0 16,0 18,0 24,0 30,0
k 2,0 2,8 3,5 4, 5, 6, 7, 9,0 11,0
S 2,5 4 7 12 14
t 15 2,3 2,7 3,0 38 45 5,0 5,5 75
b 12 14 16 18 22 26 30 38 46
® 2 2,5 3 4 5 7 8 12 14
Length /0 M3 | M4 | M5 | M6 | WM& | WMi0 | Wiz | Mis | W2 |
B .
B . Ae® A® A®
i@ i@ Ae® ) i@
i@ i@ Ae® i@ i@
i@ i@ Ae® ) Ae®
A® A® A® A® A® A®
i@ i@ Ae® i@ i@ Ae® i@
i@ i@ Ae® i@ i@ i@ i@ i@
i@ i@ ' ) i@ Ae® i@ 'O
i@ i@ Ae® i@ i@ Ae® i@ i@ Ae®
i@ i@ Ae® i@ Ae® i@ i@ i@ i@
A® A® A® Ae® A® A® A®
Ae® A® i@ Ae® A® A® A®
. A® Ae® Ao Ae® Ae® A® A®
3M B23F VHB Structural Glazing Tape Black o s Ao ue  ue  ie  ue e
i@ i@ i@ ' i@ Ao Ae®
, [ 80 | A@ A® A® A® A®
3M WHB Structural Glazing Tapes are fully-cured, durable, w0 | e S e e .o
high performance double-sided pressure sensitive acrylic A® A® A@® A® A®
foam tapes. They are used for attaching glass panels to Ao Ao
. . . 120 AO A®
metal frames in curtain wall systems, commercial e ‘e
windows and doors, skylight and canopy systems A® A®
replacing commaonly used mechanical fasteners, gaskets or Ao Ao
- P 2
structural silicone sealants. Application performance 1000 500 202% 2%% 100
history since 1990 and 3rd party test results demonstrate su 253(? 500 226105 205% 105% 2580 50 25 10
= =
the outstanding durability, UV resistance and temperature 100 50




218

DIN 7504 K - sim. I1SO 15480
Self drilling screws type K

hexagon head with flange

NORSEAL V310

Ultra Low Density
Foam with Flame
Retardency, Suitable
for Sealing of
Thin-Gauge Metals
and Plastics

C
Ubtra low density .
7_ _ substrate will dius {0 | ——
o / '"M’"‘h"‘" iy Typical Applications
© @ A.wsshepuum s i * Heating, ventilation and
&_, / sensitive adhesive bonds /() 8 air conditioning system seals
) foam instaritly and securely | wsemimsse « Telecommunication
—Inmany applications i .
: « Environmentally
k I e e,
controlled rooms
« Refrigeration
dsp g,g :53,% 3,6 41 48 ?,g NOESEAL® V310— Closed-cell polyvinyd foam sealant with pressure-sensitive adhesive on one side. + Vending machines
c 0.6 0.6 09 0,9 1,0 1,0 . « Lighting
k max. 3,45 3,45 4,25 4,45 5,45 6,45 Features/Benefits: ) « Electrical outlet switch plates
dc max. 8,3 8,3 8,8 10,5 11,0 13,2 « Flame retardant closed-cell « Will not crack under cold  Toolbox seal
e min. 5,96 5,96 7,59 8,71 8,71 10,95 foam seals out air, light, dust temperatures. 20 . wseals o
[ 55 5 7 8 8 10 and condensation when « Ultra low density sealant is « Retail weatherstripping
Length /O ST3,5 ST3,9 ST4,2 ST4,8 ST5,5 ST6,3 mmpressed_ 0% very conformable, adapts easily + Appliance seals
9,5 (3/8") A A A A A * Low deflection force causes to irregular contours and
13 (1/2") A A A A A ":’ dt'ﬁtﬂ’t'ﬂd" D;tt 'T“"'Ea uge curved surfaces.
plastics and metals.
16 (5/8") A A A A A « Excellent resistance to
19 (3/4") A A A A A A weather, fungi and oxidation
22 (7/8") A A A A A A provides a long sealing life.
=l )" = A A A A A NORSEAL® Acrylic Adhesive
32 (11/4") A A A A A ) ) ) . .
= The tight banding adhesive keeps sealant in place during each stage of
35 (1.3/8") A A A A A product assembly. The adhesive is on the non-liner side, keeping slit rolls
38 (11/2") A A A A A from falling apart and making installation easier and quicker.
45 (1 3/4") A A A
50 (2") A A A *Please note: NORSEAL® V310 is not recommended as a primary
60 (2 3/8") A seal in severe expaosure.
70 (2 3/4") A
80 (31/8") A
90 (3 1/2") A
100 (4") A
110 (4 1/4") A
120 (4 3/4") A
130 (5 1/8") A
1000 1000 500 =
su 1000 232 232 >32 200 200 PTFE
500 500 200 I
W A1 / A A2 / @ A4 | SU: Sales units | All measurements in mm / inch | Other measurements on request. (Teﬂon® ll'ype mqte rad I)
Example item no. 7504-2-4,2X38K DIN 7504 - A2 - @ 4,2mm - | = 38mm - form K E
T Al Flange Split Bearings
Wt. Wt.
Part No. d D L DB g Part No. d D L DB g
ST3-4.6x5-7 3 4.6 5.0 7 0.3 ST15-17x17-23 15 17 17.0 23 8.5
ST4-5.6x5-9 4 5.6 5.0 9 0.5 ST16-18x17-24 16 18 17.0 24 9.1
ST5-7x6-10 5 7 6.0 10 0.9 ST18-20x12-26 18 20 12.0 26 6.6
ST6-8x7-12 6 8 7.0 12 1.4 S$T20-23x11.5-30 20 23 11.5 30 13.7
ST8-10x5.5-15 8 10 5.5 15 1.9 S$T22-25x21.5-33 22 25 215 33 21.0
ST8-10x9.5-15 8 10 9.5 15 23 ST25-28x26.5-35 25 28 26.5 35 27.3
ST10-12x9-18 10 12 9.0 18 29 ST30-34x30-42 30 34 30.0 42 53.3
ST10-12x12-18 10 12 12.0 18 4.0 ST35-39x26-47 35 39 26.0 47 46.0
Please note that self drilling screws, made of stainless steel are mainly suitable for the processing in aluminium and thin stainless steel sheets.
Self drilling screws, hexagon head with flange DIN 7504 K are available in other dimensions and A4 on request. Self drilling hexagon head screws :Eil ‘éxl;gg 12 12 };g gg 22 g:igiix;ggg ig Zi ‘2‘28 ‘S‘g g;g
; ’ o -16x17- . . X26- . .
with flange and EPDM-washers can be found as WS 9165 in this catalogue. ST15-17x12-23 15 17 12.0 23 50 ST50-55x22-60 50 55 220 60 145.8

Part No. = ID - OD x LENGTH - FLANGE OD




Page lof 1 Fastenal Product Standard REV-00

Date: January 15, 2016 FASTENAL EB.Z

Elevator Bolts, Flat Countersunk Head, Zinc Plated

The information below lists the required dimensional, chemical and physical characteristics of the products in this purchase order. If
the order received does not meet these requirements, it may result in a supplier corrective action request, which could jeopardize your
status as an approved vendor. Unless otherwise specified, all referenced consensus standards must be adhered to in their entirety.

P
n H —I
>
A L |
E A H O P
) . Body Diameter Head Diameter Head Height Square Width Square Depth
Nominal Size Max. | Min. | Min.

Max. Min. Edge Edge Edge Max. Min. Max. Min. Max. Min.
Sharp | Sharp Flat
#10 | 0.1900 | 0.199 | 0.182 | 0.790 | 0.750 | 0.740 | 0.082 | 0.062 | 0.210 | 0.185 | 0.125 | 0.094
1/4 0.2500 [ 0.260 [ 0.237 | 1.008 | 0.969 | 0.938 | 0.098 | 0.078 | 0.280 [ 0.245 | 0.219 | 0.188
5/16 0.3125 | 0.324 0.298 1.227 1.188 1.157 0.114 0.094 0.342 0.307 0.250 0.219
3/8 0.3750 [ 0.388 [ 0.360 | 1.352 | 1.312 | 1.272 | 0.145 | 0.125 | 0.405 [ 0.368 | 0.250 | 0.219
7/16 | 0.4375] 0.452 | 0.421 1.477 | 1.438 | 1.397 | 0.176 | 0.156 | 0.468 | 0.431 | 0.281 | 0.250
1/2 0.5000 [ 0.515 | 0.483 | 1.602 | 1.562 | 1.522 | 0.176 | 0.156 | 0.530 [ 0.492 | 0.281 | 0.250

Specification Requirements:

e  Dimensions: ASME B18.5
e  Material &
Mechanical Property*: ~ ASTM A307A per ASME B18.5
e Thread Requirements: ANSI B1.1, UNC, Class 2A
¢  Finish: Fe/Zn 3AN per ASTM F1941/F1941M

*90% of tensile load may be accepted, with fracture occurring at the juncture of the head.

*Note: Fastenal recognizes that the ASTM A307 requirement for these fasteners to be
stress relief annealed has been frequently ignored by the industry. This practice is
unacceptable and Fastenal requires these products to be produced with full compliance
to this standard including stress relief annealing.




KA Series

F

KA 54

DH=

VdS

%E € g
CERTIFE®,
G 503007 B 08 1122802 026 "“"‘E""“&p

ind out about permission details from your D+H Partner

Performance features

Can be used for openings for smoke exhaust; D+H Euro SHEV in accord-
ance with EN 12101-2; and for daily ventilation

With motor electronics controlled via microprocessor

High-speed function (HS) for especially fast opening windows in case of
fire (SHEV)

Special chain stabilisation

Pressure applications up to 600 mm, application tension up to 1000 mm
stroke

Relief of pressure on window gasket after closing process
Programmable drive functions and different drive parameters

Running speed in CLOSED direction decreases to 5 mm/s (passive closing
edge protection)

Time-controlled reversing when an obstacle is detected in the CLOSED
direction (active closing edge protection)

Pressure load diagram

600

500

N\

400

N\

300

200

100

Max. pressure load of the chain /N

0 B

0 100 200 300 400 500 600 700 800 900

Technical data

Stroke / mm

Supply 24VDC/+15%/1.4A
Duty cycle 30 %

Force of pressure 500 N

Tensile force 500 N

Nominal locking force 2000 N

Service life

> 10000 double strokes

OPEN running speed

11.8 mm/s

OPEN running speed - SHEV 13.3 mm/s
CLOSED running speed 11.8 mm/s
Type of protection IP 32
Temperature range -5°C...+75°C

Fire resistance

B300 (30 min/300 °C)

Housing Aluminium

Surface Powder-coated

Colour White aluminium (~ RAL 9006 )
Connection 2.5 m silicone-cable

Design

Dimensions

All specifications in mm

ACC@SSO H @S Type Art. No. Stroke Dimension A Dimension B Weight Remark
T KAB4350 T 2600110 350mm 2475 mm  42imm Te0kg T TTTTTTTTTTTTTTT i
KA 54/500 26.001.15 500 mm 322.5mm 496 mm 1.90 kg
Brackets Cables KA 54/600 26.001.20 600 mm 372.5 mm 546 mm 2.20 kg
KA 54/700 26.001.25 700 mm 422.5 mm 596 mm 2.40 kg Observe pressure load diagram!
r p - KA 54/800 26.001.30 800 mm 472.5 mm 646 mm 2.60 kg Observe pressure load diagram!
Jgi’zﬁ’? J .? Q KA 54/1000 26.001.35 1000 mm 576.5 mm 750 mm 3.00 kg Observe pressure load diagram!
L <8 26.000.00 Variable equipment possible

® KA-PLP
- f& 2% |\ )
N & S'JA» s / \\ \\fg

We reserve the right to make changes.

©2015 D+H Mechatronic AG, Ammersbek Status 04/2015




Appendix 07. Study of detail for first profile proposal
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Appendix 08. Security window film product
specification example

2. Do not proceed with remaining work until workmanship, color, and sheen are
approved by Architect.
3. Refinish mock-up area as required to produce acceptable work.

1.7 DELIVERY, STORAGE, AND HANDLING

A. Follow Manufacturer's instructions for storage and handling.

SECTION 08 87 13
WINDOW FILM B. Store products in manufacturer's unopened packaging until ready for installation.

Display hidden notes to specifier. (Don't know how? Click Here) C. Store and dispose of hazardous materials, and materials contaminated by hazardous
materials, in accordance with requirements of local authorities having jurisdiction.
Copyright 2008 - 2010 ARCAT, Inc. - All rights reserved
1.8 PROJECT CONDITIONS

PART 1 GENERAL A. Maintain environmental conditions (temperature, humidity, and ventilation) within limits
recommended by manufacturer for optimum results. Do not install products under
1.1 SECTION INCLUDES environmental conditions outside manufacturer's recommended limits.
A. Safety and Security Window Film: 1.9 WARRANTY
1. Microlayered and sun control film. (Ultra Prestige S70) (Ultra Prestige S50) (Ultra
Night Vision S25) A. At project closeout, provide to Owner or Owners Representative an executed current copy of
the manufacturer's standard limited warranty against manufacturing defect, outlining its
1.2 RELATED SECTIONS terms, conditions, and exclusions from coverage.
A. Section 08 54 13 - Fiberglass Windows. PART 2 PRODUCTS
B. Section 08 60 00 - Roof Windows and Skylights. 2.1  MANUFACTURERS
C. Section 08 83 13 - Mirrored Glass Glazing. A. Acceptable Manufacturer: 3M Window Film , which is located at: 3M Center Bldg. 0235-02-
_ . S-27; St. Paul, MN 55144-1000; Toll Free Tel: 866-499-8857; Tel: 651-733-2222; Fax: 651-
D.  Section 08 44 23 - Structural Sealant Glazed Curtain Wall. 737-3446; Email:request info (jemannix@mmm.com); Web:www.3m.com/windowfilm
1.3 REFERENCES B. Substitutions: Not permitted.
A. ANSI Z297.1 - American National Standard for Safety Glazing Materials Used in Buildings - 2.2 Ml_CRE)L;YE_REB S_AFETY_AN_D S_ECTJRI_TYTNINDEW_FILK/I VWTI:SUN EONTR_OL_ - 0"
Safety Performance Specifications and Methods of Test. | |
_ . _ ' _ _ o . 1A 3M Scotchshield Ultra Prestige S50: Optically clear micro-layered polyester, laminated to an |
B.  ASHRAE - American Society for Heating, Refrigeration, and Air Conditioning Engineers; optically clear multi-layered polyester film containing at least 220 layers with a pressure

Handbook of Fundamentals. sensitive adhesive on one side and durable acrylic abrasion resistant coating on the other |

side. The adhesive is pressure-activated, not water-activated, and forms a physical bond,
not chemical bond, to the glass. Films contain no metals, but so contain infrared-absorbing
carbon, metal oxide particles, or both.
1. Physical / Mechanical Performance Properties:
Film Color: Lightly tinted with at least 220 layers.
Thickness: Nominal 8.0 mils
Tensile Strength (ASTM D 882): 25,000 psi (MD) / 26,000 psi (TD)
Break Strength (ASTM D 882): 210 Ibs/in (MD) / 220 Ibs/in (TD)
Percent Elongation at Break (ASTM D882): 111% (MD) / 102% (TD)
Yield Strength (ASTM D882): 16,000 psi (MD)
Percent Elongation at Yield (ASTM D882): 8% (MD)
Graves Tear Resistance (ASTM D1004):
1) Maximum Force: 36 Ibs (MD) / 36 Ibs (TD)
2) Maximum Strain: 50% (MD) / 50% (TD)
3) Graves Area Tear Resistance: 1,100 Ibs% (MD) / 1,100 Ibs% (TD)
i Puncture Propagation Tear (ASTM D 2582) 10 Ibf
2. Solar Performance Properties: Film applied to 1/4 Inch thick clear glass.
a. Visible Light Transmission (ASTM E 903): 48 percent.

|
C. ASTM International (ASTM): :
1. ASTM D 882 - Standard Test Method for Tensile Properties of Thin Plastic Sheeting. |
2. ASTM D 1004 - Standard Test Method for Tear Resistance (Graves Tear) of Plastic |
Film and Sheeting. I
3. ASTM D 1044 - Standard Method of Test for Resistance of Transparent Plastics to
Surface Abrasion (Taber Abrader Test). |
4, ASTM D 2582 - Standard Test Method for Puncture-Propagation Tear Resistance of I
Plastic Film and Thin Sheeting.
5. ASTM D 4830 - Standard Test Methods for Characterizing Thermoplastic Fabrics |
Used in Roofing and Waterproofing. |
6. ASTM E 84 - Standard Method of Test for Surface Burning Characteristics of Building I
Materials.
7. ASTM E 903 - Standard Methods of Test for Solar Absorbance, Reflectance and |
Transmittance of Materials Using Integrating Spheres. I
8. ASTM E 1886 - Standard Test Method for Performance of Exterior Windows, Curtain
Walls, Doors, and Impact Protective Systems Impacted by Missile(s) and Exposed to |
Cyclic Pressure Differentials. |
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Architectural Technical Applications Center
Product Technical Data - Vanceva®

Appendix 09. PVB material properties reference

EASTNIAN

Architectural Technical Applications Center Technical Data Property Test Method | Units Test Vanceva®
W VANCEeVa.Com Conditions interlayer
Clear 3 mm
PRODUCT TECHNICAL DATA Haze ASTM - Glass 0.8
Vcncevq® - Polyvinyl Butyral Interlayer 0.76 mm PVB
Select ancevq® Properﬁes*: Refractive Index ASTM D 542 230C 1.478
Technical Data . - Vanceva® Optical Visible Clear 3 mm
Test Property Test Method |  Units Conditions inferlayer Transmittance NFRC 300 D65 Glass 89%
Extent of Burning | ASTM D 635 inch - 0.31 Low Iron 3
Flame Spread mm Glass
Index ASTM E 84 - - 10 Yellowness Index ASTM - 0.76 mm PVB <1
Heat of ASTM E
Combustion 1354 BTU/Ib - 0.02 . Frequency 1 Hz
Heat of ASTM E Glass Transition . o Heating Rate 3° 30°C+1
Flammability | Combustion 1354 Joules/Ka - 37 Temperatfure T/C’r:/mllnd T
mm/min cut/stacked to
ASTM 2240
Rate of Buming | ASTMD 635 | °C i <25 Hardness shore D 12.5 mm 52
ASTM D Moisture EMN % _ Target +0.07
If Inginti 192 ° - 7
seftinanfion 227 < = Plasticizer EMN PHR : Target +2
. ordered
Smo;e Pen5|’:cv 2843 % - 2 Roll Length EMN m - minimum
Thgromeallgiergnzion ASTME831 | ppm/°C 30-100°C 2.6 i Specific 3 o
¢ . . Phy5|CC|| Gravity/Density ASTM D 792 g/Cm 23°C 1.07
Conductivity, BTU/hr-ft- Ok 50°C 1980
Thermgl, K ASTM F 433 °F 150°F 0.12 Specific Heat A]S;'Z;E BTU/ID -
Flongation af IS K6771 % 23°C/50% RH 205 o 122°F 0.47
Failure G +0.05 mm
. (0.002 inch)
Emmissivity 1371 19.5°C 0.94 Thickness Micrometer mm Nominal -0.025 mm
Modulus of Calculated Mpa 60°C/1 Hz 1.56 Gauge (0.001 inch)
_ Elasticity (E) psi 140°F/1 Hz 226 ) ordered
Mechanical Poisson's Ratio ASTM D 638 23°C/50% RH 0.5 width EMN cm ' minimum
[1] Shear Modulus (G) data for other temperatures and durations are provided in a
Shear Modulus (G') See Table Below separate table at the end of this document.
ASTM D N/cm - 112
Tear Resistance 1004 Ib./in - 64
. Mpa 23°C/50% RH 27
Tensile strength JISK6771 osi 3383
Young's Modulus See Table Below © 2015 Solutia Inc. a subsidiary of Eastman Chemical Company. All rights reserved. Saflex® and Vanceva® are trademarks of Solutia Inc. As used
(E) herein, ® denotes registered trademark status in the U.S. only.
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Architectural Technical Applications Center
Product Technical Data - Vanceva®

Vanceva® Young's Modulus

Temperature
Load
Dot | 20°C | 25°C | 30°C | 35°C | 40°C | 45°C | 50°C | 55°C | 60°C
MPa
1 sec 78 21 6.3 3.0 2.1 1.8 1.5 1.5 1.2
3sec 42 10 3.6 2.4 1.8 1.5 1.5 1.2 1.2
30 sec 11 3.3 2.1 1.5 1.5 1.2 1.2 0.9 0.9
1 min 7.2 3.0 1.8 1.5 1.5 1.2 1.2 0.9 0.9
5 min 3.3 1.8 1.5 1.2 1.2 0.9 0.9 0.6 0.6
30 min 2.1 1.5 1.2 1.2 0.9 0.6 0.6 0.6 0.3
1 hour 1.8 1.5 1.2 1.2 0.9 0.6 0.6 0.3 0.3
1 day 1.5 1.2 0.9 0.6 0.3 0.3 0.3 - --
5 days 1.2 0.9 0.6 0.3 0.3 - -- - --
1 week 1.2 0.9 0.6 0.3 0.3 - - - -
3 weeks 0.9 0.6 0.3 0.3 0.3 - - -- -
1 month 0.9 0.6 0.3 0.3 - - - - -
1 year 0.6 0.3 0.3 -- -- -- -- -- --
10 years 0.3 0.3 - -- - - - - --
15 years 0.3 0.3 - -- - - - - --
50 years 0.3 - - - - - - - -

Young's modulus E’ is calculated using formula E'= 2G’'(1+v) where v = Poisson’s rafio of
approximately 0.50 for isotropic polymeric material.

Notice: Although the information and/or recommendations as may be set forth herein (hereafter “Information”) are presented in
good faith and believed to be correct at the date hereof, Eastman Chemical Company and its subsidiaries and affiliates including
Solutia Inc. (hereinafter "Eastman") make no representations or warranties as to the completeness or accuracy thereof. Information
is supplied upon the condition that the persons receiving same will make their own determination as to its suitability for their
purposes prior to use. In no event will Eastman be responsible for damages of any nature whatsoever resulting from the use of or
reliance upon Information or the product to which Information refers. Nothing contained herein is to be construed as a
recommendation to use any product, process, equipment or formulation in conflict with any patent, and Eastman makes no
representation or warranty, express or implied, that the use thereof will not infringe any patent. NO REPRESENTATIONS OR
WARRANTIES, EITHER EXPRESS OR IMPLIED, OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR ANY
OTHER NATURE ARE MADE HEREUNDER WITH RESPECT TO INFORMATION OR THE PRODUCT TO WHICH
INFORMATION REFERS.

The data presented is derived from samples tested. Results are not guaranteed for all samples or for conditions other than those
tested. Data and its respective measured, calculated or estimated single number ratings is for glass panels only — glazing installed
in frames may differ significantly in performance.

© 2015 Solutia Inc. a subsidiary of Eastman Chemical Company. All rights reserved. Saflex® and Vanceva® are trademarks of Solutia Inc. As used
herein, ® denotes registered trademark status in the U.S. only.

730 Worcester Street | Springfield, MA 01151
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Appendix 010. Material data for sustainability
comparison

SODA LIME GLASS - data based on [9]

Primary production energy, CO2 and water

Embodied energy, primary production 10,6 MJ/kg
CO2 footprint, primary production 0,758 kg/kg
Water usage 14,35 |/kg

Processing energy, CO2 footprint & water

Glass molding energy 8,655 MJ/kg
Glass molding CO2 0,6925 kg/kg
Glass molding water 3,06 I/kg
Grinding energy (per unit wt removed) 26,95 MJ/kg
Grinding CO2 (per unit wt removed) 2,02 kg/kg
TOTAL ENERGY (MJ/KG) 46,205

TOTAL WATER (L/KG) 17,41

TOTAL CO2 (KG/KG) 3,4705

ALUMINOSILICATE GLASS - data based on [14]

Primary production energy, CO2 and water

Embodied energy, primary production 13,95 MJ/kg
CO2 footprint, primary production 0,9405 kg/kg
Water usage 21,15 I/kg

Processing energy, CO2 footprint & water

Glass molding energy 11,15 MJ/kg
Glass molding CO2 0,892 kg/kg
Glass molding water 3,94 |/kg
Grinding energy (per unit wt removed) 33,8 MJ/kg
Grinding CO2 (per unit wt removed) 2,535 kg/kg
TOTAL ENERGY (MJ/KG) 58,9

TOTAL WATER (L/KG) 25,09

TOTAL CO2 (KG/KG) 4,3675

CONCRETE - data based on [46]

Primary production energy, CO2 and water

Embodied energy, primary production
CO2 footprint, primary production
Water usage

Processing energy, CO2 footprint & water
Grinding energy (per unit wt removed)
Grinding CO2 (per unit wt removed)

TOTAL ENERGY (MJ/KG) 2,989
TOTAL WATER (L/KG) 3,4
TOTAL CO2 (KG/KG) 0,285

0,819 Ml/kg
0,122 kg/kg
3,4 l/kg

2,17 Ml/kg
0,163 kg/kg




STRUCTURAL STEEL - data based on [45]

Primary production energy, CO2 and water

Embodied energy, primary production
CO2 footprint, primary production
Water usage

Processing energy, CO2 footprint & water
Rough rolling, forging energy

Rough rolling, forging CO2

Rough rolling, forging water

Extrusion, foil rolling energy

Extrusion, foil rolling CO2

Extrusion, foil rolling water

Wire drawing energy

Wire drawing CO2

Wire drawing water

Metal powder forming energy

Metal powder forming CO2

Metal powder forming water

Vaporization energy

Vaporization CO2

Vaporization water

Coarse machining energy (per unit wt remove)
Coarse machining CO2 (per unit wt removed)

Fine machining energy (per unit wt removed)

Fine machining CO2 (per unit wt removed)

Grinding energy (per unit wt removed)

Grinding CO2 (per unit wt removed)
Non-conventional machining energy (per unit* wit5 r5emove-d)
Non-conventional machining CO2 (per unit* w1t5 r5emove-d)

TOTAL ENERGY (MJ/KG) 11321,14
TOTAL WATER (L/KG) 5620,6
TOTAL CO2 (KG/KG) 852,0189

26,5 MJ/kg
2,395 kg/kg
45,45 |/kg

20,65 Ml/kg
1,55 kg/kg
12,42 /kg
4,37 Mi/kg
0,328 kg/kg
4,16 I/kg
15,55 MJ/kg
1,17 kg/kg
6,97 I/kg
32,1 Ml/kg
2,405 kg/kg
41,6 I/kg
11100 MJ/kg
835 kg/kg
5510 I/kg
0,8055 MJ/kg
0,0604 kg/kg
3,555 MJ/kg
0,2645 kg/kg
6,61 MJ/kg
0,496 kg/kg
111 MJ/kg
8,35 kg/kg

ALUMINUM - data based on [44]

Primary production energy, CO2 and water

Embodied energy, primary production
CO2 footprint, primary production
Water usage

Processing energy, CO2 footprint & water
Rough rolling, forging energy

Rough rolling, forging CO2

Rough rolling, forging water

Extrusion, foil rolling energy

Extrusion, foil rolling CO2

Extrusion, foil rolling water

Wire drawing energy

Wire drawing CO2

Wire drawing water

Metal powder forming energy

Metal powder forming CO2

Metal powder forming water

Vaporization energy

Vaporization CO2

Vaporization water

Coarse machining energy (per unit wt remove)
Coarse machining CO2 (per unit wt removed)

Fine machining energy (per unit wt removed)

Fine machining CO2 (per unit wt removed)

Grinding energy (per unit wt removed)

Grinding CO2 (per unit wt removed)
Non-conventional machining energy (per unit* wit5 r5emove-d)
Non-conventional machining CO2 (per unit* wi1t5 r5emove-d)

TOTAL ENERGY (MJ/KG) 16745,61
TOTAL WATER (L/KG) 9318,84
TOTAL CO2 (KG/KG) 1251,996

203 MJ/kg
13,7 kg/kg
1190 I/kg

3,725 Mi/kg
0,279 kg/kg
3,825 I/kg
7,145 Mi/kg
0,536 kg/kg
5,565 I/kg
26 MJ/kg
1,945 kg/kg
11,6 I/kg
25,35 Ml/kg
2,03 kg/kg
32,85 I/kg
16300 MJ/kg
1220 kg/kg
8075 I/kg
1,0115 MJ/kg
0,076 kg/kg
5,63 MJ/kg
0,4225 kg/kg
10,75 MJ/kg
0,8075 kg/kg
163 MJ/kg
12,2 kg/kg




STAINLESS STEEL - data based on [43]

Primary production energy, CO2 and water

Embodied energy, primary production
CO2 footprint, primary production
Water usage

Processing energy, CO2 footprint & water
Rough rolling, forging energy

Rough rolling, forging CO2

Rough rolling, forging water

Extrusion, foil rolling energy

Extrusion, foil rolling CO2

Extrusion, foil rolling water

Wire drawing energy

Wire drawing CO2

Wire drawing water

Metal powder forming energy

Metal powder forming CO2

Metal powder forming water

Vaporization energy

Vaporization CO2

Vaporization water

Coarse machining energy (per unit wt remove)
Coarse machining CO2 (per unit wt removed)

Fine machining energy (per unit wt removed)

Fine machining CO2 (per unit wt removed)

Grinding energy (per unit wt removed)

Grinding CO2 (per unit wt removed)
Non-conventional machining energy (per unit* wit5 rS5emove-d)
Non-conventional machining CO2 (per unit* w1t5 r5emove-d)

TOTAL ENERGY (MJ/KG) 11714,39
TOTAL WATER (L/KG) 5876,355
TOTAL CO2 (KG/KG) 877,3328

76,75 MJ/kg
5,575 kg/kg
151,5 I/kg

2,41 Ml/kg
0,181 kg/kg
3,16 I/kg
4,515 MJ/kg
0,339 kg/kg

4,235 |/kg
16,1 Mi/kg
1,21 kg/kg
7,21 I/kg
38,8 MI/kg

3,105 kg/kg

50,25 I/kg

11450 MJ/kg

857,5 kg/kg
5660 I/kg

0,8165 MJ/kg

0,06125 kg/kg

3,665 Ml/kg
0,2745 kg/kg
6,83 Ml/kg
0,512 kg/kg
114,5 MJ/kg
8,575 kg/kg




Appendix 011. Environmental impact complete

tables.

CASE STUDY WITH LOUVER ELEMENTS

ELEMENT
ANCHOR
FRAME
ROTATING PLATE
ROTATING AXIS
GUIDE PROFILE
GLASS

MATERIAL
STAINLESS STEEL
ALUMINUM
SODA LIME GLASS

STEEL
CONCRETE

TOTAL

SOLUTION 01

ELEMENT
PIPES
BRACKET
WHEEL
SPACER
USHAPE
ELEVATOR BOLT
NUTS M10
STEEL SCISSOR GUIDE
MESH AROUND BEAM
STEEL BEAM
CAP
PROFILE
CENTRAL BAR
EXTENSION ARM

CONCRETE ADDITON

MATERIAL
STAINLESS STEEL
ALUMINUM
SODA LIME GLASS

STEEL
CONCRETE

TOTAL

WEIGHT (KG)

VOLUME UNIT (M3)

0,002375
0,001125
0,000625
0,000004
2,25E-03
0,050752

VOLUME (M3)

0,004766
0,0045
0,050752

0,00475

212,46

VOLUME UNIT (M3)
0,00030537
0,00014532

3,77E-05
7,80E-06
5,12E-05
7,60E-06
1,50E-06
3,51E-04
0,00034625
3,96E-03
1,25E-05
0,002409683
0,001124758
0,000240548
0,007173405
0,1125

VOLUME (M3)
0,003657
0,006475

0,007173
0,007917
0,225000

WEIGHT (KG)
666,72

QUANTITY
2
2
4
4
2
1
WEIGHT (KG)
37,99
12,08
125,10
37,29

EMBODIED ENERGY(MJ)

1075217,50

QUANTITY
4

NERENRPNBENNNOOSEDDOOL™SS

WEIGHT (KG)

VOLUME (M3)

0,00475
0,00225
0,0025
0,000016
0,0045
0,050752

DENSITY (KG/M3)
7850
7970
7970
7970
2685
2465

WEIGHT (KG)
37,2875
17,9325
19,925
0,12752
12,0825

125,10368

EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L)

444971,21
202328,85
5780,42

422137,03

CO2 EMISSIONS (KG)

29,15
17,39

18,04
62,15
540,00

EMBODIED ENERGY(MJ)

1338

864,39

80656,57

VOLUME (M3)
0,00122148
0,00058128
0,000150848
6,23848E-05
0,000204996
0,0000304

0,000012
0,00070138
0,0006925
0,00791702
0,00005
0,004819365
0,001124758
0,000481096
0,007173405
0,225

33325,50
15127,24
434,17

31769,65

WATER USAGE (L)
547564,52

DENSITY (KG/M3)
7970
7970
7970
7970
7970
7970
7970
7970
7970
7850
2685
2685
2685
2685
2515
2400

223213,46
112594,88
2178,06

209578,12

WEIGHT (KG)
9,7351956
4,6328016
1,20225856

0,497206856
1,63381812
0,242288
0,09564
5,5899986
5,519225
62,148607
0,13425
12,93999503
3,019974962
1,291743834
18,04111257
540

EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L)

341456,
291138,

1062,
703593,
540,

CO2 EMISSIONS (KG)

101054,

00 25572,87 171286,54
60 21767,16 162017,02
62 78,79 452,65
11 52951,79 349312,46
00 1614,06 684,00

WATER USAGE (L)

61 684904,66

422137,0264
210068,2359
233409,151
1493,818566
202328,8509
5780,415534

EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L)

114041,8439
54270,42852
14083,72144
5824,473282
19139,17693
2838,255276
1120,363925
65483,40413
64654,33483
703593,1117
2248,098344
216688,1295
50571,32745
21631,0404
1062,62153
1614,06

31769,65473
15732,76954
17480,85504
111,8774723
15127,24167
434,1723214

8541,005928
4064,508568
1054,780809
436,2158583
1433,402144
212,5671973
83,90810421
4904,288844
4842,196847
52951,78777
168,080463
16200,82201
3780,996572
1617,258113
78,79455915
684

EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L)

209578,1225
105377,736
117086,3734
749,3527896
112594,8843
2178,055069

57207,46534
27223,98685
7064,8981
2921,763994
9600,895279
1423,7703
562,0145922
32848,81622
32432,92542
349312,4605
1251,05427
120585,7432
28142,66347
12037,55411
452,6515144
1836




SOLUTION 02

ELEMENT VOLUME UNIT (M3) QUANTITY VOLUME (M3) DENSITY (KG/M3) WEIGHT (KG)  EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L
PIPES 0,00030537 4 0,00122148 7970 9,7351956 114041,8439 8541,005928 57207,46534
BRACKET 0,00014532 4 0,00058128 7970 4,6328016 54270,42852 4064,508568 27223,98685
WHEEL 3,77E-05 4 0,000150848 7970 1,20225856 14083,72144 1054,780809 7064,8981
SPACER 7,80E-06 8 6,23848E-05 7970 0,497206856 5824,473282 436,2158583 2921,763994
USHAPE 5,12E-05 4 0,000204996 7970 1,63381812 19139,17693 1433,402144 9600,895279
ELEVATOR BOLT 7,60E-06 4 0,0000304 7970 0,242288 2838,255276 212,5671973 1423,7703
NUTS M10 1,50E-06 8 0,000012 7970 0,09564 1120,363925 83,90810421 562,0145922
STEEL SCISSOR GUIDE 3,51E-04 2 0,00070138 7970 5,5899986 65483,40413 4904,288844 32848,81622
MESH AROUND BEAM 0,000466563 2 0,000933125 7970 7,43700625 87119,96562 6524,729145 43702,48886
STEEL BEAM 7,21E-03 2 0,01442878 7850 113,265923 1282299,428 96504,70712 636622,4468
CAP 1,25E-05 4 0,00005 2685 0,13425 2248,098344 168,080463 1251,05427
PROFILE 0,002293661 2 0,004587322 2685 12,31695823 206254,9973 15420,78243 114779,763
CENTRAL BAR 0,001070603 1 0,001070603 2685 2,87456876 48136,41168 3598,948589 26787,64634
EXTENSION ARM 0,000240548 2 0,000481096 2685 1,291743834 21631,0404 1617,258113 12037,55411
0,006828018 1 0,006828018 2515 17,17246628 1011,458264 75,00074646 430,8571789
MATERIAL VOLUME (M3) WEIGHT (KG) EMBODIED ENERGY(MJ) CO2 EMISSIONS (KG) WATER USAGE (L)
STAINLESS STEEL 0,003898 31,07 363921,63 27255,41 182556,10
ALUMINUM 0,006189 16,62 278270,55 20805,07 154856,02
SODA LIME GLASS - - - - -
0,006828 17,17 1011,46 75,00 430,86
STEEL 0,014429 113,27 1282299,43 96504,71 636622,45

CONCRETE - - - - - -

WEIGHT (KG) EMBODIED ENERGY(MJ)  CO2 EMISSIONS (KG) WATER USAGE (L)
TOTAL 178,1221237 1925503,067 144640,1841 974465,4213




