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Abstract

This thesis explores the feasibility of constructing a
flexible insulated glazing unit (IGU) using chemically
strengthened thin-glass to enable higher cold bend-
ing curvatures. The research focuses on identifying
optimal material combinations and structural con-
figurations to accommodate significant deforma-
tion without compromising integrity. Both numerical
modelling and physical testing were employed. In the
absence of sufficient data, material properties were
experimentally derived to enhance model accura-
cy. Strain gauges were used to validate simulations
against real-world tests. Findings demonstrate that a
thin-glass IGU can endure corner deformations of up
to 16.3 cm, offering a performance enhancement of
4.2 times over traditional fully tempered glass units.
These panels have a curvature constant of 0.112. A
case study is performed to investigate how well the
panels would perform in a real situation.
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List of symbols and abbreviations

Abbreviati
Full Form / Meaning
on
IGU Insulated Glass Unit
PMMA Polymethylmethacrylate (Plexiglass)
FEM Finite Element Method
PVB Polyvinyl Butyral (interlayer for laminated
glass)
TPS Thermoplastic Spacer
GFRP Glass Fiber Reinforced Polymer
Brand name for a series of silicone-based
DOWSIL .
adhesives/sealants by Dow
Ethylene Propylene Diene Monomer
EPDM

(rubber used in seals - context inferred)

Symbol Description
E Young’s modulus (Elasticity modulus),
unit: Pa
Poisson’s ratio - ratio of lateral
viv) contraction to longitudinal extension
D Flexural rigidity, unit: Nm
h Thickness of the glass panel, unit: m
R Radius of curvature, unit: m
K Curvature=1/R
Vertical displacement from corner Ato C
6AC,z ) .
in z-direction
a General heat transfer coefficient, unit:
W/(m>K)
acd Heat transfer through conduction
acv Heat transfer through convection
aR Heat transfer through radiation
Re Total thermal resistance of the
construction, unit: m2-K/W
t Thickness of the glass pane, unit: mm
H (mu) Friction coefficient
4 (Maximum) stress, unit: Pa or MPa
€ Strain (dimensionless)
K-factor |Calibration factor for strain gauge
Load duration strength modification factor
Kmod
for glass
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1.1 Problem statement

Glass is becoming increasingly popular in architecture.
It's transparent optical quality provides daylight aswel
as increasing the observable area in from within build-
ings. The most common glass used in architectural
applications, float glass, was developed in the 1950's
by the Pilkington brothers. Since then, production
methods have been developed and altered to make
glass safer and stronger. This has lead to new devel-
opments and design being possible for architectural
applications.

Furthermore, the rise of computational design meth-
ods in architecture have moved the boundary’s of what
can be achieved in terms of shapes of buildings and
fagades. Fluid glass fagades have become popular for
landmark architecture. Currently there are two main
methods of fabricating glass for curved applications,
hot bending, and cold bending.

Hot bending glass uses molds for shaping the glass in
the right shape. With this process, high curvatures of
glass panes can be achieved. However, this process
often requires a lot of time and money. For example,
the glass facade for the Emporia shopping mall in
Malmo used hot bending to build the curved fagade,
whereby 567 individual molds where created to anneal
the glass in its desired shape. 815 glass panes where
heated up to 540 degrees and softened into shape.
(Vanceva, n.d)

Overall this process is cost ineffective and time con-
suming, therefore adding constraints to the possibility
of design.

Cold bending is a technigue whereby flat glass units
are brought onto the building site, where after it is cold
bent into its desired shape. This process allows for

easier manufacturing and requires less unique fabri-
cation processes, therefore being a more sustainable
option. The disadvantage of using cold bending is the
limited flexibility of the glass unit. The stiff glass panes
dictate the maximum allowable curve of the panel, and
for highly fluid fagades this constrains the design.

In the 1960's demand for thinner glass grew out of the
watch industry which started development of new pro-
duction methods. Glass sheet thickness had then been
reduced to 1.4-1.2 millimetres. Since recent times, an-
other industry has taken interest in glass. The technol-
ogy sector is advancing in a rapid tempo, and with the
request for thinner electronic devices, innovations in
glass production have been made. Ultra-thin, flexible
glass has been developed for high-tech applications.

The building sector is as of yet still reliant on traditional
thick float glass sheets. With thickness's of 4-8 milli-
metres often used in insulated glass units. Using thin
glass sheets could provide a real improvement in the
design flexibility of curved glass facades by combining
the convenience of the cold bending method, and the
high achievable curvature of the hot bending method.

/
/
5
/
/
{
4
/
1




o/L 2L

1.2 Research objective

The objective of this research is to find out if the use
of cold bent thin glass insulated glass units can re-
duce the need for hot bend glass units. Reducing the
need for hot bending during the fagade construction
process and thus reducing the CO?2 footprint of curved
glass fagades. Cold bending insulated glass units with
regular glass thickness’ only allows for relatively small
cold bent curvatures. Using thinner glass panes could
increase the maximum curve radius possibly achieva-
ble with insulated glass units.

For this research question it is required to research
how thin-glass behaves during cold bending and how
cold bending affects its mechanical properties. It is
also important to research how different materials in
the insulated glass unit (from now IGU) behave dur-
ing its bending. For this specific research, single corner
cold bending of an IGU is numerically modelled and
physically validated with prototyping.

1.3 Research questions

Can a higher degree of curvature be achieved in cold
bent insulated glass units by applying thin glass?

1. What dictates the maximum bending capacity of a
cold bent insulated glazing unit.

2. How can an IGU be designed to accommodate
bending behaviour of thin glass?

3. How can a setup be constructed for cold bending
a thing glass IGU, and how can strain/stress data be
accurately measured during the bending process”?

4. How accurate can a finite elements model be made
to simulate cold bending of a thin glass IGU?

5. How does a thin glass IGU perform under a single
corner deflection?

6. How does extreme cold bending affect the optical
reflective quality of thin glass?

1.4 Methodology

This research consists of multiple phases and ap-
proaches.

Literature study

The first method is literature study. Thin-glass is a rele-
vant field with papers on its application in architecture
being released very recently. These papers are impor-
tant to obtain a good understanding of the state of the
art of thin glass. First of all the mechanical properties
and the behaviour of glass needs to be studied. These
papers contain knowledge on how glass and thin glass
behaves during bending conditions. The literature
study includes reading literature on correct finite ele-
ment modelling.

The finite element method

The second phase is the modelling phase. To asses
the strength and structural properties of thin glass un-
der bending stress and to predict stresses in the glass
surface during deformation, a finite elements model is
made. Finite elements software can accurately calcu-
late stresses and deformations, and with this model,
changes can be made in the material composition of
the panel. Allowing for finding an ideal panel composi-
tion. With numerical modelling, the maximum allow-
able bend angles can also be predicted, making the
process safer and easier. For a finite elements model
that closely simulates reality, exact material properties
have to be known and chosen in advance. The results
of the finite element model will have to be validated us-
Ing physical testing.

Physical model

The third phase of this research is constructing and
testing a physical model. After numerical modelling,
with knowledge of material properties, a physical mod-
el is assembled. A physical model will determine if the

numerical model outcomes are in alignment with real
life situations. If modelled correctly, the physical model
should correspond with the numerical model. As glass
is still a relatively unpredictable material due to its brit-
tle nature and its strength being dependant on surface
flaws. Strain gauges are applied to the glass' surface
to accurately measure strain at certain locations. The
location of these strain gauges can be corresponded
to in the numerical model.

During this research, ordering chemically strengthened
thin-glass proved to be a challenge as previous part-
ners were unable to provide chemically strengthened
thin glass panes in the sizes required for this research.
The process of finding a new partner took longer than
expected, and while delivery of the glass samples was
successful, there was not enough time to wait on vali-
dating the numerical model with thin-glass prototypes.
Therefore, in this research, a plexiglass prototype is
constructed beforehand. A corresponding plexiglass
model is made and with application of strain gauges
on the thin-glass surface, this model is verified first.

This model is refitted to the thin-glass model by simply
swapping the plexiglass panes to thin-glass panes.

At this point, the maximum principal stress in the glass'
surface can be predicted and will determine the maxi-
mum bending capability of the panel. This hypothesis
is then validated by bending the thin glass IGU sam-
ples. Strain gauges are still applied to the surface to
gain accurate strain data of the glass' surface.

13 | 176
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1.5 Single corner cold bending

This research will be performed by using the single
corner cold bending method. The reason for choosing
this particular method is its practicality. This method
of cold bending could be performed by using regular
materials for building a testing rig. Alternatively, double
corner cold bending is a topic with valuable research
performed. This method of cold bending is more diffi-
cult to perform accurately, and therefore single corner
cold bending is used. Single corner cold bending is an
established method for rigid frame fagade panels. This
research will conduct experiments with flexible edge
spacers and chemically strengthened thin glass. The
difference in material usage therefore makes this re-
search valuable.

Step 1: Research conducted on cold bending methods.

Step 2: Research the best combination of materials to
construct an flexible insulated glass unit.

Step 3: Order materials from suppliers.

Step 4: FEM modelling of an IGU during cold bending
using said materials.

Step &: Construct the insulated glass units with the
ordered materials and constructing the cold bending
setup.

Step 6: Perform cold bending tests and registering
data using strain gauges on the surface of the glass.

Step 7: Compare the results and verify the model.

Step 8: Conclude on the usability of the design and pro-
vide recommmendations on further research.

T ————Polyisobutylene

1: Assembly of thin glass
IGU

3. Place IGU in cold bending setup and
tighten the clamps

Figure 2. Cold bending process used during research (Own work)

/Glass sheet t=1,1Tmm
Polyisobutylene
/Edgetech triseal spacer

Glass sheet t=1,Tmm

2: Sealing of the edges

4. Cold bend IGU and record
data

Kommerling Kodiglaze S
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2.1 History of glass

Glass has along and interesting history that dates back
to at least 4000 years ago. The first discovery of glass
was in the forms of naturally formed glass, mostly ob-
sidian. Which was in its place used for making weap-
ons, jewellery and money. Archaeological evidence
found that the first man made glass was in Eastern
Mesopotamia and Egypt at around 3500 BC and the
first glass vessels were made at around 1500 BC. In
the beginning of glass manufacturing, it was very hard
and slow to manufacture glass. Glass melting furnac-
es were small and the heat they produced was hardly
enough to melt glass. (Historyofglass.com, 2024).

In the first century before Christ, the glass blow pipe
was invented, making production easier, faster and
cheaper. Glass flourished in the Roman empire and
spread through all countries under its rule. Stained
glass became popular throughout Europa in churches
and cathedrals. Partly because of its architectural ap-
pearance, and because glass panes couldnt yet pro-
duced at larger scales, so windows had to be divided
into smaller panes separated by lead.

Since then many inventions were made improving the
production process and glass composition.

|

x
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i

|
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2.2 Float glass

In the 1950s the Pilkington brothers developed the
float glass production method. Still the most impor-
tant glass production method today. Before this, flat
glass was either cast and rolled or drawn into sheets,
both of which leaving imperfections on the surface.
The float glass production method ensures the produc-
tion of perfectly flat glass sheets with uniform thick-
ness, exceptional flatness and perfect optical quality.

In this method, a precise mixture of silica sand (Si02),
Soda ash (NA2C03), Limestone (CaCo3) and cullet are
blended and molten in a furnace at around 1500 de-
grees Celsius. (Meechowas, 2013) These components
together form soda-lime-silicate glass, the most com-
mon type of commercial glass.

The molten glass is poured continuously onto a bath
of molten tin. The glass is lighter than the tin and there-
fore it floats on top of the bath, while spreading out
evenly.

1. Batching of 2. Melting furnace

raw material

The glass is then annealed, meaning its slowly cooled
in a controlled environment. This controlled cooling en-
sures that internal stresses are relieved and the glass
does not break because of temperature changes or
mMinor impacts.

Once the glass is gradually cooled, the glass can be cut
into its desired dimensions.

Nowadays there are many processes of manufactur-
Ing glass, including casting, rolling, spinning, blowing,
floating and drawing. Whereby the float production
takes up to 90% of the glass production. This glass
consists of soda lime and silicate. There are multiple
processes of manufacturing glass, including casting,
rolling, spinning, blowing, floating and drawing. In ar-
chitectural applications most glass consist of sand,
soda lime silicate (glasstips.blogspot.com, 2008)

. w\d{r 4. Annealing
1

L]

3. Floating bath

5. Cutting and
inspection
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2.3 Thin glass

Outside of the built environment, glass has also be-
come extremely important. With the rise of electron-
ics glass is used in screens. Reducing the thickness
of glass in these products can greatly reduce the total
weight and thickness of the product, being of great
importance in hand-held products like phones, tablets
and tv's. There are many types of glass which all have
specific properties according to their applications.
Advancements in the flexibility of glass have made
advancements in technology with flexible or roll-able
screens. This shows that innovations of the mechani-
cal properties of glass can drive innovations of a sec-
tor as a whole. Other sectors where thin glass is be-
coming valuable include

- The automotive industry
- The solar energy industry
- Medical devices.

Thin glass has another production method than regu-

Rollen

Gliihofen

Rollen

geschmolzenes Glas

Figure 6. Drawn up process (Schott AG, NB)

lar float glass. Regular float glass can typically be pro-
duced down to 2 mm, and with specialized production
technigues down to 1.5 mm. Thin glass has multiple
possible production processes.

In the overflown drawing fusion process, a sheet of
glass is formed when molten glass overflows from a
supply through, flows down both sides, and rejoins at
the tapered bottom. There it is drawn away in a sheet
form.

The drawn up process produces glass by drawing the
molten glass upwards. This manufacturing method
is suitable for somewhat thicker archtectural glasses,
between T and 10 mm (glassonweb.com, 2018). But
can be produced with thickness down to 25 um.

To obtain extremely thin glasses between 250 and
270 um, manufacturers use the down-drawn process.
The glass is drawn downwards from the melting tank.

geschmolzenes Glas

Rollen

Gliihofen

Rollen

Glasband

Figure 7. down-drawn process (Schott AG, NB)

2.4 The insulated glass unit (IGU)

In the building sector, insulation of a construction is de-
fined in the Rc-value. The Rc value is the sum of mul-
tiple Rd-values of separate materials. The R-value can
be obtained by dividing the thickness of the material

with thermal conductivity coefficient of said material.

Glass has a very high thermal conductivity coefficient,
and combined with the low thickness of glass planes,
glass has a very low insulating quality with an R-value
of around 1 (m?2K)/W. Because of this weak insulating
capacity fitting a second pane of glass was began in
the 1870s throughout Western Europe. An insulated
glazing unit, consisting of two glass panes bound to-
gether into a single unit with seal between the edges of
the panes, was patented by Thomas Stetson in 1865.
This concept was later developed into a commercial
product in the 1930's. Further development concluded
to the modern IGU.

A modern Insulated glass units consists of multiple
parts. First of all, the two glass panes, who are spaced
apart by an aluminium spacer. This spacer is filled with
a desiccant to prevent moisture building up in the con-
struction. The spacer and the glass panes are glued to-
gether with the primary sealant, in this case Butyl. The
secondary sealant seals off the rest of the construc-
tion and is the first layer to keep moisture out of the
construction. Modern Insulated glass units are filled
with a gas between the glass panes, to reduce thermal
conductivity. This is most often Argon but can also be
Krypton. The glass panes can also be treated with a
film to reduce sun transmitted through the glass. IGU's
can also be made with three layers of glass increasing

the insulating capacity even more.

As stated before, the functionality of the IGU is de-
pendant on the size of the cavity filled with air or gass
between the glass panes. The insulating quality and
value is determined by three factors; radiation, convec-
tion and conduction. Radiation is not dependant on the
width of the cavity and is therefore a constant. As to be
seen in Figure 8.

Heat transmission is measured in W / (m? * K) and
expressed as a. The subscripts are cd, R and cv for
conduction, radiation and convection respectfully. To
find the optimal insulating panel, the sum of the heat
transmission must be as low as possible. The heat

Figure 8. Classic insulating glazing unit (Norfinch glass & mirror MFG. Ltd
2024)

23 | 176
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transmission through conductivity is defined as:

Whereby is the thermal conductivity, and d is the thick-
ness of the cavity.

Convection is governed by the cavity depth. Van der
Linden (2018) gives a value of dcd = 0.25 W/(m2K) for
a cavity of 12mm. The width of this cavity dictates the
amount of conduction that takes place in the IGU. The
bigger the cavity width, the heat has to pass through
more air or gas. This reduces the conduction in the
panel. However, increasing the width of the cavity will
eventually lead to the air more freely moving around,
causing convection. It is stated that for cavities larger
than 20mm, the reduction of heat transport through
conductivity is cancelled out by the increase of heat
transport through convection. Together they are given
asacd+acv=1W/(m2xK). It is assumed that acd =
acv =0.5W (m2.K).

The heat resistance of the IGU Rc can now be calcu-
lated as:

» al
3
=
c 7
o total
6
i radiation
b |
4
|
3 |
2r |
convection
1
conduction
B | — -
0 50 100 150

———e= cavity width in mm

Figure 9. Relation of insulated glass unit cavity width to radiation, con-
vection and conduction. (van der linden 2018)

2.5 Pressure in an IGU

For the IGU to function, the edges around the cauvity,
glass and spacer are hermetically sealed. The seal-
ing of the edge ensures that no air can escape as this
would lead to failure of the insulating value of the glass
unit. By bending the IGU, the volume of the cavity might
change. This causes fluctuation of the pressure inside
the cavity. The air pressure inside the cavity is advan-
tageous for the structural performance of the panel, as
it helps the load distribute the load over the inner and
outer pane. This can be advantageous in the case of
wind loads, when the displacement of the first panel
puts pressure on the gas, which displaces the second
panel. This can prevent the first and the second pane
from making contact under wind loads.

The final key aspect to an airtight cavity is thermal
expansion / compression. Swifts in temperature can
get quite high in the cavity of an IGU. The IGU basically
working as a greenhouse, thus increasing the temper-
ature differences between high and low temperatures.
The effect of the gas expansion in the cavity on the
adhesives can be seen in Figure 10 The fluctuation in
temperature and therefore in pressure leaves an per-
manent deformation of the panel.

-18 °C
1" cycle

=y

1)Startat 23°C —»2)

This causes stress on the adhesives between the
spacer and the glass panes. Good adhesives are able
to adsorb these deformations and stresses.

-
\-{
=
|
|
1 |
i = |
H " |
= I
' |
=
A
= |
Necsces :——*—.-

Figure 10. Movement of the primary adhesive caused by gass contraction

and expansion (Buddenberg, S, Et al. 2076)
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3.1 Structural glass

Structural glass is a relatively new development in
the building industry. Where products like wood, steel
and concrete have been used for centuries, glass as a
structural load bearing material has only been imple-
mented since the last 30 - 40 years.

Structural glass is glass that is subjected to external
forces without the use of a structural frame. Where in
most architectural applications, forces are being car-
ried by the frame around the glass, in structural glass,
the glass itself is subjected to the force. Structural
glass is used for aesthetic reasons, as frames are not
required, giving the structural a clean and transparent
look. (Figure 171)

Figure 11. Apple store New York, this picture shows the unmatched trans-
parancy a structural glass structure can provide. No big other load bearing

Structural glass is used in different applications:

- Glass floors

- Glass roofs

- Glass facades

- Glass staircases

Annealed float glass is cooled in a gradual manner,
allowing the glass to be cut without shattering. The
production of float glass in these controlled conditions
provides a perfectly elastic, isotropic quality. The theo-
retical tensile strength derived from this glass is excep-
tionally high, and may reach up to 32 GPa (Overend.
M, 2022.) However, the strength of glass in reality is
defined by much more than just the theoretical tensile
strength.

3.2 Surface Flaws

Strength of glass is more defined by its surface imper-
fections. After the glass is formed, little cracks start to
appear on its surface. The real characteristic strength
of float glass lies more around 45 MPa. This decrease
in strength is result of stress concentrations around
the glass surface imperfections. Surface imperfec-
tions propagate under tension but not compression.
That is why glass’ compressive strength is much larg-
er than its tensile strength. However, the compressive
strength is generally irrelevant for glass in structural
applications, as transversal tresses arising from Pois-
son's ratio effects or from buckling tend to cause in-
direct tensile failures and dominate the design. (Over-
end. M, 2022).

Flaws on the surface of glass are a product of time,
that's why, when designing with glass, the design
strength is calculated with load duration.

glass thickness

glass surface

Tiip

On On

I A \ _

Figure 12. Stresses at glass' surface flaws (Overend,
2022)

Surface flaws on glass can create huge stress con-
centrations. With flaws, outer layers on the glass sur-
face can allow for far greater displacement than the
tip of the flaw. When glass is cold bend, one face of

the glass is subjected onto tension, the other under
compression. The face under tension is the weak link
in this process. As can be seen in Figure 12. Qtip can
be calculated by the following formula.

Otip = kshape On+/ a/p

whereby:

kshape = Shape of the flaws

o, = Tensile stress perpendicular to the crack
p = Radius of the tip of the crack

a = depth of the crack

This equation can be expressed in terms of stress in-
tensity Ki,

K; =Yovma

Whereby

Y = factor accoutning for crack geometry and location

When Kl exceeds the plain strain fracture toughness,
fast fracture will occur.

As discussed earlier, surface flaws on glass can grow
when the glass is subjected to tensile forces. When
grown to big, these surface flaws cause the glass to
fail and crack. This is called stress corrosion. Because
of the growth of these flaws, the tensile strength de-
creases with time. Therefore, a load duration factor
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called Kmod is applied when determining the strength
of glass.

The Kmod can be determined with the following for-
mula, where fref is the tensile strength at the reference
time tref (generally taken as 3s) and n is the static fa-
tigue constant = 16 for normal conditions. The varia-
tion of (kmod) or relative strength with time, for a con-
stant stress history is shown in Fig ?. The dashed line
Is the sub-division of stress corrosion into long, medi-
um and short term load durations (Table 6.2), which
makes it easier to apply in practise.
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Surface flaws cannot propogate in compression, but
since true compression is almost never achieved, or
because of poisson's ratio effects, tension will always
arise in certain parts of the glass’ surface. Therefore,
the design strength of glass is mostly defined by the
tensile strength. Which is on its own defined by the

3.3 Chemical composition

surface imperfections, and the load duration. Table T
shows the chemical composition of regular float glass.
One of the big advantages of glass is that it is fully re-
cyclable. The more cullet is added to the molten glass
batch, the lower the footprint is. As to be seen in the
table, silica sand has a relatively low carbon footprint.
Mostly Soda Ash has a high carbon footprint in the
glass composition as it is an energy intensive produc-
tion process.

Chemical  Structure  of  Different  Glasses:
Glasses are amorphous (non-crystalline) solids typi-
cally formed by cooling a liquid without allowing it to
crystallize. The most common type, soda-lime glass,
is composed mainly of silica (SiO,), with sodium ox-
ide (Na,0) and calcium oxide (Ca0) added to lower
the melting point and improve workability. In borosil-
icate glass, boron oxide (B,0,) replaces some of the
silica to enhance thermal and chemical resistance.
Lead glass contains lead oxide (PbO), which increases
the refractive index and density, making it useful for
optical applications. Each glass type maintains a dis-
ordered silicate network, but the inclusion of various
oxides modifies its properties by disrupting the Si—O—
Si linkages and introducing non-bridging oxygens.

Chemically strengthened thin glass, is typically made
from aluminosilicate glass. This type of glass con-
sists of a network of silicon dioxide (SiO,) in which
some of the silicon atoms are substituted by alumi-
num (AlR+), forming a more robust aluminosilicate
framework. The glass is strengthened through an
ion-exchange process, where smaller sodium (Na*)
ions in the glass surface are replaced by larger po-
tassium (K*) ions from a molten salt bath. This sub-
stitution creates compressive stress at the surface
and tensile stress in the interior, significantly enhanc-

. . Young's | Shear | Tensile | Hardnes | Bending . Thermzjl
Glass Primary Density Poisson's | Expansio
T c - g/ 3] Modulus | modulus | Strength s strength P
ype omposttion “Mm11 (GPa) | (Gpa) | (MPa) |(vickers)| (Mpa) | "°°° %
(107°/K)
Soda- rS\;DZt:E;:;};fg{;;) 2.44-2.4 |68,2-71
Lime A2 ’ | | ’ ' 128-29,5 |31-34,2 [439-484 |(31-35 0,21-0,22|8-10
Glass Ca0 (10-129), 9 7
Mg0, ALO,
.. |5i0,(~809), B,O,
Borosilic
ate Glass (10-1336), Na,0, 2.2-2.3 |B63-65 30,8-32,3|35-50 500-600 |35-100 |0.20 34
ALO,
Aluminos|Si0,, ALO, (15- 50-100 - 50-120
ilicate 20%), Na,0, K,0, [2.5-2.7 |70-75 28-35 300- 600-700 (400-700) 0,20-0,25|4-6
Glass MgO 700Mpa
Table 1. Chemical composition of different glass types de-

rived from (Oikonomopoulou, 2079)

ing the glass's resistance to scratches and cracks
while preserving its transparency and thin profile.

Type of glass

Standard

[

N/mm?

Float glass

EN 572-2

45

Polished wired glass

EN 572-3

33

Drawn sheet glass

EN 572-4

45

Patterned glass

EN 572-5

33

Wired patterned glass

EN 572-6

27

Table 2.

Characteristic design (tensile) bending strength
for soda lime silicate float glas
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3.4 Strengthening of glass

There are two primary methods to improving the struc-
tural properties. Tempering and chemical strengthen-
ing. During the glass tempering process. Glass under-
goes an intense heating process, followed by a rapid
cooling process. This sudden and quick change in tem-
perature makes the outer layers of the glass pane con-
tract. The rapid contraction in the outer layers causes
compression on the surface, while tension is formed
in the core.

This method is often used for glass applications where
fall through, or shatter safety is required, like roofs, and
large windows.

During chemical strengthening, float glass is sub-
merged in an molten alkali salt bath of approximately
300 - 450 degrees Celsius. In this process, smaller al-
kali metal ions (typically sodium ions, in the glass sur-
face are replaced by the larger alkali metal ions (com-
monly potassium ions) found in the bath. The larger
alkali metal ions squeeze themselves in the gaps left
by the sodium ions. The surface of the glass is now
also in a state of compression, while the core is in

ot Top surface

Glass thickness

Bottom surface

ot

tensilé stress compressive stress

Figure 14. Section of heat strengthened glass (Datsiou, 2014)

compression.

Simultaneously, the compression of the surface fur-
ther closes micro-cracks and thus suppress the ini-
tiation of crack propagation, making the influence of
surface flaws on the glass’ strength smaller.

The advantage of chemically tempering is that it is ap-
plicable to thin glass, whereas the tempering process
is not. Furthermore, chemically tempering offers better
optical quality as it leaves less distortion in the surface
compared to the tempering process.

Engineers work with design strengths to calculate the
maximum capacity of glass products. According to
European standards, specifically CEN/TS 19100 and
EN 16612, the characteristic bending strengths for dif-
ferent types of soda-lime-silicat glass are:

- Annealed glass: 45MPa

- Heat-strengthened glass: 70MPa
- Thermally toughened (tempered) glass: 120MPa

ot Top surface

Glass thickness

Bottom surface

—

-
tensile stress ‘ compressive stress

Figure 15. Section of chemically strengthened glass (Datsiou, 2074)

3.5 Laminated glass

In many situations, glass is laminated to make it safer
during breakage. Laminating two glass panes with a
PVB interlayer ensures the glass doesn't shatter every-
where, but makes the glass ‘stick” to the interlayer. PVB
or polyvinyl butyral is an adhesive plastic layer between
the two glass panes. Lamination prevents glass from
shattering after breaking. The glass shards stick to the
PVB interlayer, reducing injury risk. Lamination is ap-
plied to glass where it is an requirement for glass to re-
main in place after breaking; for example, glass roofs,
or high rise windows/fagades. Laminating the glass
has no observable effect on the crack propagation, but
has a significant influence on the post-fracture perfor-
mance. (Overend, M. 2022).

While the lamination of glass panes in cold bent
facades is a very important factor to increasing safe-
ty, laminating thin glass panels is worth a research
project on its own. Including the lamination of glass
does not fit in the scope of this research. Therefore, the
equivalent thickness of laminated glass as a monolith-
Ic pane can be calculated.

0.09

‘
0.08 e s

Probability Density

Tensile Strength f (MPa)

Graph 1. Probability density functions of tensile strength of annealed
glass and fully toughened glass (Haldimann, L Et al. 2008)

S YR

Equivalent thickness for calculating the bending de-
flection.

(heqﬁ)s
hi + 20hpy,;

heq,o‘ —

Equivalent thickness for calculating the bending
stress in the | plane.

Where 0 < @ < 1 represents no shear transfer (0) and
full shear transfer (1); hi is the thickness of the glass
plies; hm, i is the distance between the mid-plane of ply
I and the mid- plane of the laminated glass unit, ignor-
ing the thickness of the interlayers (Overend, M. 2022).

Figure 16. Laminated Glass (BAsystems.co.uk, re-
trieved 2025)
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3.6 Curved glass facades

There are three methods in creating a curved glass
fagade: division panelling, hot bending or cold bending.

Division panelling

A seemingly round surface can be divided into many
smaller flat surfaces. This theory can be applied in
fagade design. A round glass fagade would be made
out of flat glass panels. The higher the division rate of
panels on the total fagade, the smoother the surface
can result in. This method is often used in projects
which have tight budgets, as flat panelling is a cheap-
er option. However, a completely smooth surface can
never be created using flat panelling, and therefore
the true desired effect of a curved fagade is often not
achieved.

Hot bending glass

Bending glass panes is not a new concept. Bending
glass in its heathened state has been around since the
late 19th century. Manufacturers use a mold and an
oven to shape the glass into a certain shapes. There
are two types of curved glass using heat: hot bend-
ing glass, and tempered curved glass. In both situa-
tions the mold and the glass are heated up to around
580 and 630 degrees Celsius. While in this state, the
glass has high flexibility and can be curved into many
shapes, synclastic or anticlastic. The glass is curved
or bent in its desired shape. Hot bend glass is cooled
slowly, giving minimal distortion to the glass and pro-
viding better optical quality.

Tempered glass is cooled rapidly, this is a technique
called quenching. By rapidly cooling the glass, the out-
er layers contract way faster than the internal layer,
creating tension in the pane.

The hot bending technique for fagade construction
has positives and negatives. The positive side of hot
bending is that almost every imaginable shape can be
produced using this method. For fagade application
this often means anticlastic (double curved) shapes,
with possibly a very small curve radius. This offers
great design flexibility for architects and fagade de-
signers. The smoothness of the shape can be com-
pletely controlled, also meaning that the glass can be
very well distributed over its surface. This ensures very
good optical quality of the curved glass panes.

Another positive is that hot bent glass is stress free. As
the curving geometry is achieved in the liquid state of
the glass, no more stresses will form in the glass in its
cold state.

Negative aspects of hot bending glass are its inefficient
production process. An already completed glass pane
has to be cut into shape firstly, then reheated back to
its liquid state to achieve its desired shape. This adds
an extra, energy inefficient step to the production pro-
cess. Moreover, the same panels often get made twice,
to make sure there is an replacement should the panel
break during transportation or instalment.

If every panel to be made has a unique shape, unique
molds have to be used, making the production non
scalable and not easily automated. These steps in-
crease carbon offset, time, and decrease flexibility of
a project.

Flgure 17. Hotbentfacade OREEOP /8o - Ha

WISCHielke, 2077)
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3.7 Cold bending glass

Cold bent glass uses an already finished glass pane
product. The curve of the fagade is defined by an ex-
isting framework. The glass panels need to be bent
according to the shape of that frame. This process re-
quires more force to bend the glass into the desired
shape, because the glass is in its elastic state, the
glass wants to bend back to its original state, produc-
ing permanent tension in the glass and on used adhe-
sives. How far a piece of glass can bend into a curve
depends on the thickness of the glass. Cold bending
glass fagade panels is applied in curved glass fagades
where the individual panels have a small curve radius.
The bending stiffness of the panels dictate the maxi-
mum allowed curvature of the cold bending of the pan-
el. Cold bending on site is much cheaper and faster op-
tion than hot bending because uniform panels can be
delivered on site, where they are bent into place. Cold
bending can be done in many forms. A single curved
geometry is often cold bent with a maximum curva-
ture with a radius of 3 meters.

A more common method of cold bending being used
in architectural applications at the moment is Single
corner cold bending. Hereby one corner of the fagade
panelis pushed out of plane, creating a slight curvature
on the plane of the glass. A newly explored option for
cold bent fagades is free-form cold bending. Whereby
the advantage of free form cold bending is that more
extreme curved geometry fagades can be achieved.

A big difference between single corner and free-form
cold bending are the edges. Single corner cold bending
can be achieved with straight framing members.

Spherical and concave/convex free-from curves are
based on flexible framing members, whereby the glass
is pressed on to the spacer, and kept in position by ahe-

sives. The glass, with its inelastic nature wants to bend
back in to its original flat state, therefore producing big
stresses on the adhesives and on the flexible spacers.

Another possibility in cold bending is creating an an-
ticlastic shape. Which could also be approached
as double corner cold bending. In theory, anticlastic
shapes also have straight framing members, which
would make it easier to produce than free-forms with
curved framing members.

T ————
Figure 18. Cold bent glass fagade (Credit Libanais beirut, 2013)

il L

3.8 Cold bending of glass facade

panels

Cold bending of glass panels is an interesting and ef-
fective way of creating large curved facades. However,
the maximum bending capacity of a panel is pane is
largely determined by its glass pane thickness. There-
fore bending capicity is limited. The relationship be-
tween thickness and bending capacity can be explained
through flexural rigidity (D), a mechanical property that
governs a plate's resistance to bending. The flexural ri-
gidity formula is derived from the Kirchhoff-love plate
theory (1888) for a glass plate this would be:

Eh3
b= 12(1 —v?)
D: Flexural rigidity of the plate [N - m]
E: Young’s modulus of the material [Pa or N/m?]
h: Thickness of the plate [m]
v: Poisson’s ratio of the material [—]

The flexural rigidity is dependant on the Young's mod-
ulus (E), the poisson’s ratio (v) and the thickness (h).
The thickness of the plate has a large influence to the
flexural rigidity. Twice a thicker plate, means 8 times a
stiffer panel. A quick conclusion would be that a thin-
ner glass plate would be more flexible and thus better
perform in cold bending applications. However as pre-
vious work shows, thin glass has its own drawbacks
- namely:

- Reduced capacity to resist transverse load
- Limited ability to be warped without buckling
- Increased deflection under transverse load

Thus, in the realm of cold warping there exists an opti-
mal thickness for a given size, geometry, and required

load resistance (Bensend, A. 2018).

However, cold bending of fagades panels is depend-
ant on many aspects. The behaviour of the frame is
equally important as glass while cold bending a pan-
el. Combining all these factors creates a stiff fagade
panel whereby substantial amount of force must be
applied to shape it into its desired position. This pro-
longs installation time per fagade panel installation on
the building site.

Cold-Bent (Warped)
(Glass panels warped, framing members inclined and linear or curved)

s Single Comer Cold-Bending

. Free-Form Cold-Bending

Low impact No impact
(glass panels warped) (glass panels warped)
High impact Very high impact
(glass panels warped) (glass panels warped, mullions curved)

Figure 19. Single corner cold bending v free form cold bending. (Meinhardt,
2017)
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When a flat facade panel is bent into its desired shape
the frame of the panel is deformed. The frame twists
around its own axis as can be seen in figure 20 (Ra-
himzadeh, K et al. 2023). After the fagade panel is in-
stalled these deformation will remain. The next facade
panel will arrive flat next to the previously installed
panel. The flat panel now has to interlock with the
previously installed, and now deformed panel as. The
discontinuity between the frames creates a challenge
in interlocking both the panels with each other. Panels
not interlocking leaves opportunity for flaws in air and
water tightness of the facade. To address these issues,
Himzadeh, K et al. (2023) controlled the angle at which
an facade panel edge was cut by using a compound
miter. This allowed them to prefabricate each panel
with the exact geometry that would connect them to
the previous and next panel without twisting. Howev-
er, although the edges themselves might be adjusted
to the possible twisting, the glass itself is still twisting.
This could compromise the structural silicone bite,
and/or the interface with the exterior mechanical cap,
if included. Therefore, a middle ground was explored.

Resulting twist in mullions

Resulting twist in transoms —\’
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Flat Panel Cold Bent Position

Resulting Twist on Extrusions

Figure 20. Diagram indicating how framing elements are twisted during the
conventional flat-panel cold-bending process. By K. Rahimzadeh et al. (2023)

3.9 Maximum achievable curvature
by cold bending

The maximum achievable curve of a glass panel is
largely dictated by the thickness of the glass. The max-
Imum achievable curvature of a glass pane can be cal-
culated with the following formula:

E-t
g=——
2R

o = stress in the glass (Pa or N/m?)
E = young's modulus of glass (around 70Gpa)
t = thickness of the glass pane (m)

R = radius of the curvature circle

The maximum bending angle 8,4, can then be derived geometrically

L
gmar = E
L = arc length (m)

R = Radius of curvature (m)

For a glass pane with regular mechanical properties
of 1.5 meter long, and 6mm thick, this would result in
maximum curvature radius of 4.2 meters. Providing a
curvature of figure 21.

Figure 21. Maximum cold bending Radius.(own work)

3.10 Visual distortion

During both the production and cold bending pro-
cess, glass can develop distortions in its surface
that affects its optical quality. Visual distortion in
glass surfaces arises from variations in thickness,
residual stresses, bending processes, or surface ir-
regularities. These distortions can impact both the
functional and aesthetic aspects of glass, influencing
reflections, transmitted images, and overall clarity.

One common cause of visual distortion is the manu-
facturing process itself. For subsequent processing
techniques for float glass such as tempering, chem-
ical strengthening, lamination, and cold bending can
introduce stress variations and surface deviations
that lead to optical distortions. Roller wave distor-
tion, often observed in tempered glass, occurs due
to contact with rollers during heat treatment, cre-
ating periodic waves that interfere with reflections.

Chemically strengthened glass, unlike thermally tem-
pered glass, undergoes an ion-exchange process
where smaller sodium ions in the glass surface are
replaced by larger potassium ions when immersed
in a molten salt bath. This creates a compressive
stress layer that enhances strength and durability
without the visible distortions typically associated
with tempering. Since chemically strengthened glass
does not go through the heating and cooling cycles
of thermal tempering, it exhibits fewer optical dis-
tortions and is preferred for high-precision applica-
tions such as display screens and aircraft windows.

Imperfections on the surface of large glass facades
are the easiest to notice. Especially when orthogonal
shapes are reflected on the facades.
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Figure 22. Roller wave distortion (Abbot, M. et al, 2007)

In applications where glass is cold-bent for structur-
al or aesthetic purposes, visual distortion becomes
more pronounced. Cold bending induces internal
stresses that can lead to ripple formations or local-
ized warping, particularly along constrained edges
or diagonals. The extent of distortion is influenced
by factors such as glass thickness, support con-
ditions, and applied loads. When the distortion ex-
ceeds acceptable limits, it can cause unwanted re-
flections, image distortion, or even visibility issues.

Accurate measurement and analysis of visual distor-
tion are essential for quality control in glass applica-
tions. Various optical techniques, such as grid reflec-
tion analysis, Moiré interferometry, and laser scanning,
are used to quantify surface irregularities and assess
optical performance. Understanding and mitigating
visual distortion through optimized manufacturing
technigues, improved installation methods, and pre-
cise measurement tools ensures that glass retains its

clarity and functional integrity in demanding environ-
ments.

Figure 23. Roller wave distortion (Glassonweb, 2019)

3.11 Curved glass shapes

A flat plane is prone to deflections more easily than
a three-dimensional plane. Adding a third dimension
ads an axis for forces to be transferred through. For
glass fagades, the applied load comes mostly in the
form of wind loads, or impact loads. Making glass
safe against impact loads can be achieved by either
tempering or chemically strengthening the glass, as
explained before. Minimizing deflections as a result of
wind loads is usually achieved by the thickness of the
glass pane. Should thin glass be used in for example a
high rise fagade, minimizing against wind loads could
be achieved by altering the shape of the pane.

For thin glass improving the structural properties of
the panel will likely not be enough to overcome large
deflections of the panel. Bending the panel out of plane
will likely give the panel more stability and stiffness. A
flat plane can be formed into many shapes. We can
categorize these shapes into three subdivisions; syn-
clastic shapes, anticlastic shapes and monoclastic
shapes.

In order to improve structural stiffness in the glass
plane, one of these shape definitions could provide the
best outcome. Single curved shapes are likely not ideal
to improve structural stability of the glass plane. The
single curve on the surface would likely concentrate
the stresses of the entire surface on a too small part
of the glass plane. Synclastic and monoclastic shapes
both have a more complex shape. The surface shapes
are both defined by the bending of at least two cur-
vatures. The difference being the direction of the cen-
tre points of the curve. The structural quality of these
shapes is that the internal stresses of the plane are
more equally divided over the surface.

a4

Figure 24. Monoclastic shape, single curvature. (own work)

A Monoclastic shape is characterized by bending in
only one direction.

£
v

Figure 25. synclastic shape, two curves in the same direction. (own

A synclastic shape consists of curvatures that bend
in the same direction along two principal axes. This
means that the curvatures are either positive or nega-
tive, and that the shape of the surface will resemble a
bowl or a dome.

A

>

N
Figure 26. Anticlastic shape, two curves in the opposite direction

An anticlastic shape is defined by two curves who
have their centre points at the opposite side of the
surface. Anticlastic shapes, (Hypar or saddle) shapes
can be achieved both with curved and straight edges.
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4.1 Hypar buckling phenomenon

Multiple studies done on cold bending of thin glass
have been conducted. In this section, relevant these
studies are evaluated to find if lessons can be learned,
and improvements can be made.

Studies performed by Galuppi (2014), Young (2019)
and van Driel (2022) involved shaping thin glass into a
hyperbolic paraboloid (hypar) shape. Due to the curva-
ture, membrane forces would be activated in the glass
during loaded conditions. The hypar would provide a
stiff surface as the double curved shape equally dis-
tributes much of the stress over the entire plane. How-
ever, both van Driel and Young concluded that pushing
the glass into a hypar shaped proved to be very hard.
Multiple issues arose during the testing phase.

Inner and
outer leaf

=

GFRP spacer

[

Two supported
corners

Two loaded
corners

Figure 27. 3D visualation of the panel that is used in the test setup of van
Driel. (van Driel, 2022)

Plates buckling

The Kirchoff-love theory that predicts that when a rec-
tangular plate is subjected to force at two corners, a
hyperbolic paraboloid would form. However, experi-
ments have provided evidence that a particular form of
instability occurs above a certain limit of the distortion:
one of the principal curvatures becomes dominant
with respect to the other. The glass plate would form
a single curve and the edges would take on a curved
shape. Research by Galuppi (2014) made a model
that would predict this phenomenon. The results are
shown on the right.

At a certain deflection the hypar shape would snap.
This snap causes the straight diagonals to curve,
whereby the double curved hypar shape would turn
into an single curved shape. This is called the Buckling
phenomenon.

Galuppi, L (2074) shows Three stages of forming a
hypar glass shape. In this model, a square glass plate
of 2000x2000mm, 10mm thickness is used. Figure
28 shows a four-point supported glass plate with pre-
scribed displacement of the corners of 10mm (scale
factor 50). This displacement is small considering the
size of the panel (2000x2000mm). In this situation, the
plate is in a hypar shape with straight edges.

In figure 29 the corner displacement has increased
to 70mm. The surface still resembles a hypar shape,
except with more curvature near the corners. Further-
more, the edges are not straight and have formed in
an S shape.

In figure 30 The glass plate has turned into an almost
single curved shape.
Galuppi concludes that the buckling of the surface is

caused by the curvature of the supposed to be straight
edges.

To combat this behaviour Galuppi (2014) modelled a
stiff edge around the perimeter of the glass. The finite
element model shows that the stiffened edges delay
the buckling phenomenon. Therefore it was recom-
mended to test this numerical theory physically.

Panes touching

A finite elements model of two glass panes connected
with an GFRP frame was modelled. The model showed
that the panels move towards each other. This means
that at quite low corner deflections the panels would
touch. The exact moment being dependant on the
thickness of the glass and the type of adhesive used.

While the research conducted by van Driel does not
serve the same porpuse as this research, a large para-
graph of the thesis is about creating a finite elements
model that could accurately simulate the bending of
the IGU.

BT et
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Figure 28 Four-point supported glass plate with pre-described displace-
ment of 10mm (scale factor 50) L. Galuppi et al. (2074)

St 1o s e wco
r BT e e P, 000w

Figure 29. Fo,urfpomf supported glass plate with pre-described displace-
ment of 70mm (scale factor 10) L. Galuppi et al. (2014)
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Figure 30. Four-point supported glass plate with pre-described displace-
ment of 150mm (scale factor 3) L. Galuppi et al. (2074)
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Staaks (2003) tested rectangular glass plates during
cold twisting. One element that could be concluded
from the research is that the relative thickness of the
plate influences the timing and nature of the displace-
ment of the centre of the panel. The lower the relative
thickness of the plate, the more snappy the buckling
will occur. Staaks used a single corner deformation,
which is the equivalent of a double corner deformation.

Out-of-plane displacement dZ [mm]
0 30 60 90 120 150 180

=]

-

Lateral displacement dM [mm]

L=

Figure 31. Graph of the displacement of dM and dZ in the situation drawn
in figure 32B It can be observed how for specimen A, the discplacement
of the centre snaps at a certain point, meaning that the pane turned into a
single curved shape instead of a hypar. With the relatively thicker plate B, this
buckling occurs a bit earlier and more gradually.

Specimen  Dimensions  Thickness 4
A 1721 1688 mm & mm
B 1779 % 1800 mm 10 mm NE— =
C 2066 x 1088 mm 10 mm w =

Figure 32. A (left) and B (right). shows the dimensions of the specimen and a
sketch of the experiment setup.

4.2 Adhesives & sealants

Applying the right adhesive is important and influential
to finding a properly bending IGU. When an IGU is bent,
the adhesive must keep the glass and spacer attached
whilst performing perfectly impermeable, as argon
gas must not escape the cavity. The sealant also has
to offer slight flexibility, as during the cold bending pro-
cess, shear stresses cannot be too high as they will
be redirected towards the glass and spacer. Thus it is
necessary to find the adhesive with the right properties
for this research.

This section takes reference from multiple research
papers mentioned in “Investigations on the cold bent
behaviour on the cold bending behaviour of a double
glazing unit with a rigid edge spacer frame” written
by Tim van Driel in 2022. The source research papers
from Fedoseeva and Young were not available during
the writing process of this thesis. The research per-
formed by van Driel (2022) tried cold bending two thin
glass panes connected to a GFRP spacer into a hypar
shape. The research propagates on earlier research
performed by Young (2019), where a single glass pane
with an GFRP rigid edge was cold bent into an hypar.

A study performed by Fedoseeva (2017) researched
different adhesives and their performance when used
for joining glass to a GFRP frame. Three adhesives
from three different manufacturers were considered.
Each with large variations in strength and stiffness.
The following adhesives were tested involved in the
research:

- 3M Scotch-Weld Epoxy Adhesive DP490
- Kommerling Korapox EP 40619 & EP 42091
- SikaForce, 7666

The basic stiffness properties of the adhesives were

tested through tensile dumbbell tests and double lap
shear tests (figure 33, 34)

The basic stiffness properties as a result of the dumb-
bel test are shown in table 3.

Adhesw.e bulk DP490 | Kérapox | SikaForce
properties

v 0.38 0.38 0.45
Eadh,bulk [MPa] 1427 298 286
Goadnputr [MPa] 517 108 98.6

Table 3. Bulk properties of different adhesives (Fedoseeva, 2017)

The value of the poisson's ratio (v) of Kérapox and Sika-
Fore were deemed incorrect and omitted. The value for
DP490 was taken form Nhamoinesu (2015). The value

Figure 34. Set-up of the double-lap
shear test. (fedoseeva, 2017)

Figure 33. Set-up of the tensile
dumbbel test. (fedoseeva, 2017)

for Korapox was assumed to be equal to the value of
DP490, and the value for SikaForce is speculated by
van Driel (20217) to be taken from the manufacturers.

The double-lap shear test was done to determine the
shear stiffness and shear adhesion strength. Every ad-
hesive type was loaded until failure. The results found
that DP490 failed al 19.9 kN, Korapox failed at 7.3 kN
and SikaForce failed at 2.30kN. Therefore DP490 per-
forming the best and being the strongest. The research
provided a disclaimer stated that the mixing possibly
was not done thoroughly and could have an influence
on the results.

In research performed by Young (2019), three sepa-
rate tests on a Glass fibre reinforced polymer (GFRP)
connected to glass. Two of the three samples were
made with DOWSIL 795. The other one was made with
The Korapox also used in the research performed by
Fedoseeva. DOWSIL 795 has a much lower stiffness
than Korapox, with a tension adhesive strength of 45
and 60 MPa at respectively 25% and 50% extension.
(DOW, 2022). In theory DOWSIL 795 would develop
less stress in the adhesive at the cost of overall stiff-
ness of the panel (van Driel, 2022).

To compensate for the lower stiffness, DOWSIL 795
was applied in a 5mm thickness as opposed to the
2mm thickness of the Korapox. In the test, wire gauge
transducers were placed on the panel to measure ver-
tical displacement. Two out of the three tests lead to
meaningfull results. During the first test with Korapox
peeling of the adhesive occurred at a position where
stress levels were not expected to cause this failure.
This has been suspected to be caused by poor mixing.
The second panel (using D795) fell from the test setup
leaving no meaningful result to the test.
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A picture of the test setup can be seen in figure 35.
The results of Korapox and DOWSIL 795 can be seen
in Table 3

Figure 35. Experiment test setup. Young (2019)
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Figure 36. Numerical and experimental test data for adhesives
during cold bending (Young, 2079)

From the research performed by Fedoseeva, the
DP490 proved to be the strongest adhesive. Howev-
er, for the panel, Korapox was concluded to have the
right combination of strength and stiffness. There-
fore Young performed the experiments with Korapox,
where it was discovered that it was still to stiff. A more
flexible alternative was required for the research.

After consultation with Dow, van Driel (2022) chose to
use DOWSIL 993 Structural glazing sealant. This ad-
hesive is widely used in structural glazing applications.
And has strength and stiffness properties that make
it @ popular choice for cold bending. The research
concluded that adhesive DOWSIL 993 performed well
during the tests. However, the GFRP spacers used in
the experiment were not stiff enough. After more stiff
spacers should be used in following research, DOWSIL
993 should be evaluated again to find out if it can with-
stand higher stress levels.

4.3 Interlayers

Another study by Zhang, et al. (20217) tested single cor-
ner cold bending on 9 tempered glass panes with a
size of 2200 x 1200mm with a pvb interlayer. Thick-
ness’ of the panes was 5, 6 and 8 mm but same panes
with the same thickness were used to laminate . The
aim of this experiment was to research the mechani-
cal response and the properties of cold formed lami-
nated tempered glass panes after applying with a wind
load. Their method consisted of using two clamped
edges and to free edges to allow for the single corner
displacement. The displacement for the free corner
point is 30 mm and 60 mm respectively. This gives a
curvature of 0.6% and 1.2% respectively.

Figure 1. Cold bending and load action mode.

Figure 37. Cold bending and load action mode (Zhang, et al. (2021)

The most important findings include:

- The maximum stress of a PVB laminated tempered
glass pane with single corner cold bending appears
near the corner point in the short edge direction. This
is located near the edge of the pane and this is unfa-
vourable to the stress of the glass pane.

- The influence of the cold bending stress is defined by
these three aspects (In order of influence)

- The cold bending curvature

- the thickness of the glass pane

- The thickness of the PVB interlayer

- When the cold bending curvature is large and the
glass thickness is large and the interlayer thickness is
small, the bearing capacity of the glass is panes is con-
trolled by the cold bending stress. Therefore, the cold
bending curvature should be limited.

- When there is single angle warping cold bending, the
maximum value of the load stress coupled with the
cold bending stress is located in the center of the glass
pane.

- The load stress curve and load deflection curve of the
cold-formed glass panes show a slight nonlinear rela-
tionship under the later load.

- The thickness of the PVB interlayer has little effect on
the chance in the stress and the deflection equivalen
effects of cold bending and load coupling.
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4.4 Spacers

Using the right spacer material is important to the
cold bending process. The ability of IGU edge seals
and spacer bars to cope with high deflections is not
only important for long term cold bending deflections,
but also for short term deflections due to wind loads.
(Beer, B. 2019). Traditional spacer bars are made out of
aluminium and stainless steel, but relatively new spac-
ers available on the market are Silicone foam spacers
and thermo plastic spacers (TPS).

The glass is continuously subjected to bending stress
throughout its lifetime, which affects the bearing capa-
city of the glass plate. The sealing spacer materials and
glass plate bend and deform together; there is mutual
restraint between them that produces an interaction.
If the interaction is too large, the large relative slippage
between the glass plate and the sealing spacer mate-
rials may be too great, resulting in failure of the insula-
ting glass. Thus, studying the stress distribution in the
cold bending process of insulating glass is necessary
for safe application of cold bending technology.

TPS spacers usually consists of a one component pol-
ysibutylene with included desiccant material. These
spacers do not include metal stiffner. And the whole
spacer is a homogeneous flexible material. There-
fore, these spacers tend to be able to withstand high-
er deflections of the insulating glass units compared
to metal spacer bars. As this reduces shear stresses
which helps avoid edge seal failure, it can be conclud-
ed that they improve on long-term functionality.

The Research published on trying to bend an IGU into
a hypar shape required high stiffness at the edges of
the glass to delay the buckling effect as explained be-
fore. Therefore in the research performed by van Driel
(20217) GFRP spacers were chosen because of their

excellent tortional stiffness. Other considerations were
aluminium, steel and timber.

4.5 Cold bending distortion

As explained before, optical distortion in the glass’ sur-
face can occur during the production process. As long
as the distortion amount is below the accepted limit,
this does not necessarily form an issue. According to
ENT2150-1:2000 the allowable limit for roller wave dis-
tortion on thermally toughened glass is 0.5 mm over a
length of 300mm.

How the glass reacts to cold bending in anticlastic
shapes has a big impact on its surface quality.

Datsiou. K (2016) performed research on how the sur-
face quality of monolithic glass panes during anticlas-
tic cold bending by pushing two corners and support-
ing two corners, much like van Driel (2022) and Young
(2019) did afterwards.

Findings where that the buckling effect, where one di-
agonal straightens while the other flattens has signif-
icant impact on the quality of the glass’ surface. Even
at stress levels much lower that the breaking strength,
a local instability occurred where ripples form in the
glass before fracture. How and when ripples occur is
strongly influenced by the boundary conditions of the
corners in the bending setup. Corners of this particu-
lar test setup were supported with clamped, pinned
or roller supports and bent by pushing the other two
corners.

The main findings of the paper include that cold bend-
ing distortions can occur without failure, compromis-
ing the optical appearance of the glass panes. The
distortions grow with plate thickness, aspect ratio and
load magnitude. Plates thicker than 4 mm or smaller
In size are more prone to visible distortions. The next
page displays a flowchart designed by Datsiou, (2016)
for determining the acceptance of distortion of monolith-

ic cold bent glass plates.

To use this chart, surface distortion has to be meas-
ured with very specific instruments. The use of these
instruments likely lies out of scope for this research.
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Figure 39. Surface distortion (Datsiou, K. 2016)
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4.6 Summary and considerations

As can be concluded from previous research, the way
glass bends into shape during cold bending is highly
dependant on the composition of the entire product.
Single glass panes are able to cold bent without other
limitations than the glass pane itself. It is concluded by
Zhang, x. Et al (2027) that lamination has little effect to
the cold bending capabilities of glass panes.

Further research conducted by Galuppi (2014) con-
cluded that cold bending a monolithic glass pane into
a hypar shape proved to by only possible at low dis-
placement before the edges of the glass start buckling
behaviour, and a shape more resembling of a single
curved shape is achieved. The recommendation was
made to enhance stiffness of the edges of the glass
panes.

Young (2019) built further on this research and add-
ed GFRP profiles to a single glass pane and tried cold
bending it into an anticlastic shape. van Driel (2021)
added a second glass pane to the construction, thus
creating an insulated glass unit. This IGU was tried to
cold bent into anticlastic shape, and it was conclud-
ed that it was difficult or impossible to get close to a
hypar.

The conclusions of this previous research proved that
trying to cold bent glass into a hypar shape shows lit-
tle promise for glass applications. Therefore, the an-
ticlastic shape was discarded, and focus was put on
free form glass curvatures, whereby the spacer does
not necessarily require to stiffen the edges of the glass
panes.

Research was conducted in finding the best fit for con-
structing a flexible insulated glazing unit. The conclu-
sion of the research found that for flexible cold bend-

ing:

- Thinner glass sheets are a requirement to increase
the maximum curvature allowed during the cold bend-
Ing process.

- A warm edge spacer is flexible at room temperature
and thus accommodates to the shape of the panel
during cold bending. Warm edge spacers often include
a primary adhesive in the product, making the require-
ment for another primary adhesive obsolete.

- To achieve maximum flexibility, a secondary sealant
with highly flexible capabilities after hardening has to
be applied

The required three main components were selected by
reaching out suppliers and discussing what is availa-
ble and achievable for this master thesis' research. The
following materials were chosen

-10x1.7mm Glanova Thin glass sheets - after consol-
Idation with NSG/Pilkington.

- 99 metres of the Triseal spacer from edgetech with
dimensions of 20.2 by 7.3 millimetres. Included is a
Polyisobutylene primary adhesive - after consolidation
with Edgetech/superspacer.

- Kommerling Kodiglaze S as a secondary sealant.
Chosen because of its, and its required tools for ap-
plication's availability at the faculty. It must be noted
that while Kodiglaze S is not specifically made for cold
bending, its material properties and its influence on the
design allowed for this choice.

53 | 176



ection & pro-

brication




9/1 | 98

5.1 Spacer

For a spacer bar, a polymer foam spacer is chosen as
to accommodate for high flexibility in the panel. Con-
tact was made with Superspacer to inquire whether
one of their spacers would suit the flexible thin glass
IGU. After Consultation, the Triseal spacer was chosen
for its high flexibility and strong integrated primary ad-
hesive. A width of 20.2 millimetres is chosen as a thick
spacer could prevent issues like glass panes touching
as occurred during research conducted by van Driel,
(2021). The spacer consists out of flexible silicone
foam, an acrylic adhesive and a primary buty! seal.

The roll of spacer was sent by Superspacer with a to-
tal length of 99 metres. The Triseal spacer has an in-
tegrated primary adhesive. The spacer is sealed off in
an vacuum tight wrapping after production and during
shipping. This ensures that the spacer foam doesn't
dry out. The adhesive is covered by a plastic wrap.

Figure 41. Vacuum wrapped Triseal spacer (Picture taken by author)

5.2 Secondary sealant

For the secondary sealant, it was advised to use a two
component silicone sealant. Using a two component
sealant ensures faster curing than a single component
silicone.

At the faculty of Architecture, a large stash of sealant
was available for use in the lab. This sealant has been
used by a previous student to seal of an insulated glass
unit. The sealant is Kodiglaze S, produced by Kbmmer-
ling. This sealant specifically made for insulating glass
applications. An automated dispenser is advised for
applying an even and well distributed layer of sealant.
Kodiglaze S needs to be applied ina 1:10 ratio.

The Airflow One pneumatic dispenser is capable of
applying this ratio and is available at the faculty. This
pneumatic dispenser needs to connected to a com-
pressed air tank to push out the pistons.

Figure 42. Innotech Rott Airflow one pneumatic dispenser (Picture taken
by author)

5.3 Assembly

One pane of glass is put on the table, on a soft under-
layer to prevent damaging of the glass. First of all the
glass is brushed off to remove any dust particles from
the glass’ surface. Then the glass is cleaned with Iso-
propanol and a microfibre cloth. The isopropanol re-
moves any stains or fat from the surface of the glass.
This is important for not having any stains on the in-
side of the IGU where it can never be cleaned. The edg-
es are cleaned extra carefully, as having any grease or
stains on the surface compromises the ability for the
spacer to glue to the glass.

Then the spacer is taken out of its vacuum sealed
wrap. The sealing of the wrap prevents the spacer
from drying out and thus the wrap should be sealed
again after use.

The spacer is applied separately per side of the pane.
A piece slightly larger than 80 cm (the size of the edge
of the pane) is cut off. Edgetech provided a small piece
of wood designed for applying the spacer by hand. The
wooden piece has an indent which provides the dis-
tance required to place the spacer from the edge of
the glass. The small surface at the edge of the pane is
designed for applying the secondary seal.

After applying the first side of the spacer to the glass,
the edge of the spacer has to be cut in a 45 degree an-
gle. The wooden piece provides guidance for making
the 45 degree cut.

The next piece of spacer is cut off from the roll. For this
piece, another 45 degree angle is cut from the edge.
The two pieces now connect together and will form a
connection that can be sealed off easily. The next part
of the spacer is pressed on the glass. This process is
repeated until the spacer goes all around the pane.

Figure 43. App

Figure 44. App

lication of the Trise

lication of the Trise

al spacer (Picture taken by author)

al spacer (Picture taken by author)
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The corners are still slightly separated and therefore
have to be sealed off. Edgetech provided small butyl
strips than can be applied to the corner. It is important
that the butyl on the side of the spacer makes a con-
tinues bond along the edge. This is the primary adhe-
sive that holds the glass and the spacer together, and
is simultaneously the first impermeable seal to close
off the cavity.

Then the second pane of glass is cleaned with the
same method of the first pane. The glass is then
pressed on the spacer. Clamps are applied to the glass
in small intervals to create an equalized pressure along
the edge. Because of limited supplies, each side was
pressed separately. The corners are pressed with a
stronger clamp to spread out the butyl layer over the
gap. A continues bond can be seen in the picture.

After the glass is properly glued to the spacer, the IGU
can be sealed off. For application of the Kodiglaze
S, the Airflow one pneumatic dispenser is attached
to a pressurized air tank. The Kodiglaze is put in the
dispenser and the plastic silicone mixer is put on the
cans. This mixer makes sure the two components are
mixed in the right 10:1 ratio.

The cavity is completely filled up with silicone to make
sure the spacer and glass are fully sealed. The excess
silicone is scraped off and the panel is left to dry for at
3 days.

Atotal of 6 IGU's are constructed

- One plexiglass IGU

- Two regular Glanova thin-glass IGU's

- Two "laminated” Glanova thin-glass IGU's
- One Blacked out Glanova thin-glass IGU

Figure 45. Continues seal of the polyisobutylene primary adhesive (Picture
taken by author)

=

Figure 46. Clamping of the glass to the spacer (Picture taken by author)

Figure 48. Black spray panted IGU, one inner pane is spray panted so that the
reflection of the glass pane can be clearly observed (Picture taken by author)

Figure 50. Finishing of the Kddiglaze S (Picture taken by author)

Figure 49. Lamination of one of the two laminated IGU's.
used for its adhesion and strength. On these IGU's one inr
er outer pane were laminated. (Picture taken by author)

Bookcover foil was

erpane and anoth-
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5.4 Cold bending setup

For testing the flexibility of the panels, single corner
cold bending is used as a physical testing mechanism.
During single corner cold bending of a glass pane,
three corners are clamped, and one corner is pushed
out of plane. These tests are performed to validate the
results of the numerical model. If the glass behaves the
same way during the tests as in the numerical model,
the model can be considered as realistic. The model
can then be further optimized with materials and sizes
not possible for the scope of these physical tests.

First, wood is sawn up to for a frame that has an in-
ner gap dimension of at least 80 by 80 centimetres. As
stated before, this setup will utilize single corner cold
bending. That means that 3 corners have to clamp the
glass, while one corner is designed to apply a displace-
ment to the glass in that respective corner.

With that setup in mind, four corner elements are
made. 3 corner elements are clamps, wherein the
glass can be clamped. The clamps are made with mul-
tiple spacer-rings to accommodate for different thick-
ness’ of panels.

The corner element is made with a bench dog hold-
down clamp. With this clamp, a displacement can be
pushed by fixing the red piece, and screwing down the
bolt. The current screw wire is replaced by a larger
steel rod to accommodate for larger displacement.

Finally, polyethylene foam is used as a buffer between
the clamps and the glass. This foam is often used as
wrapping material for parcels. The material is com-
pressible up to a certain point, where after it is very
hard to push through. This material is ideal as a soft
buffer between the glass and the steel as it will distrib-
ute high stress points at contact elements.

Figure 52. Configuration of the pushing screw (picture taken by
author)

Figure 55. Final Bending rig configuration (picture taken by author)

e
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Figure 54. Tip of pushing screw, ball joint accommo-
dates movement of the glass (picture taken by author)

Figure 53. Clamped plexiglass panel
(picture taken by author)
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6.1 Numerical model 1 - glass pane

First, a model will be constructed that only consists
of the glass panes. This way, the stresses in the glass
can be modelled. It is predicted that the glass will be
the deciding factor on the maximum bending curve.
It is helpful to solely model the glass first to gain an
understanding on how the glass performs on its own.
Other materials and parts of the IGU change the shape
the glass will take when it is cold bent. This means that
stresses will be distributed differently and could cause
stress concentrations at different location. Setting up
the right Finite elements model with correct boundary
conditions is important for creating accurate results of
bending the single glass pane.

The model of the glass pane consists out of a single
solid square element with dimensions of 800 by 800
millimetres, the same as the physical test setup will be.
For the glass, glanova thin glass by NSG group is used.
This glass is used for smartphones, automotive exteri-
or glass, solar cells and much more. This glass can be
made from 0.33mm to 2mm thick and is made with
the float process.

The plate has been given a thickness of 1.1 millime-
tres. A new material is created in ansys’ engineering
data with the properties derived out of the table, name-

ly a Young's modulus of 75,4 MPa, a poisson's ratio of
0.24 and a compressive strength of 700Mpa.

Defining the tensile strength is very important to this
research as that is when the glass will break under its
tensile forces. Samples of the ordered glass were test-
ed with a Scalp 5, but because of insufficient knowl-
edge about the depth of the chemical strengthening
layer, accurate data could not be derived. A tensile
design strength is estimated in the table provided by
Eckersley O'callaghan and has been set at 260 MPa.
This number is likely derived from tests performed by
the company itself. This is the maximum tensile stress
they use during their design process. Therefore this

Parameters Unit NSG glanova®
Optical transmittance % =91
Refractive index (A=587,6 nm) - 1.51
Density g/cm? 2.48
St Young’s Modulus GPa 75.4
properties
Poisson’s Ratio — 0.24
Dielectric constant @1GHz - 6.9
Coefficient of thermal expanssion (s0-3s0°c) | x 107/°C 91.8
Softening point °C 742
Viscosity Annealing point °C 552
Strain point °C 508
Compressive stress MPa 600 - 800
Chemical DOL um 15-25
SLCUCIUEUILEEY vickers Hardness (before chemical strengthening) | Kgf/mm? 528
Vickers Hardness (after chemical strengthening) Kgf/mm? 583
Dimensions Thickness mm 0.33-2

Table 5. Mechanical properties of NSG glanova glass (HPM.NSG.com,
derived 2025)

Leoflex glass (LG)

Saflex DG41 (SAF) SentryGlas (5G)

Density p 2480
Young's modulus E 74000
Shear modulus G 30000
Poisson’s ratio v 0.23
Tensile bending strength o 260
Maximum size A 1.5x1.85
Thickness range t 0.55-2

1080 950 kg/m?
1007 612 MPa
341 211 MPa
0.476 0.449 -
324 34.5 MPa
2.46x3.2 1.2-200 m
0.76 0.89 mm

Table 4. Physical properties of AGC Leoflex Glass and interlayers (Eckersley O'callaghan, derived 2025)

number is what this thesis will also use.

Comparing the compressive stress and the tensile
stress makes clear that the tensile stress for glass is
much lower than the compressive strength. Therefore
the maximum tensile stress of 260MPa should not be
exceeded.

The Mesh

The mesh in ANSYS significantly affects the behaviour
of a model by influencing accuracy, computational
time, and result stability. A finer mesh, with more ele-
ments, provides higher accuracy because it captures
small details and stress concentrations more effec-
tively. However, it also increases computational time
and resource usage. On the other hand, a coarser
mesh runs faster but may lead to less accurate results,
missing important features such as localized stresses.

The type and shape of elements also play a role. Hex-
ahedral elements, which are brick-shaped, tend to be
more accurate and stable but are harder to generate
for complex geometries. Tetrahedral elements, which
are pyramid-like, are easier to mesh around compli-
cated shapes but may require a finer mesh to achieve
the same accuracy. Poorly shaped elements, such as
those that are overly stretched or distorted, can reduce
accuracy and cause numerical errors.

In areas where stress concentrations are expected,
such as sharp edges, holes, or contact regions, a finer
mesh is needed to capture the details correctly. If the
transition between fine and coarse mesh regions is
too sudden, it can introduce artificial stress points, so
a gradual change in mesh density is preferred.

If the mesh is too coarse, the simulation may struggle
to converge, meaning the results do not stabilize. To

find the right balance, a mesh independence study is
useful—this involves refining the mesh gradually until
the results stop changing significantly.

Different types of simulations have specific meshing
needs. For example, in glass fracture analysis, a fine
mesh is required to capture stress distribution and
crack propagation accurately. On the square plate, four
triangles are drawn to distribute the displacement and
load condition.

The is generated around these cut off corners, instead
of the entire surface being divided into a square mesh,
the surface is now divided into triangles. The smaller
the mesh object size is, the more accurate the models
calculations will be. An optimal mesh size is chosen to
accommodate for the computers maximum calculat-
ing power.

Figure 56. Meshing elements of the modelled monolithic glass pane (own
work)
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The boundary conditions of the plate are defined at
four corners. The four corners of the plate are given a
remote displacement. 3 of these corners are set at zero
movement for the X, Y and Z direction. One corner is
given a displacement, which means that the corner will
be moved in the Z direction with a set amount. These
boundary conditions are set at triangles on near the
corners of the plate. This is done to distribute stress-
es over a larger surface than just the corner. Standard
earth gravity has been assigned to the surface, since
this will also play a minor role in the real life test setup.

There are multiple ways to setup the bending of the
glass plate. Deformation in the Z direction at one cor-
ner can be used. Also applying a force at the given cor-
ner is a possibility. For this method, a deformation at
the corner is chosen. Furthermore it is important that
large deformations are enabled. This ensures that af-
ter steps of deformation, the model is reconfigured to
calculate the stresses in the deformed model. This is
done in multiple steps ensuring a more accurate anal-
ysis result.

B: Static Structural

note Displacement 5

~Aitinn (Own work)
intion (Own work)

Since the surface is now divided into multiple parts
which have a more complex geometry than just a
square, an accommodating mesh has to be construct-

Corner A (OPPOSING) Corner B
X-Component 0 X-Component 0
Y-Component 0 Y-Component 0
Z-Component 0 Z-Component 0
X-Rotation free X-Rotation 0
Y-Rotation free Y-Rotation 0
Z-Rotation free Z-Rotation free
CornerC Comer D (Displacement
X-Component 0 X-Component 0
Y-Component 0 ¥Y-Component 0
Z-Component 0 Z-Component -0,2
X-Rotation 0 X-Rotation 0
Y-Rotation 0 Y-Rotation 0
Z-Rotation free Z-Rotation free
Table 6.  Situation of the boundary condition (Own work)

Iteration 1

The first iteration the corners of the panel are clamped
with triangle surfaces. The clamping of the corners
makes sure there is no movement allowed along the X,
Y and Z axis. However, when one corner of the pane is
pushed down on the Z axis, the edges of the glass will
slightly move on the respective X and Y axes. The trian-
gle shaped clamps proved not to be a realistic model.

Iteration 2

In the second iteration the triangles clamping the glass
are disbanded into sides to allow for movement along
certain edges. The loaded corner is loaded with a sur-
face load, this spreads the stresses more evenly along
the surface, as a point load would concentrate the
stress at the mesh element in the corner.

The opposing corner A is restricted in its movement
in the X, Y and Z direction, but does allow for rotation
in these directions. Corners B and C are clamped at
the side the arrow points at. This makes sure the panel
does not deform and ‘stretch’ during bending.

This iteration is not perfect as there is a large stress
concentration at the downside of the panel at the load-
ed corner created by the edge of the pressurized sur-
face.
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Iteration 3

The third iteration is largely the same as the second
iteration. The difference is that the displaced corner is
allowed rotation. This removes the stress concentra-
tion at the underside of the panel. Stress concentra-
tions are now located at the edges of the pane near
the clamped connections.

The maximum amount of displacement of the corner
achieved with this simulation is a deformation in the
Z-direction of 17,9 centimetres. The maximum prin-
cipal stress at this deformation is 2,49*108 Pa. Which
Is 249 MPag, slightly below the maximum threshold of
260 MPa, the value derived from EOC maximum de-
sign strength table.

@

~

Figure 62. Schematic of the third iteration (Own work)

Ansys

2024 R2

Figure 63. Third lteration during deformation (Own work)
SITUATION D Comer A (OPPOSING) Corner B CornerC Corner D (Displacement
X-Component 0 X-Component 0 X-Component 0 X-Component 0
Y-Component 0 Y-Component 0 Y-Component 0 Y-Component 0
Z-Component 1] Z-Component 0 Z-Component 0 Z-Component -0,2
X-Rotation free X-Rotation 0 X-Rotation 0 X-Rotation 0
Y-Rotation free Y-Rotation 0 Y-Rotation 0 Y-Rotation 0
Z-Rotation free Z-Rotation free Z-Rotation free Z-Rotation free
Test 01 1.1mm Deformation (Tabular) Max Stress (Pa)  Min Stress (Pa) Weak springs Large Deformations
5,01E-02 5,98E+07 -1,46E+07 OFF ON
0,10063 1,29E+08 -3,19E+07
| 0,17858 2,49E+08 | -6,04E+07
0,20548 2,94E+08 -7,09E+07
0,20548 2,94E+08 -7,09E+07
0,20548 2,04E+08 -7,09E+07

Table 7. deformation calculations (Own work)

6.2 Numerical model 2 - IGU

The setup of the numerical model is of great impor-
tance to the results. Results can only be trusted if
they are derived from an accurate and realistic model.
Therefore, the numerical model should be modelled as
closely as possible to the physical test setup.

Global dimensions. The modelled IGU has a width and
length of 800 by 800 millimetres. These sizes were
partly chosen because of availability of the manu-
facturers glass, and because of the size of glass that
could be handled during physical tests.

The IGU contains four corners,

- Corner A: Adjacent clamped corner 1
- Corner B: Opposite clamped corner

- Corner C: Adjacent clamped corner 2
- Corner D: Loaded corner.

The clamped corners are made by de constructing the
corners into small surfaces on the edges.

ro A5 Srhematic 0f the horinda ~ronditi
Ire 6o. Scnematic or the bounaary conartions ¢
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6.2.1 Spacer: uniaxial tensile Test

Edgetech was contacted to obtain the mechanical
properties of the spacer to use for modelling. Unfortu-
nately Edgetech could only provide the density of the
spacer whichis 0,7 g/cm?. Materials like these are too
complex to be modelled as an isotropic elastic mate-
rial. Therefore hyper-elastic models have to be used.
These models depend on parameters. Since the pa-
rameters of this material are unknown they have to be
derived and calculated from test data.

To obtain mechanical properties that could somewhat
be used for Finite Elements Modelling multiple experi-
ments were executed.

The first experiment is a tensile test. With a tensile test,
a part of the spacer is slowly pulled outwards. The ma-
chine registers the pulling force and the displacement
per minute is set as a constant. The machine therefore
outputs a Force/strain graph.

—— Flexible silicone foam

| Pressure-sensitive
acrylic adhesive

Multi-layer vapor barrier

PIB primary seal (Polyisobutylene)

Figure 66.  Composition of the Triseal (triseal data sheet, derived 2025)

Primary sealant (incorporated
into the Superspacer TriSeal

Secondary sealant (Kémmerling
Kodiglaze S)

acer in the IGU (Own work)

L =50mm

Figure 67. Schematic of the tensile test (Own work)

Pilkington Glanova 1.1
(Chemically toughened)

Superspacer Triseal
(silicone foam)

F(N)

AL

Fi
tion (own work)

/

(O

gure 69.

wn work)

Figure 71. Tensile test setup: Sample after breaking

Figure 70. Tensile test setup: Sample
under tension (own work)

Figure 72. comparison of spacer before and after
tensile test (own work)
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Force/strain

350
300

250

Force (N)

200

150

100

20 0 20 40 60 80 100 120
Strain (mm)
——Specimen 1 Standard force N ——Specimen 2 Standard force N

Graph 2. Force strain diagram for sample 1 & 2 (Own work)

The two specimen were put in the tensile machine
with a free length of 50mm. From there the machine
starts pulling on the specimen with a displacement of
10 millimetres per minute.

The graph shows that both samples are in the elastic
region until around 120N. This can be observed by the
linearity of the curves. This means that the material
will form back to its original size up until this point.

After the linear part of the diagram, the line starts to
plateau. It shows that less force is necessary to stretch
out and deform the material. This is the plastic region
of the spacer. All stretched deformation on the sam-
ple will remain, the material will not stretch back to its
original size.

As can be seen in the Force/Strain diagram, the first
sample broke at 96,5 mm strain. The second specimen
broke a bit faster, at 88,9 mm strain. Both specimen
show great tensile strength, almost stretching twice as

Stress/Strain

Stress (MPa)

-20 o 20 40 60 80 100 120
Strain (mm)

——Specimen 1 Stress N/mm2 (Mpa) ——Specimen 2 Standard force stress (n/mm?2)

Graph 3. Stress strain diagram for sample 7 & 2 (Own work)

far as the original length of the unclamped part of the
sample. By dividing the Force applied on the spacer by
the surface size of a section of the spacer, the stress
can be determined.

F
A
2

ag =

A 0,2 * 7,3 = 147,46mm?

The spacer has dimensions of 20.2mm width, and
7,.3mm height. The area size is 147,46 square millime-
tres. The strain is divided by the area and this creates
a stress data column. This data is plotted against the
strain which creates the stress/strain graph.

The young's modulus of the sample can be deter-
mined by calculating the slope of the elastic region of
the graph. The graphs show a clear linear elastic line
between 50 and 100 Newtons. Therefore the data be-
tween these rows were taken and the derivative was

calculated.

For the calculation of the Young's modulus, the strain
expressed in millimetres cannot be used. In the for-
mula for calculating the Young's modulus strain is ex-
pressed as a ratio.

a
E=-
1

o = Stress (Mpa)

E = Young's modulus

. mm
& = Strain (—)
mm

AL

T,

AL = dif ference in length

Ly = original length of sample (mm)

The strain (mm) has to be divided by 50 (the original
length of the sample’s free space between the clamps.)

The linear (elastic) part of the graph remains between
the same rows with values.

Specimen 1 has a derivative of 8,1519. Specimen two
has a derivative of 87376. Another specimen was
tested, but not until breakage point and with a differ-
ent tensile deformation/min value. This specimen also
went beyond its elastic region and had a derivative of
7,6265

The average derivative of these samples is 8,172 mak-
ing this the average Young's modulus of the samples.

This value is used on the model and results with these
values prove the material way to flexible. A possibility
to why the material behaves to flexible in simulations
is the behaviour of the foam during the tensile tests.
Materials like foams show visco-elastic behaviour,
meaning that the material will slowly creep back to its
original state. The visco-elastic part of the graph can
not be used for calculating the Young's modulus.

A hyper-elastic model is required to model the spacer
as the strain and stresses on the material during the
cold bending are to complex for an isotropic elastic
model to handle.

There are many different hyper-elastic models to
choose from in ansys and all have different strengths
and weaknesses. Six hyper-elastic models were con-
sidered for this material.

+  Neo-Hookean
+  Mooney-Rivlin

+  Ogden

+  Yeoh

+ Arruda-Boyce
+  Gent

These models can be used by filling in the required
parameters, like the initial shear modulus and the in-
compressibility parameters. The second and more ac-
curate option is to use test data uploaded to ansys.
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In ansys the following experimental is available for in-
put

«  Uni-axial Test Data

+ Biaxial Test Data

«  Volumetric Test Data

«  Simple Shear Test Data

«  Uni-axial Tension Test Data

«  Uni-axial Compression Test Data

ansys can then fit this data to the stress strain curve,
and can calculate the required parameters itself.

The stress strain data from the tests was loaded into
the Uni-axial tension test data under the hyper-elas-
tic experimental data section. The stress strain data
sheet that came out of the experiment had around
10,000 lines of data recorded for sample 3 (the most
accurate). This dat is too much for ansys to handle on
these computers so the data sheet was altered. For
every 10 rows of data, only one row was kept, reduc-
ing the amount of lines from ~10,000 to 1000. These
values were implemented into ansys. Another required
parameter is the temperature during the experiments.

These type of materials behave differently under dif-
ferent temperatures and therefore it can be valuable to
perform experiments at different temperatures.

The temperature during the tests was not recorded,
but since the experiments were performed inside a
normally climate controlled hall, the standard temper-
ature value of 22 degrees Celsius is taken.

Many types of hyper-elastic models were tried

Some models perform fine with solely uni-axial tension
tests.

Mooney-Rivlin, Neo-Hookean, Gent and Yeoh have all
been tried to run the experiments with. Mooney-Rivlin
proved not to be a right fit for this type of material and
was discarded after simulations failed to complete.

Simulations ran with yeoh did complete but proved
to be not a perfect fit as it does not have enough pa-
rameters to calculate a representative model for this
particular spacer material. Eventually, The Yeoh hy-
per-elastic model was chosen. Like other hyper-elas-
tic models, orders can be chosen, essentially defining
how many parameters have to be filled in

Stress (,107) [Pa]

0 05 1 15
Strain [mm mm*-1]

Graph 4. Yeoh third order calculated stress/strain graph from data
(Own work, derived from Ansys engineering data)

Stress (:10°) [Pal

o 05 1 15
Strain [mm mm~-1]

Graph 5. Yeoh first order calculated stress/strain graph from data (own
work derived from Ansys engineering data)

8l TestData &

Unia m—

Stress (.10% [Pa]

0 0.5 1 15
Strain [mm mm~-1]

Graph 6. Neo-hookean calculated stress/strain graph from data (Own
Work derived from Ansys engineering data)

13
12
11

03
L]
07
06
[
04

Stress (.10 [Pa]

03

0.2
01

o 05 1 15
Strain [mm mm~-1]

Graph 7. Mooney-rivlin 2 parameter calculated stress/strain graph from
data (own work derived from Ansys engineering data)
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6.2.2 Spacer: double lap shear Test

To obtain more information about the mechanical
behaviour of this material, shear tests have been per-
formed. Two pieces of spacer are sandwiched be-
tween three steel plates. This configures a shear test
sample whereby the average of the sample is in the
same plane, namely the central axis which makes it
compatible with shear tests. This is also called a dou-
ble-lap shear test.

Atotal of four samples were tested. The samples were
compressed by the top cylinder, which results in shear
forces in the samples until a displacement of 2mm.
One of the four samples was displaced further as to
see what would happen in high strain situations with
the material. As an be observed in picture the strain
is not absorbed by the spacer, but more by the prima-
ry adhesive. Therefore the data up to 2 millimetres is
more representative for the spacer foam itself. Ideally,
the spacer was placed between 3 glass sheets instead
of 3 steel sheets. For the bonding between the primary
adhesive and the sheet would have been exactly the
same as in the IGU. Unfortunately, using glass in shear
test experiments comes with its own issues, namely
the glass buckling/breaking before enough shear is re-
corded, or the glass breaking in tension.

The experiments provided two data outputs. The dis-
placement (Up to 2mm) and the corresponding force
required for this displacement.

The displacement is divided by the width of the sam-
ples,

Figure 73. Set-up of the shear test experiment. picture A, before
Bhigh shear deformation (own work)

Figure 74. Diagram of the double lab shear experiment (own work)

Picture

Strain/stress sample 1,2, 3

——sample1 ——sample2 ——sample3

Graph 8. Strain/stress data derived from double lab shear test experiment
(own work)

g 2 2 _ 00495
V= 2t T 2.202 204

. mm
y = shear strain %)

§ = displacement (mm)

t = thickness of the sample between steel plates

A =73mm=+40 mm = 292mm?

F 50 50 _ .0856MP
T= 247 2:202 584 a

A = surface of the glued area
F = Force pushed downwards on the double — lap sample

T = shear stress (MPa)

These two rows of data were curve fitted into ansys
under the shear test data. This data was then used in
the Yeoh first order model which were converted to
graph 8. Observe how the green line derived from the
test data is very close to the green line derived from
ansys, hyper-elastic calculations.

Chart of Properties Row 10: Yeoh ist Order B oy

02

T TestData  #

Stress [MPa)

0 0,005 0.01 0,015 0.02 0,025 0.03 0,035 0,04 0,045 0.05
Strain [m m~-1]

Graph 9. Ansys curve fitting model of the shear test data in
model: yeoh 1st order. (Own work)
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6.2.3 Primary adhesive

The TriSeal spacer does not consist out of only one
material. The primary adhesive that is a separate com-
ponent in regular insulated glass units is implemented
in the TriSeal spacer. Although the spacer as a whole
was tested on its Young's modulus, the adhesive strip
has to be modelled on its own.

The polyisobutylene adhesive is a really small strip
along half of the edge of the spacer. The polyisobuty-
lene (or PIB) is modelled as a component with T milli-
metres depth and half the thickness of the spacer.

Figure 75. Section of the spacer with the PIB strips at the side (Edgetech
com, 2025))

The exact mechanical properties of this polyisobuty-
lene layer are not known, even after consulting with
Edgetech themselves. PIB behaves much like a rubber
and is known for a few important mechanical proper-
ties.

- PIB is a soft, flexible and stretchable polymer, espe-
cially at room temperature.

- PIB is an amorphous model, which means its exhib-
its non-linear elasticity.

- PIB is a nearly incompressible material, a key trait

for many hyper-elastic models, meaning the poisson's
ratio would approach 0.5.

Differences between rubber and PIB are:

- PIB's gas permeability is much lower that typical rub-
ber, which means it doesn't let any gas through, mak-
ing it an ideal sealant for insulated glazing.

- PIB Is very resistant to aging dye to saturated back-
bone.

A normal isotropic elastic model is not sufficient for
highly flexible material like PIB, so again a hyper-elastic
model is recommended. Since the deformation of the
primary adhesive is relatively small. The Neo-Hookean,
Mooney-Rivlin or Gent models are recommended.

Cwyl, M. Et al (2021) performed research long-term
performance of polyisobutylene and silicone in warm
edge glazing systems. Since the glazing system used
in this research is a warm edge system, values will be
derived from this paper to form accurate values for the
parameters of the Neo-hookean model.

Tension test - butyl rubber

=
N
o

—— T=-20°C
— T=+23C
— T= +80°C

=
o
1=}

75

50

Stress [kPa]

25

0 20 40 60 80 100
Strain [ % ]

Graph 10. Tension test data, butyl rubber for glazing (Cwyl, m. Et al,
2021)

The Young's modulus is derived from this stress/strain
diagram.

Although the linear part of this stress/strain diagram
Is merely a small hardly readable part, for 23 degrees
Celsius, until 50kPa seems linear. The strain % is meas-
ured at 7%. The Young's modulus is then calculated as
a

E=—

£

E = Young's modulus
g = Stress (Mpa)
mm
& = Strain (—)
mm

b 50.000
0,07

= 0,714MPa

With the Young's modulus, the initial shear modulus
can be calculated

E

e

u = Initial shear modulus
V = Poisson’s ratio = 0,49 (nearly incompressible)

_ 0,714Mpa

= m = 0,24MPa

"

And finally the incompressibility parameter D1 can be
calculated

3(1 - 2v)
Dr=—5—

D, = Compressibilty parameter

_3(1-2+0,49)

— -8 -1
1= To7maR10s o7 107 Fa

These are the two required input parameters for the
Neo-Hookean model.

Figure 76. Model and meshing of the spacer (Own work)

Neo-Hookean u Estimate for PIB from Uniaxial Tension Curve

Digitized Data i
02751 __ Linear fit (4 ~ 0.300 MPa) -
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Graph 11. Neo-Hookean estimate u for PIB from Uniaxial Tension Curve
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6.2.4 Silicone sealant

Modelling the sealant correctly isimportant to the over-
allmechanical behaviour of the IGU. Silicone materials,
particularly those used in glazing sealants and flexible
adhesives, exhibit hyper-elastic behaviour due to their
polymeric structure. Accurately modelling silicone is
essential for predicting its mechanical response under
deformations. For this model, the Arruda-Boyce model
will be used, as it is well-suited for characterizing the
non-linear stress-strain behaviour of silicones.

The silicone sealant to be modelled is be the same
as used in the physical constructed IGU. Kodiglaze S
from Kommerling. This sealant comes in 2 connect-
ed tubes. Both component A and Component B have

Primary sealant (incorporated Pilkington Glanova 1.1
into the Superspacer TriSeal (Chemically toughened)

8l - Superspacer Triseal

3 X (silicone foam)
Primary sealart (incorporated
into the Superspacer TriSeal

I- '|

Figure 77. Secondary sealant in the IGU (Own work)

vestigated timber-glass composite walls. Multiple ad-
hesives were used in this research, whereof the vis-
co-elastic and elasto-plastic properties were tested by
uni-axial tests. (Overend et al. 2011).

The used values were derived from the following table.

element, an alternative is tetrahedral elements for
complex geometries. For large-strain behaviour, en-
hanced strain formulations is activated in material set-
tings. Near contact interfaces, the mesh size should
be small, to around 0.5 to T mm. For high strain areas
the mesh size should be around 1 to 2 mm, for bigger
volumes the mesh size can be higher, but there are no
such areas in this model.

At least 3 mesh elements should be generated across
the thickness of the applied adhesive to properly cal-
culate deformations. Therefore, a small mesh size is
used with elements of 2 mm.

| 08

a density of 1,37g/cm?®. (Technical data sheet). Kodi-
glaze S has a tensile yield strength of 2,70N/mm or,
2,1%10° Pa.

Where the silicone is Kodiglaze S.

- The initial shear modulus (MPa) is 0.7066

Table 5 Selected material models for each type of adhesive

- The limiting network stretch 2.90*10™.

As stated, the Arruda-Boyce hyper-elastic model Adhesive FE model designation ~ Material model (Ansys designation)

81| 176

is used for the modelling of the silicone. The Arru- - Theincompressibility parameter d1 (1/MPa) is 0.2143

da-Boyce hyper-elastic model is commonly used for
rubber-like and silicone materials, making it ideal for

Hyperelastic—Arruda—Boyce (TB HYPER BOYCE)

This provides the following stress/strain diagram. Silicone S3a (M) Initial shear modulus . Limiting network stretch 3., Incompressibility parameter d;

. L : , (MPa) -) (1/MPa)
modelling Kodiglaze S in Ansys. This model accounts
: L - I 0.7066 2.90E+11 0.2143
for non-linear elasticity and the molecular chain behav- || _ " , ,
: S3a (EP) Elasto-plastic model with isotropic hardening (TB MISO)

iour of polymers under deformation. 1 =

1.1

IB (EP)
Hyperelastic—Ogden (TB HYPER OGDEN)

In Ansys’ engineering data, the Arruda-Boyce model is

applied from the hyperfelastic models. The narame- % e Polyurethane  S3a (M) Material constant Material constant oy Incompressibility parameter d,
ters here are: |  Jes (MPa) “) (1/MPa)
o 0.9126 14,486 0.3
0.3
Nt 02 S3a (EP) Elasto-plastic model with isotropic hardening (TB MISO)
Initial Shear Modulus MU D
- Limiting Network stretch 0 (EP)
_ \noompressibility para meter D1 9 01 02 03 04 5:-;" 06 01 08 03 : Epoxy S3a (M) Uniaxial tensile test data (TB EXPE UNIAXIAL)
S3a (EP) Elasto-plastic model with isotropic hardening (TB MISO)

The values for this model for Kodiglaze S are derived ~ 11€ Preferred mesh element type is the hexahedral

from 'Finite element analysis of timber-glass walls — Graph 12. Stress strain data calculated from parameters derived from
(Beer. B, Et. Al, 2016). This paper experimentally in- ~ Ber Et Al 2076)

Table 8. Material models for each type of adhesive (Beer, B. Et Al, 2016)



6.2.5 Clamps

The IGU is clamped in three corners. There are mul-
tiple ways to make a clamped connection in a Finite
Elements model. One way is by creating a remote
displacement. With a remote displacement the move-
ment can be determined in direction XY and Z, as well
as rotation in these vectors. Using these remote dis-
placements as a clamped connection allowed for zero
movement in the glass, while during testing, the glass
should allow for some, at least minimal movement to
not concentrate any stresses around the clamped con-
nection. Therefore, load blocks were used to distribute
the reactionary forces of the clamps to a larger area.

Experiments conducted by Young (2019), and van Dri-
el (2021) also modelled support blocks to distribute
loads. As this simulation should represent reality as
much as possible. The square support blocks used by
van Driel and Young are replaced by triangular shaped
support blocks. This more accurately represents the
part of the glass that leaves the clamps as this clamps

under 45 degrees.

To make the model as close to reality as possible, the
support blocks were divided into two materials. Struc-
tural steel and expanded polyethyrene. The Structural
steel was used to create a clear absolute boundary for
the glass to move.

This foam like material is used to reduce stress con-
centrations arising from clamping the glass with just
steel. A small imperfection in clamping the steel to the
glass could result in a high stress concentration where
the glass could break. Furthermore, the foam allows
for small movement of the glass during the cold bend-
ing as it presses into the foam.

The material properties of the polyethyrene used in
the tests is not exactly known, therefore the properties
were approached using multiple tests. The polyeth-
ylene was modelled using an isotropic elastic model

requiring input for the Young's modulus and the pois-
son's ratio.

The Young's modulus for low density foams can tipi-
cally range from 10 to 1000kPa. Poisson's ratio of this
foam can range from 0.7 to 0.3. The polyethylene is
placed between the glass and the metal sheet. The
metal sheet is screwed towards the glass to provide
a better clamp, compressing the polyethylene. The
polyethylene therefore is already in a compressed
state during the experiments. Therefore values for the
Young's modulus and the poisson's ratio taken for a
more compressed foam material, meaning a poisson's
ratio of 0,3 is more accurate, as the polyethylene is not
much more compressible in this state.
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6.2.6 Contact points

In finite element simulations, contact points between
different elements have to be defined. There are five
different contact settings in ansys mechanical.

Frictionless: allows sliding without any resistance to
tangential motion.

Frictional: sliding with resistance, governed by a fric-
tion coefficient ranging from 0 to 1.

Bonded: the default setting, acts like surfaces are
glued together which means: no sliding and no open-
ing.

No separation: surfaces can slide relative to each
other but can never separate.

Rough: Simulates infinite friction, practically means
frictional with the friction coefficient set to >1. This
means no separation + no sliding.

As a default, all contact points are set to bonded,
meaning the elements will not disconnect and rather
push or pull all the forces back onto the materials.
This contact definition can be applied for most ele-
ments of the IGU, since these parts are glued togeth-
er.

The bonded contact points in the model are:

- Glass to primary adhesive (PIB)

- Glass to spacer

- Glass to secondary adhesive (Kodiglaze S)

- Spacer to primary adhesive

- Spacer to secondary adhesive

- Structural steel support block to expanded polyeth-
ylene foam.

An important contact point in this particular model
is the glass to clamp connection. When the displace-
ment is applied to the free corner of the glass, the

other three corners will move slightly in the direction
of the free corners. Therefore the "frictional” contact is
chosen. The friction coefficient is determined by the
normal contact force. The friction coefficient p deter-
mines the maximum tangential force before the two
solids start to slip.

Fimax = 1+ Fy

Fimax = maximum tangential force
U = friction coef ficient

F, = normal contact force

It is difficult to exactly determine the exact friction
coefficient that corresponds with the real test setup.
Therefore a more general value of the friction coef-
ficient is taken for this specific situation. A friction
coefficient of 04-0.6 can b used for this specific situa-
tion as the tight clamping of the panel does not allow
for much deformation of the panel, but the softness
of the polyethylene foam does allow for some defor-
mation. A friction coefficient of 0.6 gives the following
output and seems accurate for the tests.

Figure 79. Clamped connection with frictional contact
(own work)

6.3 Nummerical model 3: Plexiglass
IGU

To validate the numerical model of the thin-glass IGU,
a test setup with a real thin-glass IGU needs to be
measured and evaluated. The original plan was to use
AGC's falcon glass. Unfortunately AGC was not willing
to sponsor this years research topics so a different
supplier had to be reached out to.

Consultations with different glass producers took
place whereby fortunately, pilkington was willing to
provide chemically strengthened thin-glass. After
consulting with Pilkington's engineers, Glanova chem-
ically strengthened thin glass was chosen as the ideal
product for this application. Unfortunately this specif-
ic glass is only produced in Japan which increased
communication and delivery times. Ultimately the thin
glass arrived too late to perform tests with.

Instead a different material had to be used for the val-
idation of the numerical model. PMMA was used as a
substitute of thin glass. PMMA is a flexible transparent
polymer. A sheet of PMMA, although more flexible than

thin glass could simulate the bending of the real thin
glass panel the best. A thickness of 2 millimetres was
chosen for the PMMA panes, as it would more closely
simulate the stiffness of the 1.1 millimetre thick glass
panes.

Accordingly, a finite elements model was made with
the PMMA panes. The only difference between the two
models being the thickness of the panes and the ma-
terial properties.

Since PMMA is more flexible than the glass, the IGU
will bend further before breaking. The importance of
this model is the extrusion of data at precise coordi-
nates.

A B v D|E
i Property Value Unit Y
2 T8 Material Field Variables {3 Table
3 8 Density 1,18 g am~-3 OO
4 E2) % Isotropic Secant Coeffidgent of Thermal Expansion [F
6 |E [A 1sotropicEasticty [
7 Derive from Young's Modulus an... _¥|
8 Young's Modulus 2,798E+09 Pa B ]
3 Poisson's Ratio 0,37 [
10 Bulk Modulus 3,5872E+09 Pa ]
1 Shear Modulus 1,0212E409 Pa O
12 T8 Tensile Yield Strength B Tabdar | |E
13 T Tensile Ultimate Strength 3 Tabular )

Table 9. Material properties of PMMA plexiglass
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6.4 Results setup

Ansys solutions of maximum principal stress, and
maximum principal elastic strain provide tabular data
with the maximum stress and strain achieved in the
entire model. To see data of stress and strain at par-
ticular points on the surface, probes can be inserted
on the model. Multiple probes are set to provide clear
answers.

- Probe 1: maximum stress and strain at the edge of
the support block on side one

- Probe 2: Maximum stress and strain at the edge of
the support block on side 2

- Probe 3: maximum stress at the inner side of the
pane, directly below the displaced surface.

Probe 3 should correspond to the values of the glob-
al maximum principal stress, as that seems to be the
place of the highest stress concentration

0,000 0,300

0,150

Figure 80. Result setup comparable with real tests (Own work)

Furthermore, probes are set at locations where strain
gauges will be placed to test if the model corresponds
to the physical prototype. These probes are placed a
bit further than the locations with the highest stress
concentrations, as there has to be room for physical
placement of the strain gauges

0,600 (m)

0,450

6.5 Results - Plexiglass IGU

In figure 81 the deformation result of the plexiglass IGU
can be seen. The deformation is set at the vertex of the
free corner and is calculated with a step for every cen-
timetre of displacement. This steps are divided into 5
sub-steps for more accurate results.

Shape

The deformation of the panel is set to 10cm. The de-
formed shape of the panel is actually a clear single
curved surface. The edges of the panel are seen to
slowly curve over the length of the panel. The stiffness
of the spacer is not high enough in order to support a
double curved (hypar) shape. This also partly can be
attributed to the behaviour of plexiglass instead of real
glass. The plexiglass behaves way more flexible rather
than thin glass, and especially for the first few millime-
tres and centimetres of the displacement this makes a
different on shape of the surface of the IGU.

Stresses

Figure 82 shows the maximum principle stresses that
occur in the IGU. The largest stress is recorded at the
vertex of the displaced corner at the opposite side of
the panel. Activating the displacement at the vertex
will give a high stress concentration as all the stress
Is calculated on the nearest mesh element. The maxi-
mum principle stress value derived from this corner is
not of great value for this research. During proposed
cold bending of the panel, the displacement is always
activated at a larger area than the displacement is at
a single vertex area. Therefore it is more interesting to
look at other locations with high stress concentrations.

Other large stresses mostly occur along the edges
of the glass pane, where they increase near the glass
leaving the clamps. The glass leaving the clamped
area creates an initial cantilevered situation. The bend-

0,000 0,300 0,600 (m) Z/Lt X
)

0,150 0450

Figure 81. Total deformation of the panel under single corner bending (Own
work)

0,000 0,300 0,600 (m) Z/I\ x
)

0,150 0,450

Figure 82. Maximum principal stress in panel in deformed state (Own work)

Figure 83. Stress concentration at plexi-glass leaving the clamps (Own work)
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ing moment is the largest at this location, and this cre-
ates the largest stress at the upside of the pane.

Strain

Figure 84 shows the strain vectors according to strain
size. As can be seen in the location of the strain ob-
viously corresponds with the locations of the stress.
What can be observed more closely in this model is
that there is a field of strain in the middle of the pane.
This is the area where the bending of the panel occurs
on the surface of the glass. It can also be observed
that strain gets recorded at the bottom edge of the
IGU, this is interesting, and by taking a closer ook, it is
noted that both fully clamped edges of the IGU bend in
the opposite direction as the deformed corner.

These strain vectors are important because they de-
termine the right location for the placement of the
strain gauges in the test experiment. It is beneficiary
for the placement of the strain gauges to be near high-
strain areas. The strain gauges can collect more data
and this way the gauges will be more resistible against
dissimilarities and noise.

As concluded from this image, strain gauges will be
applied near the two clamped corners near the free,
deformed edge. This is where strain is large, and this
is an accessible location for application of the gauges.

Another location for a strain gauge to be applied is near
the edge of the clamped side of the IGU, near the loca-
tion where it bends in the opposite direction. Applying a
strain gauge here will determine if this opposite move-
ment of the bottom edge occurs in the experiment as-
wel. Graph 17 shows the strain data at the locations
the strain gauges will be placed during the tests.

Figure 84. Strain vectors on panel in deformed state (own work)

Figure 85. Strain vectors on panel in deformed state (own work)

siM10

deformation at probe

——strain gauge 1 Ydirection

Graph 13. Strain/deformation graph of the three strain probes
in the numerical model.

6.6 Results - Thin-glass IGU

The thin glass IGU model the same as the plexiglass
model, except for the two plexiglass panes that have
been swapped with Glanova 1.Tmm thin glass panes.
This model is deformed until 16 centimetres of defor-
mation at the vertex of the deformed corner. This
number is chosen as it would almost certainly include
the maximum principle stress possible for the glass,
260MPa. (Eckersley QO'callaghan, N.B)

The deformed shape of the thin-glass IGU is practical-
ly the same as that of the plexiglass IGU. This is ex-
pected as both the plexiglass and the glass are quite
flexible, whereas the spacer is the structurally a large
component of the panel.

Opposing to the plexiglass, in this model the maximum
principal stress becomes very relevant. The prediction
s that the Glanova chemically strengthened thin-glass
will break at this point. As can be seen in the picture,
the highest recorded stress is at the mesh where the
glass leaves the clamps.

In this model the maximum principle stress reaches
a value of 458MPa at a displacement of 16 centime-
tres. This number is obviously too high for the glass
to reach. 260MPa (the approximated maximum ten-
sile bending strength for chemically strengthened thin-
glass) is reached at a displacement of ~ 9,4 centime-
tres displacement at the corner.

Figure 87. Maximum stress location (Own work)

-

Figure 86. Deformed shape at T6écm deformation at corner (own work)
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This result can be compared with design bending
strength in the ASTM E1300 - standard practice for de-
termining load resistance in glass.

- Annealed glass ~45MPa -> 3,1 centimetres
displacement

- Heat-strengthened glass: ~ 86MPa > 5,3
centimetres displacement

- Fully tempered Glass ~ 120MPa -> 7,4 centimetres
displacement

* Glanova Chemically strengthened glass ~
260MPa ->15,4 centimetres displacement

If this model is correct and could the thin-glass 1GU
really bend this far will be confirmed after validating
the tests.

Maximum principal stress

300

250

= o
@ =]
3 3

aximum principal stress (MPa)

Maxil
g

50

Corner deformation (mm)

Graph 14. Maximum principle stress of thin glass pane during defor-
mation (own work)
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6.7 Discussion of the results

The values derived from this finite element model
could for multiple reasons vary from the results de-
rived from the real tests. Modelling a physical set-up
could derive in various ways from the finite element
model. The goal is to model as closely as possible to
the real situation. This paragraph will discuss a few
reasons as to why results could differ.

* Mesh size and computing time

The mesh size is very important in a finite elements
model. The mesh determines the amount of calcu-
lations the program will perform for each task. The
smaller the mesh size, the more accurate the results
will be. The size of the mesh has a great influence on
the computing time of the simulations. For the (plexi)
glass panes, a mesh of Tcmx1cm has been used in
this final product. Decreasing the mesh size to for
example 5 by 5 mm would quadruple the amount of
mesh elements on the panes, and therefore quadru-
pling the amount of computing time. For running the
simulations, the laptop of the author was not satisfac-
tory, therefore the PC's at the VR-lab were used to run
every simulation on. These PC's contain a 12-core CPU
and 32 Gigabytes of ram. These computers perform
significantly better than the authors laptop. Unfortu-
nately, these computers were not always available,
since there are 2 computers with Ansys installed, and
are meant to be used by the whole faculty.

With simulations already taking up to hours in the cur-
rent state of the model, the mesh was left at the cur-
rent size.

* Modelling of the foam support cushions

Accurately modelling the foam material between the
clamp and the glass proved to be a real challenge. The
exact material properties of the foam used in the test
setup was unknown. How the foam behaves proved

as a guide to model the support blocks. Precisely mod-
elling this foam was a challenge, as making the foam
too stiff, would cause high stress concentrations, and
modelling the foam too soft would make an incorrect
model, or cause distortions during computing, crash-
ing the simulation.

* Friction Coefficient

The friction coefficient between the foam and the
(plexi)glass panels is not a researched value but rather
an educated guess. Multiple values were tried out and
accuracy according to the real tests was observed. A
friction coefficient of 0.6 seemed to be a realistic value.
The realism of this value shall be proven during the real
tests.

* Air pressure

When an Insulated glass unit is constructed, gass is
placed inside the cavity to increase its thermal insulat-
ing value. The spacer has one, or preferrably two small
holes. After the glass is connected to the spacer, the
argon gass is injected into the cavity. The other hole
is there to let the normal air escape out of the cavity.
The gass is injected upto a slight overpressure in the
cavity. The overpressure ensures a good distribution
of the gass. The overpressure also accounts for the
gass leaking in small amounts over time.

The cavity between the IGU is sealed off. The cold
bent geometry of an insulated glass unit can provide a
slight volumetric change of the cavity. Therefore giving
the cavity a slightly higher or lower pressure on its sur-
roundings. Because of time restraints, modelling of the
air pressure was not included in the final ansys mod-
el. The influence on pressure in the IGU on the cold
bending behaviour for this simulation and test is thus
currently unknown.
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7.1 Plexiglass measurement

The first bending test are performed using a prototype
IGU made with plexiglass since delivery of the real
chemically strengthened thin glass is scheduled to late
for thesis admissions. These tests are compared to an
ansys model also made with plexiglass. If the model
and the test results of the plexiglass panel correspond,
the plexiglass can be swapped out and the model
should be reliable enough to make calculations for the
thin glass IGU.

The plexiglass is useful for discovering the right setup
for the single corner deformation tests since it is not as
breakable as normal glass. The setup of the bending
of the plexiglass and the real thin glass is largely the
same, except for a few minor details.

The following paragraph explains how strain gauges
are applied to the surface of the plexiglass panel.

7.2 Strain gauge application

3 strain gauges are applied to the plexiglass surface.
These strain gauges are applied to areas on the sur-
face where high strain is expected following the nu-
merical model.

1. The strain gauges are outlined parallel to the edge
of the IGU. This provides output of strain direction to a
single axis, which can be compared to strain in a single
direction derived from the numerical model. Measur-
ing and noting the exact location of the strain gauge
is important. The surface of the plexiglass is cleaned
with isopropanol to make sure the adhesive perfectly
connects the strain gauge to the plexiglass.

Figure 88. Alignment of strain gauge (own work)

On corner 1, two strain gauges are applied in perpen-
dicular direction to each other, to accurately measure
data in both the X and Y direction, making it possible
to calculate the direction and total amount of strain
roughly on this location. Strain gauge 3 is placed on
the other corner.

The strain gauges are attached to an amplifier. The
amplifier is set to 1 Volt for the strain gauges, this is
to minimize swing in the strain value caused by minor
deformations or temperature switches.

After the device is hooked to a converter which is con-
nected to a PC, the strain gauges will start to warm up
as electricity runs through them. Therefore the strain
value must stabilize before performing any bending
tests. After the strain gauges have stabilized, the strain
gauges can be set to a zero-measurement. after this,
the strain data is exactly the same in the graph as on
the prototype.

Figure 89. Double strain gauge setup in the corner (Own work)

Figure 90. Used amplifier and converter (Own work)
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7.3 Strain calibration

Each batch of strain gauges has a different K-factor.
The K-factor (also called the gauge factor) of a strain
gauge is a constant that relates the electrical resist-
ance change in the gauge to the mechanical strain it's
experiencing.

The first batch of strain gauges used has a K-factor of
2.12. Strain gauge 1 had a defect after pre-testing and
was replaced. The second batch of strain gauges had
a K factorof 2.12

To convert the resistance of the strain gauge and the
K factor to micro-strain the following formula is used.

For the first batch of strain gauges (2.12) the mi-
cro-strain/voltage is 1887. The change in voltage has
to be multiplied by 1887 to gain an accurate output of
micro-strain. For the second batch of strain gauges,
this value is 1895,

A displacement meter is attached to the back of the
IGU on the opposite side of the pushing mechanism.
The displacement meter is hooked to the amplifier.
Measuring displacement accurately is done so that the
strain output data can be linked to an exact displace-
ment, making it easy to compare the strain data of the
prototype to the strain data from the model.

K*xexE 4
= *
4

U = exit voltage
K = Gauge factor = 2.12 and 2.11
& = strain
E = bridge voltage (v)
A = amplification = 1000

Figure 97. Displacement gauge setup behind the panel (Own work)

40 = 2.12+ 1000 * ¢
& =0,01887 = 1887 uStrain = 10 volt
40 = 2.11 %1000 * ¢

& =0,01895 = 1895 uStrain = 10 volt

The final setup can be seen in figure 91. The setup is
rotated 90 degrees from the original design. The origi-
nal design had the IGU laying flat on its back. The flexi-
bility of the plexiglass and the spacer made the IGU de-
flect under its own weight to much for this experiment.
Conducting the experiments with a vertical standing
IGU solves thisissue. Fortunately it also helps the issue
of the upper pane sagging more than the lower pane.
The phenomenon of the two panes possibly touching
is now possibly delayed. A difference between the de-
signed setup for bending the thin-glass IGU and the
plexiglass IGU is the screw down bending mechanism.
The applied pressure on the surface of the point bend-
Ing can cause extreme stress concentrations on the

Cimyiroe Q oto cinAl r honAinA oot e
Figure 92. Complete single corner bending test setup,

surface of the glass if the force is not applied equally
on the surface. With a hand built prototype it is hard
to evenly spread this force without creating extreme
stresses. Therefore for the glass bending mechanism,
the surface of the displacement press was wrapped
in expanded polyethylene most commonly found in
wrapping plastics. However applying a soft material

to the displacement surface causes the IGU to bend
back a bit and push into the displacement surface.
This causes small errors in the strain measurements.
Therefore during the plexiglass tests, the wrapping
plastic was removed from the displacement surface.
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7.4 Plexiglass test results

The plexiglass IGU as shows above has been tested
three times with the 3 strain gauges. During the tests,
the pressure screw was displaced until 80, 100 and
120mm. The change in displacement is to see how the
IGU would react to larger deformations each time. The
three tests were recorded. Somewhere during the third
test, the primary adhesive came loose from the plex-
iglass, where after the plexiglass IGU was no longer
useful for anymore tests. It is predicted that this hap-
pened because the movement of the spacer against
the movement of the glass was too large. This caused
big shear forces on the PIB layer which ultimately
failled. The bending of the edges of the glass exhibit
a large pulling force on the PIB. This differs from the
cold bending of IGU's with a more rigid frame, whereby
most forces in the spacer are transferred to the middle
of the surface of the glass.

Pressure screw
~ .
a7 S Strain gauge 3

[0

400. i

104.0
A
I 48.0
™
3
o

Displacement meter
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Figure 93. Schedule of the cold bending setup situation including lo-
cations of data points (own work)

Furthermore, the secondary glazing sealant, Kodiglaze
S let loose from the PMMA plane and showed lare de-
flection on its own. Although the surface of the Plex-
iglass was cleaned with Isopropanol before applying
the Kodiglaze, the adhesion might not have been suf-
ficient.

The failure of both adhesives could be explained by
the bonding between the silicone and the plexiglass.
The PIB and Kodiglaze are engineered to bond on a
molecular level to glass. Plexiglass of course has a
completely different chemical structure, making the
bonding different.

Figure 96. Secondary adhesive letting loose (own work)

\

v.,t‘
..
i |

Figure 95.
(Own work)

Polyisobutylene layer letting loose from the PMMA pane
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The next graphs show the strain measured in mi-
cro-strain or um. The graphs show that the strain
gauges behave more or less similar in the three tests.

1. Strain gauge data

Strain gauge 1 and 3 gradually register more posi-
tive strain as the corner is displaced. Strain gauge 2 Figure 97 Opposite movement of clamped edge (own work)
shows a negative strain while the corner is displaced.
This means that this strain gauge is compressing. This
can be explained by the movement of the entire panel.
While the displaced corner is pushed “downwards” out
of its plane, the two completely clamped edges start

to bend upwards slightly. This can be observed inthe  _ girain gauge 1 registers a maximum strain of 253um,
simulations. Or 265%10°m.

Interesting behaviour can be observed as after a cer-
tain deformation, all three strain gauges start to regis-
ter less strain.

-Strain gauge 2 registers a maximum strain of -217um,
Or-217*10°m.

Strain/postion test_01

- Strain gauge 3 registers a maximum strain of 153um,
Or 153*10°¢ m.

300000000

Position/timetest 01

200000000

100000000

Strain (um)

Displacement (mm)

Displacement (mm)
Graph 15. Strain gauge data plotted against deformation of the corner  Graph 16. Displacement of the corner against time meas-
measured by the displacement gauge test_07 (Own work) ured by the displacement gauge for test_07 (Own work)
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Graph 17. Strain gauge data plotted against deformation of the corner
measured by the displacement gauge test_02 (Own work)
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Graph 19. Strain gauge data plotted against deformation of the corner
measured by the displacement gauge test_03 (Own work)
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Graph 18. Displacement of the corner against time meas-
ured by the displacement gauge for test_02 (Own work)
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Graph 20. Displacement of the corner against time meas-
ured by the displacement gauge for test_03 (Own work)
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It is clear that there is quite a significance difference
between strain gauge 1 and 3. Ideally, these strain
gauges should output the same data as the panel and
boundary conditions are symmetrical. The difference
in data could have a few causes.

1. The strain gauges are not placed on exactly the
same place.

The author wanted to place strain gauge 1 and 3 on ex-
actly the same place in their respective corners. Unfor-
tunately the first applied strain gauge malfunctioned
and had to be replaced by another. This strain gauge is
now placed further from the edge of the IGU.

2. Asymmetry of the situation.

The panel is placed vertically, which ultimately means
that the panel rests on the two bottom clamps and
is free in the Y-direction (up or down) in the top two
clamps, this could disrupt the data by a small amount.

3. Tightening of the corner clamps.

The corners are screwed down to clamp the IGU. The
tightening of the screws was done with a simple hand
screw. After reviewing the situation, making sure that
every corner clamp was screwed and tightened the
same amount would cause way more accurate defor-
mations of the panel around the corners. If one corner
is less tightly screwed than another, the whole panel
would give more way, therefore reducing the amount
of strain at a certain spot of the surface of the plexi-
glass.

2. Plexiglass surface buckling

As can be seen in the strain gauge graphs, the strain
gets larger when the deformation gets larger until
a certain point. This happens for test one, two and
three respectively at a deformation of 64mm, 78mm
and 76mm. This sudden shift in strain is believed to
be caused by a buckling effect in the surface of the
plexiglass. The shift in strain happened across al three
tests and however it varies how much impact it has
on the strain gauges and how the values shift multiple
consistencies can be observed.

Strain gauge 1 is always the most impacted by this
buckling effect. After a big initial dip in strain, strain
gauge 1 starts to stabilize and then shows recovery
thus increasing strain again.

Strain gauge 2 also clearly shows something happen-
ing during the common buckling point. Test 01 shows
that strain gauge 2 slowly reacts to the buckling ef-
fect, crawling back from -217*107° to -110*10°. Test
two shows a clear spike in strain after which the strain
slowly increases until it starts decreasing again. Test
three shows a slightly different reaction of the strain
gauge to the buckling effect. A spike can be observed,
much like test 02. After this initial spike the recorded
strain keeps increasing until a corner deformation of
108mm. Here both strain gauge 1 and strain gauge
2 start recording strain in the opposite way of where
they were moving.

Other interesting behaviour observed in strain gauge
two is its initial rise in positive strain. The turning point
for this initial rise is around 2 millimetres for the first
test and at 13 and 7mm displacement for the second
and third test. It must be noted that test 2 also shows
signs of a buckle at a deformation of 4 millimetres.

Strain gauge 3 reacts much like strain gauge 1 and
decreases recorded strain after the buckling effect.
Similarly to strain gauge 2 it records a spike during the
buckling effect.

3. Creep and dissimilarities.

There can be multiple causes for the difference be-
tween data output. One explanation of the difference
in the exact location of the buckling effect is plasticity
of the entire panel. Plexiglass on its own behaves very
differently rather than glass. Plexiglass can show sig-
nificant creep behaviour which is much larger than the
creep that can occur in glass. Making glass creep in-
significant compared to creep that can be observed in
PMMA. Creep was observed during the physical exper-
iments of the plexiglass IGU. After the first cold bent
test, the panel bounced back after initially unscrewing
the deformation push. After the initial few centimetres
of removing the pushing knob, the IGU stayed in its
deformed shape. The deformed IGU was then pushed
back in its original state by pushing the displaced cor-
ner back.

It is very likely that the IGU was in a temporal state of
plastic deformation, which essentially is visco-elastici-
ty. A visco-elastic material gradually returns back to its
original shape over time. This is very common behav-
lour for materials like polyurethane, silicone and elasto-
mers. Both the PIB primary adhesive, the silicone foam
spacer and the Kodiglaze are likely to be visco-elas-
tic materials. Whereby it is very likely that the spacer
caused to IGU to behave as a visco-elastic composi-
tion. Furthermore, the stiffness or rather the lack of
stiffness in the plexiglass panes was not enough to
pull the IGU back to a flat state.

After pushing back the deformed corner of the IGU, the
edges still showed a curvature meaning the IGU was
not yet fully recovered back to its original completely
flat state. Because of time constraints, tests 02 and 03
were performed within decently quick succession of
the first test. This inconsistency in the initial shape of
the panel before the single corner cold bending could
be the cause of the difference in the corner deforma-
tion at which the buckling of the surface of the IGU oc-
curs.

The strain gauge outputs were zero measured before
each experiment. This could explain larger dissimilar-
ities between the strain data for each test. If the IGU
was somewhat still “plastically” deformed at the time
the next test took place, the strain gauges will record
different strain.

Finally, when zoomed in on the graphs it can be ob-
served that the lines for all the strain gauges during all
the tests are nog very smooth. The small wiggling of
the lines can be explained by the screwing mechanism
for the displacement system. The pushing mechanism
has to be manually screwed downwards, whereby it
is performed with simple hand movements. Therefore
the lines show small inclinations in the strain data.

103 | 176



7.4 Comparison with FEM simula-
tions

Conclusions sm10 ANSYS SIM vs Stevin test 02

The results of the tests seem usable for this part of the

research. The strain gauges recorded the same behav-
iour for all the three times. Strain values, and deforma-
tions at which buckling effects happen do differ and
is likely caused by the reasons mentioned above. Nu-
merical data can still be compared to these graphs and
if it shows roughly the same behaviour, the numerical
model can be validated.

- The main surface buckling effect in the surface can
be noticed from the graphs and happens in this situa-
tion at around 65 to 78 mm corner displacement.

The behaviour of the panel and the strain values at cer-
tain locations are compared to validate the model.

Graph 21 shows the strain probes plotted against the
deformation at the same location as the displacement
gauge in the single corner bending setup. Strain probes
are set at the nearest location possible as the strain
gauges in the real panel are. Through constructing a
new coordinate system in ansys, the exact location of
the strain gauges can be put into the model.

In the numerical model the two strain probes measure
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almost the same strain, whereby strain probe 3 meas- Deformation (mm)
i i N H H H “ Deformation at corner probe — STR1(FILTERED — STR1(ANSYS)
- A secondary buckle can be observed in the fully sup-  ures slightly more strain. This is expected as strain o _sREUEE)  ——sR2(
ported axis. This buckle causes strain gauge 2tomove  probe 3 is located more near the edge of the panel, TSRO T sTemee
from tensile strain to compression. where the strain and stress is higher than near the cen- Graph 21. Strain/deformation graph of the three strain probes Graph 23. Microstrain/deformation ansys vs Test 02 (Own work)
tre of the panel. in the numerical model (own work)
Evaluation The data of the three tests are plotted against the nu- . ANSYS SIM vs Stevin test 01 ANSYS SV ve Stevin fost 03
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- For further tests performed with thin glass it is impor-
tant to make sure that all corner clamps are screwed
equally tight.

- Fortunately, creep of the thin glass IGU is likely less
significant as the glass is stiff enough to pull the spac-
er back to its original shape.

- The failure of the adhesives is less likely to happen
with the thin glass IGU since both adhesives are de-

merical model in the next graphs. The first combined
graph shows that while the general behaviour of the
strain gauges are similar to the model, the data is ac-
tually quite far off. The buckling behaviour of the tests
also does not appear in the numerical model.

Physical tests 02 and 03 show closer behaviour of the
strain gauges to the model. Especially strain gauge
one is almost completely similar to the model at test
03. At least until the buckling behaviour is recorded in

MicroStrain
MicroStrain

signed for glass. the numerical model.

- To measure if the panel is indeed more symmetrical o0 Deformation (mm) "‘°° Deformation (mm)
than recorded during these tests, placement of strain maEs  —Eue TSmnmm  —smimen
gauges one and three should be at the exact (mirrored) - SROFLTRED)  —— SRIMSS

location of the central diagonal axis. Graph 22. Microstrain/deformation ansys vs Test 07 (Own work) Graph 24. Microstrain/deformation ansys vs Test 03 (Own work)
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While the strain gauges and the probes show the same
general behaviour, the strain numbers are not exactly
the same.

This could have multiple causes.

1. Bonding of the adhesive

The plexiglass IGU is modelled with a "bonded"” contact
point between the plexiglass and the primary adhesive
+ spacer. As explained in the chapter: numerical mod-
elling, a bonded contact means that the two objects
will not separate or glide. Wherein the physical mod-
el, as can be seen on figure 95. The primary adhesive
PIB layer disconnected from the plexiglass pane and
showed great shear deformation. This can possibly be
attributed to the primary adhesive not being made for
bonding with plexiglass and thus performing worse.

2. Clamping of the IGU

While constructing the experiment the plexiglass IGU is
set in the test setup. The screws at the corner clamps
are tightened. During the tightening it was noticed that
the panel slightly compressed inwards, and therefore
made a concave shape. This initial concave shape
might have already put strain on the strain gauges.
Before conducting the experiments, the strain gauges
have been 0 measured. The strain recorded before this
point is at that moment cancelled out. This could be a
causation of the recorded strain in the tests being less
high than the strain recorded in the numerical model.

3. Alignment of the strain gauges

The strain gauges are placed by hand and a small dis-
placement could make the strain gauge not align ex-
actly with the X or Y axis, although relatively speaking,
this should have a small effect on the output of strain
data.

4. Buckling

The buckling of the plexiglass surface recorded during
the tests is very specific to the specific circumstances
in the tests. This type of behaviour is very hard to ac-
curately model and is often not recorded during simu-
lations since the simulation is performed in a "perfect’
setting. Real tests are often not "perfect” which can
increase chance of buckling and other imperfections.
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7.5 Thin glass test 01

The first panel was tested with the same panel con-
flguration as the plexiglass test. The back panel broke
first at a corner displacement of 280 millimetres. This
test was only partly succesfull as the panel came loose
from the clamp at roughly 115 millimetres displacent.
This can be seen in picture 97. Therefore the 280 milli-
metres corner displacement is disregarded. This does
not make the test useless, as the data recorded before
the clamp failure is valuable. The 280 millimetres cor-
ner displacement also meant that the displacement
gauge had to be removed, as it reached its maximum
at 200mm.

Pressure screw Strain gauge 3

~
. 247 F

I ' - -_—
Displacement meter .

<
)
o

o
.20.0

Strain gauge 2

Strain gauge 1

Figure 99. Panel leaving clamp. (Own work)

Figure 98. Schedule of the cold bending setup situation including locations of
data points (own work)

Graph 25 shows the strain recorded at the three strain
gauges against the displacement. The maximum dis-
placement of 200mm is exceeded, but not displayed in
this graph. The graph shows that strain gauge one and
three behave very similarly for the first 115mm, which
is logical, as they are placed at an almost mirrored lo-
cation. Untill 115mm, strain gauge three records a bit
more strain, because it is located closer to the edge of
the panel than strain gauge one. After 115 millimetres,
the data of strain gauge 1 and 3 disperge because of
the clamp failing. The dent in strain at 150mm can be
explained by one of the clamps for the wooden frame
to the steel profiles being removed as it limited the
freedom for the panel.

Graph 26 is zoomed in on the usable part of the test,
where the strain gauges behave linearly. The dashed
lines are the strain data from the model at the respec-
tive coordinates from the test. The lines do correspond
decently, before deviating where the clamp failed. The
difference in exact data can be explained by small dis-
similarities between the model and the test, like the
exact measurements for the clamps and the exact lo-
cations of the strain gauges. To make sure the clamp
will not fail with the next test, the foam is replaced by
cardboard. Cardboard is weak enough to not cause
any stress peaks in the glass, and to distribute the
stress. But it is stronger than foam and will give less
way, making the glass' cold bending shape more pre-
dictable.

Microstrain

stress/deformation

Stress MPa

Graph 25. Glass test 01: measured strain against deformation (own work)

Strain/deformation

Deformation
——Geriesl —— e ——Swie - - ~ANSYS - - —ANSVSZ - - —ANEVS3

Graph 26. Glass test 01: measured and calculated strain against deformation
(own work)
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Graph 27 shows the strain is converted to stress by
multiplying with the Young's modulus (75,4MPa). The
stress behaviour is the same as the strain behaviour
because the young's modulus is a constant. At these
locations, relatively low strain is recorded during the in-
itial phase of the bending test. After the failure of the
clamp, a maximum stress of 60MPa is recorded at
strain gauge 3. Which is higher than could be achieved
with regular annealed glass, but is likely not the maxi-
mum for the Glanova as the pane broke at a different
location than at the strain gauge.

stress/deformation

™

Stress MPa
B

7.6 Thin glass test 02

The second thin-glass panel was bend until a corner
displacement of 18,5cm. This test the corners were
clamped better than during the previous test, by tight-
ening the screws further and using cardboard corner
cushions instead of the polyethylene foam. The panel
therefore stayed much better in its clamped position
at the corners. Similar to the first test, the back panel
broke first, likely at one of the two corners along the
clamped diagonal. Again breaking at the same position
as predicted by the model.

The setup of the strain gauges can be seen in figure
100

L oLL

Y

~

It was chosen to place all the three strain gauges at the
same distance from the edges totestif the pamel was Figure 107. Panel after breakage of the back panel (Picture taken

o
' ! ) - clamped symmetrical by author)

a & 1m0 150 150
Deformation

—— Beriesl ——Series2 —— Seriesd

Graph 27. Glass test 01: measured stress against deformation (own work) e, ’;%

stress/deformation

Graph 28 shows the maximum principal stress of the

Pressure screw Strain gauge 3

entire model is plotted against the stresses recorded 7 %
at the strain gauges. If the maximum tensile stress of oipacemen e J@L — - 8
260MPa is realistic, this would mean that in a better 5 e
performed test, the glass would break at around 150- ..
160mm corner displacement. . ’
=
2]
S Strain gauge 1 0'0‘
Graph 28. Glass test 01: measured stress vs calculated stress against defor- 1 |
mation (own work) ol 700
g - -
Strain gauge 2
Figure 100 Scheduleofthecoldbendingsetupsituationincludinglo- Figure 102 Panel at the clamp after breakage of the back panel

cations of data points (own work)

(picture taken by author)
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Graph 29 shows the data derived from the strain gaug-
es against the deformation at the displacement gauge.
The graph shows that the corner from strain gauge 1
was clamped tighter than the corner from strain gauge
3, since strain gauge one records more strain than
strain gauge 3. Interesting behaviour is observed at 80
millimetres displacement. Strain gauge one records a
buckle in the glass' surface. The other two strain gaug-
es do not record this behaviour. Similar to the other
tests, strain gauge 2 records slight compressive be-
haviour.

Graph 30 shows the stress calculated strain from the
tests versus the stress from the simulations. The sim-
ulation could only run until a 110 milimetres corner
displacement. It can be concluded that the panel was
clamped slightly to loose since the maximum principal
stress would rise to 300MPa in a linear extension of
the simulated values. Clamping the panel slightly more
tight would provide more accurate test data.

Strain/deformation

Microstrain

Deformation at gauge (mm)

——Sories! ——Sories2 —— Series3  ——ANSYS —— ANSYS2 —— ANSYS3

Graph 29. Glass test 02 measured strain against deformation (own work)

stress/deformation

Stress (MPa)

Deformation at gauge (mm)
st ——Seres? | ——Seres3 '

Graph 30. Glass test 02 measured strain against deformation (own work)

7.7 Thin glass test 03

For the third test, the clamps were moved slightly to-
wards the centre of the panel. This would increase the
tightness of the clamps and would decrease the risk
of the clamps letting loose of the glass at high defor-
mations. Unfortunately only one strain gauge was left
available for testing. This strain gauge was placed
on the Str 1 position in the previous tests. The strain
gauge was placed very close to the panel leaving the
clamp, that is why the recorded strain is very high at
this location. The tightness of the clamps gave the
panel little room to deviate which results in high strain
concentration around this area of the panel. The strain
of the strain gauge is plotted against the strain probe
from the simulations at this location.

This panel was bend until a displacement of 163 mil-
limetres where after the concave side of the panel
broke first. Again the simulation was only run intull 90
millimetres deformation at the gauge, but the maxi-
mum principal stress show a generally linear behav-
lour of the maximum principal stress. If we extend this
data, we see that the panel likely broke at a maximum
principal stress of 260Mpa, which corresponds to the
maximum allowed tensile stress of other chemically
strengthened glass products. This deems the numeri-
cal model largely correct.

Strain/deformation test_03

) )
Deformation at gauge (mm)
- - - Sorest —— Sarosd

stress/deformation test 03

&
Deformation at gauge (mm)

——Soiest  ——Prspstross 1 ——MeaxPrncipal stoss
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7.8 Discussion of the results

The results of the thin-glass IGU tests demonstrate
both the mechanical potential and limitations of using
chemically strengthened ultra-thin glass in cold-bent
fagade applications. Across multiple tests, the panels
exhibited high tensile strength, with failure occurring at
displacement values ranging from 16.3 cmto 18.5 cm.
These results are consistent with the strain gauge
measurements and the numerical simulations, which
predicted maximum principal stress concentrations
along the clamped edges and corners. The third test,
which improved clamping conditions and strain gauge
positioning, further confirmed this with a predicted
breaking stress near 260 MPa, validating the predicted
design strength for the Glanova thin glass.

If we compare the deformations at which the panels
broke to the values at which other glass panels would
brake we can conclude that the thin glass bends at
least:

- 5,25 times further than Annealed glass
- 2,76 times further than heat strengthened glass
- 2,2 times further than fully tempered glass

Despite the promising strength values, challenges
remain. The first test showed insufficient clamping,
resulting in an unrealistic failure scenario. Only af-
ter refining the clamping setup were reliable and re-
producible results achieved. The test setup also re-
vealed that clamp positioning significantly influences
stress distribution and must be optimized in design
implementations to prevent premature edge failure.

Moreover, the strain values recorded during the tests
align closely with the numerical Ansys model, rein-

forcing the accuracy of the simulation despite simpli-
flcations such as excluded cavity pressure modelling.
However, in practice, air pressure changes within the
IGU cavity and gas compressibility may slightly affect
performance and need more advanced fluid-structure
interaction modelling for comprehensive evaluation

In conclusion, the results validate the feasibility of
cold-bending thin chemically strengthened glass to
significant curvatures, provided that the edge con-
straints are well designed. The successful correspond-
ence between physical tests and simulations suggests
that thin glass, when properly integrated into insulated
glazing systems, could become a viable structural and
aesthetic alternative to conventional glass products.

With the known data from the experiments, a scaling
formula can be created to estimate the bending capac-
ity of a thin-glass IGU depending on the panel's size.
The relationship might not be linear and is dependant
on at least

- Glass thickness
- Aspect ratio
- Spacer thickness

With the known inputs a formula can be created.

Panel size: 80 by 80 centimeters
Maximum cold bend deflection:; 16,3 cm

L = Side length of the square panel
D = diagonal = V2L

B = corner deflaction (in cm)

R = D= normalized deflection ratio

L=80cm

D=+2+80=113.14
E=183cm

R= 13 =0.144
T 11314

For this IGU design, it can tolerate a deflection of ap-
procimately 14.4% of the diagonal length at one corner.

A formula can be constructed
Bnew =R = ﬁ * Lnew
Brnew = 0.144 = \fi # Lnew = 0.203 = Lnew
Brnew = 0.203 # 100 = 203 cm

For a panel with size 100 x 100 cm, the predicted bend-
ing deflection at the corner is 20.3 centimeters.

115 | 176



Implementation of the panels is explored through a case
study, Fenix Rotterdam. The Fenix museum in Rotterdam
contains a unique hot bent glass roof structre accomoda-
ting the entrance and exit to the exterior part of the "torna-

do" on top of the roof of the museum. This chapter explo-
red the possibility of using Thin-glass IGUs as a substitute.
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9.1 Panel curve optimization

It was explored if a script could be made for surface
panelization optiminization and failure visualisation. As
a casestudy the roof of the Fenix building in rotterdam
was taken. This roof features two entrances to the out-
door section of the "tornado’. These glass entrances
are made out of hot bend panels. A script was made
mimicking these entrances to see if it was possible to
divide the surface in panels that could be cold bend.

Firstly, an intensity study can be performed on the
entire surface. Where surface curvature is high, the
panels turn red, and where curvature is low, the panels
turn blue. This allows designers to make changes to
the curved fagade in order to avoid high curvature sec-
tions in the design during the early design stage.

Figure 103,
work)

Panelized roof with surface curvature analysis (Own

Figure 104.
2024)

To analyze if a panel has to bend too far in order to
fit onto the frame, the curvature radius of the tested
panel is taken as a maximum allowable curvature. As
concluded from the experiments and numerical mod-
eling, the curvature radius can be calculated

L = Side length of the square panel
D = diagonal = V2 + L

B = corner deflection (in cm)

R = D = normalized deflection ratio

L=80cm

D=+2+80=11314

BE=163cm
R = 13 _ 0.144
T 11314

Fenix Rotterdam by Mad architects (Architectenweb.nl,

The k factor is 0.144 for the tested panel. This factor is
taken to calculate the curvature radius.

First the surface was divided into into panels. Of these
panels, the curvature radius is calculated by taking
the end points of the shortest edge. The vector of
the curve at these endpoints is rotated by 90 degrees.
These vectors are used to start a line SDL. When these
lines cross each other, a point is generated. Then, the
line with the shortest distance to the end of the edge
of the panel is taken. This distance is the curvature
radius of the panel. Then the maximum allowed cur-
vature radius is calculated with the following formula.

k = deformation rate =0.1441
¢ = chord length (panel diagonal or other span

R = radius of curvature

An operator is implemented, where if the curve radius
of the panel is higher than the maximu allowed curve
radius, the panel is coloured red.

If the curve radius of the panel is lower than the maxi-
mum allowed curve radius, the panel is coloured blue.

This script works with just the curvature radius. This
means that when panels scale larger, their curvature
Is sized linear. This means that larger panels can have
thicker glass panes and can still ben bent to this de-
gree.

Figure 105,

Curve radius of shortest edge of the panel.(Own work)
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Figure 106
curvature k = 0.0642

Few panels: thin tempered glass, maximum

Figure 108

Few panels: thin chemically strengthened
glass, maximum curvature k = 0.1447

Figure 107.

More panelized surface: thin-tempered glass,

maximum curvature k = 0.0642

Figure 109.

more panelized surface:

thin - chemically

strengthened glass, maximum curvature k = 0.1441

9.2.1 Wind Loads

Wind loads are on of the most critical environmental
forces that influence the structural design and perfor-
mance of building fagades. As buildings grow taller and
more architecturally complex, the interaction between
wind and the building envelope becomes increasingly
significant. Wind exerts pressure and suction forces
on the surfaces of a structure, and these loads must
be accurately assessed and effectively managed to
ensure the safety, durability and functionality of the
facade system.

Facades serve as the primary interface between a
building's interior and the external environment. They
must resist wind-induced pressures while maintaining
aesthetic appeal, thermal performance, and weather
resistance. The impact of wind on a facade depends
on several factors, including building height, shape, ori-
entation, geographic location, and local wind climate.
Additionally, the presence of nearby structures and
topographical features can influence wind flow pat-
terns and, consequently, the magnitude and distribu-
tion of wind loads.

NEN_19100-2 provides deflection limits for I1GU's.
Since this thin-glass IGU is continuously supported
along all edges, a maximum deflection limit of L/50 is
given. In the case of these 80cm by 80cm IGU that al-
lows a maximum deflection of 1.6 centimetres at the
centre of the panel.

The CEN/TS 19100-2 also provides a minimum nomi-
nal mechanical edge cover support depth "S" which in
the case of IGU's should be at least 12 millimetres.

This support depth is modelled into the ansys 1GU
model. The maximum wind load of 2.07KPa is mod-
elled as a pressure on the first pane of the IGU.

Table 9.1 — Typical deflection limits for glass components of deformation class 2 - SLS

Support Deflection limit of the |Deflection limit at | Deflection limit at
condition support of the edges afree edge centre

Continuously according to
supported along |EN 13830:2015+A1:2020, L/502
all edges 5.7

IGU Continuously according to

supported along |EN 13830:2015+A1:2020, L/150¢
2 or 3 edges 5.7
Point-fixed L/150¢

2 Lis the length of the short edge.

b Listhe di | two point-fixings.

< Listhe length of the unsupported edge.

d  Either the deflection limit of 1/100 at the edge or 1/50 in the centre should be applied, not together. The
decision whether to apply one or the other limit depends on the individual case.

Table 10. Typical deflection limits for glass components of deformation
class to - SLS (serviceable limit state) (CEN/TS 19100-2, 2021)

(6) For deformation class 3 - ULS, the actual retained depth of the deformed glass pane inside the edge cover
shall be verified accounting forthe glass chord shortening due to its deflection and to the tolerances.

NOTE Recommended minimum nominal mechanical edge cover is given in Table 9.2 [NDP) unless the National
Amex gives other values.

Tahle 9.2 (NDF) —R ded mini: nominal chanical edge cover sfor glass components of
deformation dass 3-ULS?
Minimum nominal
mechanical edge cover or
Application Further spedfication edge support depth®
smm
Single glass Vertical 12
com ponent Non-vertical 12
Floor y/
4 edges continuously
1z
supported
Balustrades
1 edge contimiously 70
supported (clamped)
Vertical 1z
16U
Non-vertical® 12
2 This table is not exhaustive.
b SeeFigure 9.l
@ Accessible for maintenance only; otherwise see floors

NOTEZ  The limit for the edge cover can depend on the application and on the expected service life of the glass
component and sealants.

Key
1 pane

Table 11. Recommended minimum nominal mechanical edge cover S for
glass components of deformation class 3-ULS (ultimate limit state) CEN/
TS 19100-2 (2021).
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During the construction of an IGU, two holes are drilled
in the spacer. A tank filled with often argon gas is
hooked into the spacer. The IGU is then filled up with
argon, whereby the air escapes out of the second hole.
The second hole is sealed, and often a small overpres-
sure is pumped into the cavity.

This pressure varies because of temperature differ-
ences and atmospheric pressure. The gas expands
with increased temperature, and contracts in colder
situations. In the Netherlands, atmospheric pressure
can be neglected.

In the Ansys model, a pressure of 1.03KPa is placed on
the inner surfaces of the IGU, combined with a 1.0KPa
pressure on the outer surfaces. The pressure inside
the cavity will distribute a part the load on the first
glass pane. Gas\s is compressible, but with the rel-
atively small loads on the panel, the gas will not com-
press much, and distribute the load onto the second
pane. To accurately mimic and predict this behaviour,
fluid dynamic modelling can be used for modelling the
pressurized cavity. This however is very complex to
model and takes much computing power making out
of scope for this research. It was chosen to work with
a general rule of thumb, whereby 70% of the load is
absorbed by the outer pane, and 30% is directed to the
inner pane.

In table 13, wind pressure in the Netherlands is provid-
ed per region and by height. For this calculation, the
maximum wind pressure is used: 2,07KPa. Although it
must be stated that it is highly unlikely that a thin-glass
building will be built in region T with a height of over
150 metres.

o 11 ,}

. r}"”J
5 ~—: % _:-..'-" lq
<L gy 1 )
7 - ——_
-/ 28
e
.n_.f
_ Markermeer, il en de provincie Noord-Holland
ten den van de k . Uitgeest,
Wormerland, Purmerend en Edam-Volendam.
Het resterende deel van de provincie Noord-Holland, de
provinci i Friesland, Flevoland, Zuid-Holland en
Zeeland.
Gebied IIT Het resterende deel van Nederland.
Windstuwdruk in kN/m*
hoogte " 5 .
m) gebied | gebied Il gebied
onbebouwd | bebouwd | onbebouwd | bebouwd | onbebouwd | bebouwd
£2 0.84 0,64 054 0.54 048 0,48
3 0.70 064 0.54 0.5 0.48 0,48
4 0.78 0.64 1L:x] 0,54 048 048
5 024 064 068 054 0,55 046
[ 0.80 0.64 0.73 0,54 0.50 048
N 0,96 064 0,78 0,54 083 048
-1 099 0,64 0.81 0.54 087 0.40
] 102 064 085 0.5 0.70 048
10 1.08 070 0gs 050 073 0.50
1" 1.00 076 0.1 084 078 054 |
12 112 0.81 0.84 0,88 0,78 0.58
13 1,14 068 008 0,72 0.80 0,61
14 147 0.00 0.00 0.78 0,82 0,64
15 1.19 084 1.0 0,78 084 0.67
18 1.21 0.08 1.03 082 0.8 0,70
17 123 e 1.05 0,25 0.g8 0.r2
18 1.25 105 1.07 0,28 0.20 075
10 1.7 1.08 1.08 0,90 oe 0.77
20 126 1.11 1.10 0.3 083 o.me
25 1.37 123 1.18 1,03 1.00 0.88
:30 143 [] 134 1.24 112 1,08 0.05
T 74T 1.30 120 1.1 1.02
40 154 50 1,35 126 1,15 1.07
45 158 1.57 1.2 1,19 112
50 w02 | 1 143 137 123 118
55 1.68 1,00 148 142 120 1.20
80 169 160 1.50 128 122 124
85 1.73 173 153 1,50 132 127
70 1,78 1,76 1,56 154 134 1.31
75 1,78 1,78 1.58 1,57 1,37 1,33
[ @0 181 181 [ 181 180 138 1.3
85 183 183 163 1683 141 1.3
g0 1.88 1.86 1.85 1.85 143 141
@5 1,88 188 1,88 188 I 144
100 10 | 180 1,70 1,70 147 1
110 184 - 1.74 1.74 1.51 1.50
120 128 1,08 1.77 1,77 154 1.54
130 201 m 1.80 1,80 1,57 1.57
140 204 204 1.83 183 1.60 1.60
150 207 207 186 186 162 162

Table 12. Wind pressure in the Netherlands sorted by region

and building height (NEN 6703, 1990)

The wind load pressure is applied in 7 steps to ensure
a stable model. Deflection and stress results can be
observed in the figures and the table. The outer pane
has a maximum deflection of 20,3 mm, and the inner
pane has a maximum deflection of 3.8 mm. The eu-
rocode limit of L/50 is 16mm in the case for this IGU.
The deformation in the outer panel exceeds the limit
of the eurocodes (16mm) by 4mm. This is not accept-
able, but then, this is the wind load in zone 3 at 150
meters altitude, where wind loads are the highest. The
deflection amount is related to the panel size and pane
thickness. With larger panels, deflection will increase,
SO a maximum panel size or minimum thickness of
a pane will have to be considered during the design
stage of a project.

The stresses on the panel mostly concentrate around
the edges, again showing the importance of edge fin-
ishing of these glass panes. The maximum princit-
would be above the design stress for annealed and
heat strengthened glass. However, 2KPa is the highest

steptime (s)wind load  Wind load outer paneWind load inner pane steps Deflection outer panc deflection inner pane max principal stress (Pa
1 300

6,67E-03 1,75E-03 1,176:07
12 7,32E-03 1.90E-03 1,39E+07
14 791E-03 2,04E-03 1,61E+07
17 8,72E-03 2,226-03 1,936+07
2 600 420 180 2 9,46E-03 2,37E-03 2,238407
22 9,93E-03 2,46E-03 2,436+07
24 104E-02 2,55E-03 2,64E407
27 1,10E-02 287E-03 2,926407
3 900 630 270 3 117602 2,79E-03 3,21E+07
32 1.21E-02 2,86E-03 3,38E+07
34 1,25E-02 2,926-03 3,55E407
37 132602 3,02603 3,79E407
4 1200 840 360 4 1,39E-02 311E-03 4,01E+07
42 144E-02 3,176-03 4,15E407
a4 1,48E-02 322603 4,20E407
a7 1,55E-02 3,30E-03 4,50E+07
5 1500 1050 450 5 162E-02 3,38E-03 4,72E+07
52 1,68E-02 343603 4,90E+07
54 1,74E02 348603 5,09E+07
57 1,82E-02 3,55E-03 5,37E+07
6 1800 1323 540 6 191E-02 3,62E-03 5,65E407
62 1,93E-02 386E-03 5,72E407
6.4 1,96E-02 3,69E-03 5,81E+07
67 2,00E-02 3,75E-03 5,94E+07
7 2070 1449 621 7 2,03E:02 381E03 6,07E207
72 2,03E-02 381E03 6,06E+07
74 2,03E-02 381E-03 6,06E+07
77 2,03E-02 3,81E-03 6,06E+07
7 2070 1449 621 8 2,03E:02 381E03 6,06E207

Table 13. Deflection and stress results of flat panel (Own work)

0,0015033
0,0012027
0,00090199
0,00060133
0,00030066
0 Min

A

Figure 110. Maximum deflection of the entire panel (Own work)

s o ) 1/L¢ §

)
s 0525

Figure 171 Maximum deflection of the inner pane of flat pan-
el(Own work)

2,0196e7
1,3859e7
L 7.5217e6
1,1848¢6
-5,1521e6 Min

0,000 0,500 (m)

0,250

—
—

Figure 112 Maximum principal stress of flat panel (Own work)
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possible wind pressure on 150metres and in zone one.
Lower values for wind pressure are more realistic to
include during the design phase. Still these values for
maximum principle stress need to be considered in
combination with the stress forming during the cold
bending process itself.

Maximum deflection is reached at step 4.7. The corre-
sponding wind load at step 4.7 is 1425. In the previous-
ly discussed table, it can be observed where this wind
load takes place. It can be determined how high this
glass can be used in each zone.

Zone 1
- Undeveloped area: 30 meters
- Developed area: 35 meters

/one?
- Undeveloped area: 50 meters high
- Developed area: 55 meters high

/one 3
- Undeveloped area: 90 meters
- Developed area: 95 meters

This does limit the product to some amount. However,
50 meters is still a significant height. 95 meters alows
for much flexibility and is a height not often reached in
architecture in the netherlands.

For more resistance against wind, thicker glass panes
will work, but will reduce the bending capacity. The
single corner cold bent panel is also tested. The cold
bending of the IGU creates more depth in the Z-direc-
tion. The panel should be able to withstand more wind
loads as the force can be absorbed over more depth
in the panel.

The single corner cold bent IGU shape is exported, and
imported into the wind load model. The same proper-
ties and forces are given as to the flat panel.

The wind deflection is significantly less than simulated
on the flat panel. The figures show that the panel gets
divided along the clamped axis. The reduced effect
from wind load is a promising result for this IGU as a
viably product in the built environment. The deflection
of the outer pane is 4 mm, which is wel below the 16
milimetres. from the eurocodes. The deflection of the
innerpane gets reduced to 0.68 milimetres.

step time (s) wind load  Wind load outer pane Wind load inner pane steps Deflection outer pane deflection inner pane max principal stress (Pa)

0,2 0 0 0

0,4

0,6

0,8
1 300 210 20
2 600 420 180
3 S00 630 270
4 1200 840 360
5 1500 1050 450
6 1800 1323 540
7 2100 1449 621

Table 14. Deflection and stress results of corner bent IGU (Own work)

8,75E-05 1,71E-05 8,99E+05
1,77E-04 3,44E-05 1,81E+06
2,69E-04 5,18E-05 2,74E+06
3,63E-04 6,94E-05 3,69E+06
4,59E-04 8,72E-05 4,65E+06
9,64E-04 1,74E-04 9,45E+06
1,53E-03 2,67E-04 1,47E+07
2,13E-03 3,65E-04 2,01E+07
2,76E-03 4,69E-04 2,54E+07
3,61E-03 5,80E-04 3,31E+07
4,00E-03 6,79E-04 3,69E+07

Figure 113.

1

I
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ure 114.

0,000™

0225

0,450

0,225

Maximum principal

0675

Total deformation of cold bent panel (Own work)

0,675

stress after wind loads (Own work)
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9.2.2 Wind load deformation ac-

ceptance

In 2024, a study was conducted by (Hassen, M. Et. Al)
on the user acceptability limits of glass deflection dur-
ing a simulated wind load. This study was performed
in order to explore the possibility of using thinner glass
sheets which could increase carbon efficiency for
facade panels. It was investigated if the current ser-
vicability limit for glazing (L/50) is too conservative.
Three deflection situations where tested with a group
of 38 people between the ages of 21 and 39. A dou-
ble glazing unit with dimensions of 1467 by 972mm
was inflated to simulate a wind load. Three deflections
were tested.

- 10 mm (L/97) -> below serviceability limit
- 19 mm (L/50) -> serviceability limit
- 23 mm (~L/40)-> above serviceability limit.

The tests were performed both during day and night,
with and without providing users background knowl-
edge on glass safety and sustainability.

The panel was tested on movement, reflection, distor-
tion and safety. The acceptance study on movement
is relevant to this thin glass product. It was found that
most participants noticed movement, whereby move-
ment at night was perceived more than during the day.
Simultaneously, acceptance of movement is higher
during the day than during the night.

The designed flexible flat thin-glass IGU has a defor-
mation at the centre of 20.3 millimetres. Which equals
to L/39.4 and by the results of this research is accept-
able during daytime, but is not acceptable during night
time. The cold bent IGU has a centre deflection of 4.0
milimetres, which equals to L/200. As this value is far
above the tested movements, this is likely acceptable
during the day and night.

_In the past 5 mins, did you notice any movement in the facade?

s e ST LN T ~ 28|
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-

R
c
o
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g
E
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c
]
a
[
o 2 , .............................. G A il e o AN i b A Bt
&
Day
o i e e R s Night
10 mm 19 mm 23 mm
Scenarios
a'
Figure 176 A Participant perception of movement from 5 (Strong-

ly agree: Absolutely: there was a significant movement in the facade) to
1 (Strongly disagree: | didn't noticed anymovement of the fagade), the ‘3"
shows the neutral vote 'l am unsure if there was any movement in the facade”

How acceptable is the mo {4

w

E

Acceptance of movement
w

= IN]

4
29
< <
Es
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= =
10 mm 19 mm 23 mm
Scenarios
Figure 115, Participant acceptance of the movement:With a scale

from 5 (Perfectly acceptable) to 1 (totally unacceptable), the ‘3" shows the
neutral vote (Neither acceptable or not acceptable). The red dots shows the
means while the orange lines the median. The levels of significance is shown
as: "' p value < 0.05 "**" p value < 0.07;, "**" p value < 0.007 (Hassen, M. Et
al, 2024)
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9.3 Optical surface quality

As stated before, Datsiou. K (2014) has designed a
flow chart for determining optical surface quality of
monilithic glass panes during cold bending. For filling
in this flowchart, specialized equipment is required,
which unfortunately is of out scope for this research.

Therefore the optical quality of the surface of the
glass during cold bending is tested with a visual re-
flection test using a zebra striped pattern.

A zebra pattern was printed on an A0 format
(841X1159mm) this is the only printable size that is
larger than the edges of the IGU. This is required be-
cause the reflection of the striped pattern has to cover
the entire IGU. Using a striped pattern for optical qual-
ity is @ common practice to test glass sheets coming
out of the oven onto the rollers. One pane of the five
thin glass IGU's has been painted black with a matte
spray paint. The spray paint was chosen matte as it
would not reflect itself, providing an honest reflection
of just the thin glass. Ideally, the blackened pane is
tested in both the convex and the concave side during
cold bending. Unfortunately, only one IGU is made with
a blackened pane. It is chosen to perform the optical
test at the concave side of the pane during cold bend-
ing, as the buckling of the glass in its own plane could
cause the biggest distortion during cold bending.

The black spray painted IGU was placed in the bending
setup. The zebra pattern was placed both at the con-
cave and convex side of the IGU. The entire bending
process was recorded with camera's filming at 4k res-
olution. It proved to be a real challenge to construct an
ideal setup, where the surface of the glass was com-
pletely covered by the zebra pattern. Lighting in the
Stevin Il lab was also not ideal. Therefore a construc-

‘ 1 fant] hef ~nld hendina (O rle)
Zebra pattern reflection before cold bending (Own wor K)

tion lamp was used to illuminated the zebra pattern.

During the bending of the panel, it proved difficult to
observe imperfections in the surface of the panel. The
surface of the glass did not seem to show any large
imperfections or ripples during far displacement. Small
deviations from the straight lines can be observed near
the edges of the panel.

igure 120. Zebra pattern after cold bending (Own work)

The pictures above show the reflection of the zebra
pattern during the cold bending. Both before and dur-
ing/after the cold bending the lines on the zebra board
do not show large surface ripples or distortions aside
from the expected distortion as a result from the single
corner cold bending. Where hot bending often leads to
various ripples and imperfections on the surface of
the glass, this is not observed during the cold bending
of this thin glass. Therefore it performs excellently re-
garding optical quality.
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9.4 IGU details

1. Tested and simulated IGU

The thin-glass IGU consists out of three components.
The glass, the TriSeal spacer, and the Kodiglaze S seal-
ant. The IGU tested in this thesis had a thickness of
20,2 millimetres and the glass had a thickness of 1,1
millimetres (Detail 7). The thickness' of these elements
can be catered according to the size of the panels used
in the facade. Different panel configurations are dis-
cussed below

2. Thin-spacer IGU

The thickness of the spacer has influence on the
stiffness of the panel, and defines the shape the pan-
el takes during cold bending. Implenting a thinner or
thicker spacer can make the IGU more or less flexible.
The 20.2 millimetres wide spacer used in these test
IGU's is the widest spacer available from edgetech.

While the glass panes did not touch during the bending
experiments, it was not measured how far they moved
in (or out) of each other at the centre. The simulations
also do not show the panes touching. Therefore it
seems likely that using a thinner spacer would not re-
sult in contact between the two panes. Detail 2 shows
a panel with a thinner spacer configuration

3. Triple glass IGU

For higher insulating values, a triple glass IGU could
be constructed. Adding another pane of glass will have
a significant influence on the stiffness of the panel
and would therefore not be ideal for panels where a
high curvature is required. It might be interesting to
research an even thinner centerpane as it this panel
does not serve any structural porpuse. Implementing
a really thin centerpane could minimize the influence
on the bending stiffness of the panel.

220

Argon gass

Superspacer Triseal

Primary adhesive (silicone foam)

(Polyisobutylene)
3 Pilkington Glanova 1.1
(Chemically toughened)
Secondary sealant (Kémmerling
Kodiglaze S)

> -

Figure 125, IGU configuration 1: Tested and simulated IGU
12.0
- -
Argon gass
. . Superspacer Triseal
:’;t:ryaig) s:(f;le:r:‘g (silicone foam)
Pilkington Glanova 1.1
(Chemically toughened)
Secondary sealant (Kémmerling .
Kadiglaze S)
1.1
> -
Figure 126 IGU configuration 2: Thin-spacer IGU

4 + 5. Laminated glass IGU

To increase safety, lamination of panels would make
the glass panes stick to an adhesive after breakage.
Lamination could be applied in both the inner and out-
er pane for optimal safety. Cold bending stresses rise
nonlinearly with lamination. Panels with greater inter-
layer thickness show higher stress levels, indicating
increased system stiffness due to the interlayer’s rigid-
ity(Zhang, X. 2021)

Furthermore, lamination could be the cause for multi-
ple optical distortions

- 1. Lens Effect (Optical Distortion)

When two sheets of glass are laminated with a soft
interlayer (like PVB), any non-uniform curvature or
waviness creates a "lens” effect that distorts light.
Cold bending induces uneven curvature, and the
laminated layers don't always bend perfectly in sync,
especially if spring-back or interlayer creep occurs.
This could cause wavy reflections, ghosting, and
blurred views in both transmission and reflection.

2. Iridescence and Color Fringe

iridiscence and colour fringe are Interference patterns
(rainbow-like hues) caused by light interacting with
thin layers or stress gradients.

Bending changes stress distribution across the panel,
especially near edges, and the laminated construction
can cause stress birefringence, producing iridescence
in some lighting.

3. Intra-Ply Misalignment

During cold bending, if the layers shift slightly during
lamination or spring-back differently, they may mis-
align microscopically. This results in edge distortion
or "double vision" effects when viewed at an angle.

Argon gass

Primary adhesive
(Polyisobutylene)

Secondary sealant (Kémmerling
Kédiglaze S)

Figure 127.

Argon gass

Primary adhesive
(Polyisobutylene)

Secondary sealant (Kémmerling
Ksdiglaze S)

Argon gass

Primary adhesive
(Polyisobutylene)

Secondary sealant (Ksmmerling
Kdiglaze S)

0.6

Figure 128
panes IGU

8.0 8.0

Superspacer Triseal
(silicone foam)

Pilkington Glanova 1.1

P
. . (Chemically toughened)
> -

1.1

IGU configuration 3: Triple glass IGU

22.0
- >

Superspacer Triseal
(silicone foam)

Pilkington Glanova 1.1
(Chemically toughened)

Superspacer Triseal
(silicone foam)

P Pilkington Glanova 1.1

! (Chemically toughened)

0.6 11

IGU configuration 4 + 5: double and triple laminated
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9.5 Panel installation

1. Flat IGU is brought onto site and lifted to position.

2. Connect first two corners along substructure and
screw down the edges.

Figure 129. Installation of flexible IGU panels (Own work)

3. Press down second edge and third corner and screw
down..

4. By pressing down the last corner, all the edges are
bent into place. Screw down the last corner and cover
the mechanism.
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Figure 130,

To cold bend the panels into the right shape on site, a
cold bending mechanism has to be used. These sys-
tems consist out of a few pistons which are placed
over the surface of the glass. The pistons can be
pushed forwards essentially pushing the glass out of
plane and thereby creating the desired shape of the
panel. Since the thin-glass IGU's are flexible, relatively
speaking, not much force has to be used to press the
IGU into its desired shape.

Since the glass always wants to spring back to its orig-
inal flat state, the glass has to be assembled to the
substructure before releasing the cold bending mech-
anism from the panel. The IGU can be screwed onto
the substructure. Then a cover cap can be clicked onto
the profiles sealing of the exterior.

Cold bending mechanical system (Octatube, 2021)

Alterntavely, it can be researched if the fagade pan-
els can be sealed onto the substructure for a cleaner
detail. Though it needs to be researched if there are
sealants which can withstand the high forces from the
panel wanting to spring back to its original flat shape.

1. IGU corner is pressed onto subframe into desired
position.

5. Finished Curved facade product, can be sealed off to
make weather proof.

1. Press down glazing beads to keep IGU into bent po-
sition.

!

4. Install cover cap for finishing details.
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Conclusion

This master thesis is the final chapter of the master
track "building technology” at the Delft University of
Technology. This thesis explored the realm of both
thin-glass and cold bending and conducted research
through the steps as explained in the research meth-
odology.

The following research question are answered in the
next paragraphs by answering the sub questions first,
which will result in the answer for the main research
question.

Can a higher degree of curvature be achieved in cold
bent insulated glass units by applying thin glass?

1. What dictates the maximum bending capacity of a
cold bent glass panel

During the cold bending process, the maximum bend-
ing capacity is both dependant on the glass and the
frame it is implemented in. In most cold bending ap-
plications, the glass is the first element of the panel
that breaks. Glass thus dictates how far a panel can
be cold bent, Since after breaking of the glass, the
panel has exceeded its usable limit state.

In the realm of unitised facade panels, other difficul-
ties arise during high curvature cold bending. Uni-
tised glass panes will at a certain point (depending
on many panel variables) fail to connect to each other
and form a sealed bond. Solving these issues requires
more research as its own project, and therefore this
master thesis solely focusses on creating a flexible
insulated glazing unit.

2. How can an IGU be designed to accommodate
bending behaviour of thin glass?

As can be concluded from previous research, the way
glass bends into shape during cold bending is highly
dependant on the composition of the entire product.
Single glass panes are able to cold bent without other
limitations than the glass pane itself. It is concluded
by Zhang, x. Et al (2021) that lamination has little ef-
fect to the cold bending capabilities of glass panes.

Further research conducted by Galuppi (2014) con-
cluded that cold bending a monolithic glass pane into
a hypar shape proved to by only possible at low dis-
placement before the edges of the glass start buck-
ling behaviour, and a shape more resembling of a sin-
gle curved shape is achieved. The recommendation
was made to enhance stiffness of the edges of the
glass panes.

Young (2019) built further on this research and add-
ed GFRP profiles to a single glass pane and tried cold
bending it into an anticlastic shape. van Driel (2021)
added a second glass pane to the construction, thus
creating an insulated glass unit. This IGU was tried to
cold bent into anticlastic shape, and it was conclud-
ed that it was difficult or impossible to get close to a
hypar.

The conclusions of this previous research proved that
trying to cold bent glass into a hypar shape shows
little promise for glass applications. Therefore, the
anticlastic shape was discarded, and focus was put
on free form glass curvatures, whereby the spacer
does not necessarily require to stiffen the edges of
the glass panes.

Research was conducted in finding the best fit for
constructing a flexible insulated glazing unit. The
conclusion of the research found that for flexible cold
bending:

- Thinner glass sheets are a requirement to increase
the maximum curvature allowed during the cold bend-
ing process.

- A warm edge spacer is flexible at room temperature
and thus accommodates to the shape of the panel
during cold bending. Warm edge spacers often in-
clude a primary adhesive in the product, making the
requirement for another primary adhesive obsolete.

- To achieve maximum flexibility, a secondary sealant
with highly flexible capabilities after hardening has to
be applied

The required three main components were selected
by reaching out suppliers and discussing what is
available and achievable for this master thesis' re-
search. The following materials were chosen

- 10 1.7mm Glanova Thin glass sheets - After consol-
idation with NSG/Pilkington.

- 99 metres of the Triseal spacer from Edgetech with
dimensions of 20.2 by 7.3 millimetres. Included is a
Polyisobutylene primary adhesive - after consolida-
tion with Edgetech/superspacer.

- Kbmmerling Kodiglaze S as a secondary sealant.
Chosen because of its, and its required tools for ap-
plication's availability at the faculty. It must be noted
that while Kodiglaze S is not specifically made for
cold bending, its material properties and its influence

on the design allowed for this choice.

3. How can a setup be constructed for cold bending
a thin glass IGU, and how can strain/stress data be
accurately measured during the bending process?

A cold bending setup is constructed by creating a
wooden frame with three clamped corners, and one
deformation corner. The clamps are made by making
one fixed supported side, and one "clampable” side.
The clampable side is made out of a thin steel plate
that can be tightened by screwing down two screws.
Between the glass and the steel plate, a foam cushion
is added to distribute large stress concentrations.

The deformation corner is constructed out of a screw-
down bench clamp with an extended screw wire. The
tip of this screw-wire has a balljoint connection to a
circular surface. This causes the pressure area to be
aligned with the surface of the glass during the en-
tire cold bending process, therefore minimizing high
stress concentrations.

Strain gauges are applied to the surface of the panel
where high strain level were expected to occur, to min-
imize noise and other external elements of influence.

A displacement gauge was positioned at the backside
of the panel to accurately measure deformation at a
fixed location, therefore offering comparable results
between both multiple tests and the numerical model.
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4. How accurate can a finite elements model be
made to simulate cold bending of a thin glass IGU?

A finite elements model was constructed in Ansys
FEM software. The boundary conditions of the model
were influenced by the design of the test setup. Re-
sults of early iterations of the model simultaneously
influenced further optimization in design of the test
setup.

Modelling accurate behaviour of all the used mate-
rials required extensive research in the mechanical
properties of said materials. Namely the mechanical
properties of the spacer proved to be hard to deter-
mine, and was therefore tested in both a uni-axial
tensile test, and a double lap shear test experiment.
Data gathered from these tests was used as input for
calibrating a hyper elastic model that could accurate-
ly describe the behaviour of the spacer during cold
bending.

Accuracy of modelling the boundary conditions was
largely dependant on the behaviour of the cushion
foam. Material properties had to be estimated and
"trial and error" fitted during this research. For further
accuracy, a material with wider known material prop-
erties is advised to use.

It was found that a model can be simulated near de-
cent accuracy. General behaviour of the strain probes
from the model correspond with measurement of the
strain gauges from the test setup. Exact values can
differ for a number of reasons. Further improvement
of the model could increase accuracy.

5. How does a thin glass IGU perform under a single
corner deflection?

Three single corner cold bending tests have been per-
formed on three separate thin-glass IGU's. All three
of these panels were monitored with strain gauges,
the first two with three strain gauges, and the third
with one strain gauge. The last two tested panels per-
formed very good whereby the panels could at least be
bent until a corner displacement of 16,3 millimetres.
Providing a deformation rate of at least d=0.20375. In
every test, the back panel broke first, after which the
test was finished. This is a large improvement from
regular "thick" glass panels. Where these panels are
expected

6. How does extreme cold bending affects the opti-
cal reflective quality of thin glass

Hot bending glass increases the chance for distortions
on the surface to occur. The reflection experiment has
shown that cold bending chemically strengthened
thin glass panels does not cause extreme surface dis-
tortions. Distortions occurring onto the surface arise
from the cold bending geometry itself, which warps
the reflection, which is expected. Opposite to hot bent
facades, cold bending could create beautiful glass
facades without surface ripples or large distortions.

Can a higher degree of curvature be achieved in cold
bent insulated glass units by applying thin glass?

Yes, using thinner panels achieves higher curvature for
insulated glass units. The tests compared to numeri-
cal data prove that the thin-glass IGU bends:

+ 5,25 times further than an annealed glass IGU with
the same components

« 2,76 times further than heat strengthened glass
IGU with the same components

2,2 times further than fully tempered glass IGU
with the same components

Using thinner panels is currently avoided for either
safety reasons, users preference and industrial avail-
ability. The chemical strengthening process hugely
enhances the structural properties of the glass panes
and therefore increases safety of the IGU's. For a vi-
able product, lamination will have to be implemented
to prohibit the glass from breaking into dangerous
shards. Research about lamination impact and per-
formance on highly curved cold bent panels should be
researched further. In terms of wind loads and user ac-
ceptance, the tested panel performs fine for eurocode
norms. For larger sized panels, glass pane thickness
would have to grow accordingly to prohibit toolarge
wind load related deflections.

Further research

While this thesis has demonstrated the feasibility and
improved performanceofcoldbentinsulatedglassunits
(IGUs) using thin glass, several avenues remain open
for future research. One critical area is the role of lam-
ination in extreme cold bending conditions. Although
lamination significantly enhances post-fracture safety
and is common in architectural applications, its me-
chanical behavior under high deformations, especially
inthin glass configurations, has not yet been thorough-
ly explored. Investigating how various interlayer mate-
rials affect flexibility, stress distribution, and long-term
durability during severe cold bending would be valuable.

Another essential area for further investigation is the
long-term behavior of adhesives and sealants used in
the IGU assembly. Cold bending introduces sustained
stresses in these materials, particularly at high curva-
tures. Research into how these sealants perform over
time—including their resistance to creep, fatigue, envi-
ronmental degradation, and potential delamination—
would be crucial for real-world applications.

Finally, further research is recommended into the ef-
fect of panel shape and curvature geometry. This
thesis focused primarily on single-corner cold bend-
ing, but different geometries—such as monoclastic
shapes. Single corner cold bending with thin glass
proved to produce an anticlastic shape at low defor-
mations, and a synclastic shapes at higher deforma-
tions. The behaviour of anticlastic shapes has already
been researched and seems currently not a viable op-
tion. Monoclastic shapes—could behave very different-
ly under stress. Exploring how these shapes influence
stress distribution, buckling behavior, and optical qual-
ity could broaden the application range of thin-glass
IGUs in complex architectural fagades.
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1. What is the relation between your graduation
project topic, your master track (A, U, BT, LA, MBE),
and your master programme (MSc AUBS)?

Building technology to me is about bridging the per-
spective from the engineering mindset to the architec-
tural mindset. In building technology | always tried to
get a better understanding of all aspects of buildings,
which can get very complex in all sorts of aspects. My-
self | have taken an interest to the structural/facade
design part during this master. Therefore | wanted to
graduate in a subject that encompasses both subjects.
Because by increasing my knowledge about structural
engineering and applying this on a facade level, | can
make better decisions during the design stage.

Still, when | thought of a project, | wanted to choose
a subject that originated from the demands of an ar-
chitect or designer. In this case that is more freedom
in designing free-form glass fagades, while simultane-
ously reducing the carbon footprint of the building.

2. How did your research influence your design?

During the research phase | found out about how cold
bending is done currently. This includes how the ma-
terials of the facade panel or IGU affect the bending
behaviour of the glass pane itself. Some research has
been conducted on the cold bending of glass, and es-
pecially of cold bending glass in a hypar shape. A lot of
valuable information was gathered to create a design
that could increase the curvature of an insulated glaz-
iNng unit. These are the reasons of for example the way
of cold bending that has been chosen (single corner)
and the type of spacer and sealant. Furthermore the
design of the clamps were largely influenced by the
preliminary numerical model.

3. How do you assess the value of your way of
working (your approach, your used methods, used
methodology)?

| think that the approach and methodology is valuable
for this research. The choice was made to focus on
both numerical research and physical testing.

The beginning of this research mostly consisted out of
reading literature. This was an absolute requirement,
because while we do learn about structural mechanics,
and glass in particular, niche subjects like cold bending
are uncharted territory. It was necessary to get a good
understanding of the mechanical properties off glass,
IGU's and behaviour of cold bending for this research.
Other preliminary research includes getting hands on
with finite elements modelling, which added another
challenge for me as this software is untouched during
previous education.

Numerical research required a lot of knowledge on ma-
terials, behaviour and some structural mechanics. This
required and used a lot of theoretical knowledge i ac-
quired during the bachelor and particularly the master.
| learned many things from numerically modelling this
particular setup. Making a numerical model is obvious-
ly very useful for accurate and extensive calculations.

The physical testing added another dimension to this
research. Numerical research can only get you so farin
trying to design and develop a new product (the flexible
IGU). Physical testing was an absolute requirement for
this research and it brought the numerical modelling
to life. It is also very important, because some aspects
can not be foreseen in numerical models, and have to
be observed during real tests.

In conclusion, | think that these three methods com-
bined offer a very complete research methodology
which I'hope will help me to become a better and com-
plete future engineer.

4. How do you assess the academic and societal val-
ue, scope and implication of your graduation
project, including ethical aspects?

- This research was focused on essentially cutting out
an extra step out of the production of complex curved
glass facades. Therefore

- reducing CO2 footprint by eliminating a secondary
heating process.

- Reducing CO2 footprint by eliminating the required
unigque molds for unigue hot bent glass panes.

- Increasing freedom for architects during the design
stage.

- Decreasing construction time by eliminating an extra
step during the production process.

Hopefully increasing re-usability of curved glass
fagades by designing a product that bends back to its
original state after demontation. Further research will
have to prove the serviceable time for these IGU's.

Trying to reduce CO2 footprint and construction time
was the core drive behind the idea for a flexible I1GU,
and therefore i think it contributes on a societal level. In
the case of ethical aspects. The safety of this product
prototype is not assessed in this research further than

the glass breaking. Therefore, should this product be
used in future research or development, careful evalu-
ation, and extensive testing is required.

5. How do you assess the value of the transferability
of your project results?

This research conducted about this very specific thin-
glass IGU. The research shows somewhat promising
results, but for actual implementation of this prototype
as a mock up, much more research has to be conduct-
ed. The transferability of the results are very specific
about this IGU constructed out of these specific ma-
terials in use of this specific situation. The maximum
bending values derived from the numerical model and
the experiments are transferable for further research
but have to be improved and expanded upon. Although
multiple fabricants of materials have supported this
research by supplying their products, there was no
conflict of interest during this research.

6. How did unexpected events during the process of
this thesis influence the methodology?

During this thesis | made my research dependant on a
lot of factors for example: deliveries of products, availa-
bility of testing equipment an availability of computing
power. These factors contributed to a lot of uncertain-
ty, which made it hard for me to pin down a strategy
that i could follow. The uncertainty if glass could be
delivered on time, or even at all made me have to find
a way to work with the possibility of testing without
glass. This was decided to work around by designing,
modelling and testing a plexiglass prototype. In hind-
sight this has been very helpful for this research, since
plexiglass is much less brittle than glass. This way,
the panel could be constructed and tested without
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it breaking easily. This contributed to more physical
tests being performed, which leads to more accurate,
or at least more verifiable results. Still there are signif-
icant differences between glass and plexiglass which
made it hard to gain accurate results from the numeri-
cal model, and physical tests.

The testing of the panels using strain gauges also
caused for some delay in the process. It took me a
long time to establish a connection to civil engineering
where | could test with strain gauges. Another event
caused for a two week delay during a critical time of
my thesis. Should this not have happened, i would
have had more time to create more accurate results
in the numerical model. This learned me to take action
much quicker regarding processes | do not have full
control off.

6. Did you encompass both the structural design and
facade product design graduation topics enough
during this thesis.

| think both topics were of great influence during this
research. The facade product design topic can be
found in the selection of materials used for this insulat-
ed glazing unit. But also very practical knowledge that
was obtained during for example the bucky-lab course
was used in the design and construction for the cold
bending rig.

Structural design relates more to material design in
this case, calculating strain, stresses and material
properties. Mostly this last subject, material properties,
became very dominant during the numerical model-
ling phase. | had not foreseen that making an accurate
numerical model relates this closely to accurately cal-
culating the values for input parameters for these ma-

terials. Hyper-elastic modelling is something i had not
heard of until this thesis, and i want to say even though
I put a tremendous amount of time in this subject, i
probably did not even scratch the surface. | underesti-
mated the complexity of finite element modelling with
this many materials and contact points.

| also included fagade product design after the re-
search on the panel itself was conducted. | made a
possible construction manual detailing the connec-
tions between the IGU and the substructure. More time
could have been helpful to further explore possibilities
in construction details.

To conclude, while i do think my graduation project
touched on both fagade product design and structural
design, although it leaned heavily to structural design.
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Appendix A: ansys plexiglass re-

sults
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3
contacts
PMMA foam
PMMA Foam
PMMA foam
PMMA foam
PMMA foam
PMMA foam

SITUATION Cormner A % =side

F-Compaonent ]
“'-Component free
Z-Component free
#-Rotation free
Y'-Faotation free
£-RFatation free
Expanded Polyethylene foam [Closed cell)
Density A0 kgm3
iotropic elasticity

SOUMNG'S MODLUS 1
Poizzon's Ratio 0.3

bulk modulus 4167 10°E
shiear modulus 1337106
Kadiglaze 5

Density

Arruda Boyce

Initial Shear Modulus Mo 0,TOEE
Lirmitirg Metw ark Stretch 2430
Incompressibility Parameter 01 02143
Tensileield strength 216
PMMA PLANE

Density 113 glem

iotropic elasticity

Coefficient of thermal exg 0.00071207

YOUNG'S MODULLS 2,738
Paiszon's Ratio 037

bulk modulus aseTz2nrs
shear modulus 102127103

Tensile ield strength
Compressive vield strength

Triseal Spacer [silicone foam])
Density

YEOH 1st order

Imitizal She ar Madulus Mu 0,28

incompressibitlity Parameter 10

from tabular tensile test data

bulk modulus

sheear modulus

Structural steel [Support block]

frictional
assymetnic
assumetnic
assymetnic
assymetric
assumetric
assumetnic

1370

Too

Corner B Nothing just clamped
F-Component

Y'-Component

Z-Component

#-Rotation

“'-Ratation

Z-Fotation

kgim3

MPa

Pa
Fa

kglm3

MPa

MPa
kgim3

MPa
Mpa™1

free
free
free
free
free
free

1. increase stiffness of the suppart blacks

Corner C X side
F-Component
“'-Component
Z-Component
#-Rotation
“'-Potation
Z-Rotation

2. Make pressure point a softer material

[Pa]

Stress (.10%)

fres

fres
free
free
free

unias

shea

Uniamisl Test Dats

-

Strain [mm mm~-1)



MESH
SIM 10

0.0Z2m
1. Imm Step Time [S])

Deformation [m] Deformation meter

1.00E-02
1I0E-02
1.15E-02
1.Z0E-02
1.28E-02
1.35E-02
1.39E-02
147E-02
1.EB0E-0Z
1.73E-02
1.91E-02
£.00E-02
Z,20E-02
240E-02
£, TOE-02
3.00E-02
3.20E-02
3.40E-02
3.70E-02
4.00E-02
4, Z0E-02
4.40E-02
4, TOE-02
S.00E-02
5.21E-02
2.41E-02
5. 71E-02
g.01E-02
5.21E-02
6.41E-02
6. 71E-02
T.O0ZE-02
T.22E-02
TA4ZE-02
T.2E-02
g.02E-02
3.23E-02
g.45E-02
g, 73E-02
3.04E-02
3.24E-02
3.44E-0Z
3.75E-02
3.30E-02
01005
0.10253
010457
0.07E2
0110685

-T.81E-03
-5.96E-03
-8.94E-03
-3.31E-03
-9.66E-03
-1.03E-02
-1.07E-02

-113E-02
-1.22E-02

-1.31E-02
-1.45E-02

-1.51E-02
-1,66E-02
-1.50E-02
-2 E-02
-2,.23E-02
-2 37E-02
-2.51E-02
-2, T3E-02
-2 J4E-02
-3.08E-02
-3.22E-02
-3.44E-02
-3.65E-02
-3.7T9E-02
-3.33E-02
-4, 15E-02
-4, 36E-02
-4, 50E-02
-4 B5E-02
-4, G6E-02
-5.07E-02
-5.22E-02
-5.36E-02
-5.57E-02
-5.73E-02
-5.93E-02
-6.07E-02
-6.23E-02
-6, 50E-02
L
-6.7T3E-02
-T1.00E-02

-T.1E-02
-T.22E-02
-T1.36E-02
-1.590E-02
-T.72E-02
-1.33E-02

deformation

78133
85626
8.9352
39,3068
3,8615
10,276
10,663

11,307
12,228
13.145
14,512
15.124
16,556
17,986
20,127
22,266
73,692
25,117
#7.253
79,355
30,512
32,234
34,368
36,501
37,923
39,345
41,473
43,612
45,035
4,458
48,592
50,728
52,153
53577
55,715
57.554
59,281
Bi0,708
£2,851
£4,334
B6.424
£7.555
70,002
T1.077
72,152
73,586
75.02
77175
7.93E+01

data for measurement

strain gauge 1 % direction

5.63E-05
G.40E-05
6. 74E-05
T.03E-05
T.EE-0S
T.93E-05
d.37E-05
g,34E-05
3.77E-05
1.06E-04
1.15E-04
1.23E-04
1.34E-04
1.46E-04
1.62E-04
1.75E-04
1.89E-04
1.33E-04
2.14E-04
£.23E-0d
£,38E-0d
2.48E-04
£.6ZE-0d
2, 75E-0d
Z.84E-0d
£.93E-0d
3.06E-04
3.13E-04
3ETE-Od
3.36E-04
3.43E-0d
3,60E-0d
3.68E-0d
3.76E-0d
3.87E-04
3.38E-04
4,05E-04
4.12E-04
4,23E-0d
4,33E-04
4.40E-0d
4 46E-0d
4,56E-04
4 G1E-04
4 ,6G6E-0d
4, 72E-04
4, 73E-0d
4,55E-04
4,37E-0d

at 3x3cm from suppaort block

33

strain gauge 2 X—direction Strain gauge 3 X direction

-2, ME-05
-2 40E-05
-2.54E-05
-2 67E-05
-2.88E-05
-3.03E-0%
-3.13E-05
-3.43E-05
-3.T9E-05
-4, 16E-05
-4, 73E-0%
-4,35E-05
-5.59E-05
-6.21E-05
-T.4E-05
-5.05E-05
-8.73E-05
-3.37E-05
-1.03E-04
-1.13E-04
-1.20E-04
-1.26E-04
-1.36E-0d
-1.46E-04
-1.52E-0d
-1.53E-04
-1.68E-04
-1.73E-0d
-1.64E-0d
-1.30E-04
-2 00E-04
-2, 0E-04
-2, 15E-0d
-2 22E-04
-2.31E-04
-2 41E-0d
-2.47E-04
-2.53E-04
-2 62E-04
-2, T1E-0d
-2, TFE-04
-2.83E-04
-2 92E-04
-2, 36E-04
-3.00E-04
-3.06E-04
-3.11E-04
-3, 13E-04
-3.27E-04

g.34E-0
TSE-O
T.53E-0
T.9ZE-0
d,50E-0
g.34E-0
3.37E-0
1.00E-0
1.10E-0
1.13E-0
1.35E-0
1.33E-0
1.53E-0
1.66E-0
1.86E-0
2,05E-0
2.15E-0

4 63E-0
4,7ZE-0
4 ,50E-0
4,32E-0
5,04E-0
5.12E-0

5.32E-0
5,33E-0

5.73E-0
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)/

~

SIM10

7,00E-04

6,00E-04

5,00E-04

4,00E-04

3,00E-04

2,00E-04

1,00E-04

0,00E+00

-1,00E-04

-2,00E-04

-3,00E-04

-4,00E-04
Strain gauge 3 Xdirection

strain gauge 2 X-direction

straingauge 1 Ydirection
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Appendix B: ansys thin-glass re-

fFram tabular tensile best daka
curve Fitked bo shear besk daka

sults

| 1 Expanded Folypethylene Foam [Closed cell)

| Diznzity 30 kg m3 kgilm3
| iotropic elaskicity

| YOUMNG'SE MODULLE 40 MPa

| Paoizzan's Fatio 0,3

| Eulk maduluz 4167 06 P2

| shear modulus 1,35 "I0"6 Fa

| 2 Kodiglaze &

| Diznsiky 1370 kglm3
| Arruda Boyce

| Initizl Ehear Moduluz By 0, T0EE 1| =5

| Limiting Metwark Stretch 2,9 10

| Incomprezzibility Parame! 0,21435 Mpa -1
| Tenzile Vicld strength 216 Fa

| 3 N3G Glamora Thin glaz=

| Diznsiky 113 glem3 qlfcm3d
| iotropic elaskicity

| Coefficient of therm 0,0001207 I |

| YOUNG'E MODULLE 2,738 Gpa

| Paizson's Fatia 0,57

| bulk madulus 3,5572 073 Fa

| zhear madulus 1021203 Fa

| Tensile Wield strength MAPa

| Compreszive icld ztrength MPa

| 4 Trizeal Zpacer [silicone Foam)

| Dienzity 00 kglimd
| peo Hookean

| Initial Zhear Maodulus My 0,27 MFPa

| incomprezzibitlity Param 10 Mpa™-1
|

|

|

|

3 Structural steel [Swpport block]
| comtacts Frictional
| PMAMAS Foam aEsy
| PRARAL Foam aEsy
| PRARAS Foam assymetric
| PRARAS Foam azsy
| PRARAL Foam azsy
| PMAMAL Foam aEsy

1. increase stiffnezz of the zupport blocks
Z_ Make prescure poist 3 softer material

strain probes at meazurable locationz
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MESH 0,02m

S5M11 1.imm StepTime (S)
1
12
14
1475
155
1,6625
18312
2
2.2
24
27
3
32
34
a7
385
4
4.2
44
45
48
5
5.2
54
57
6
6,2
64
67
7
72
74
77
B
82
84
87
9
92
9.4
96
95
10
102
104
10,7
11
112
114
117

122
124
127

132
134

Deformation [m)

1,00E-02
1,20E-02
1,40E-02
1,48E-02
1,55E-02
1,66E-02
1,83E-02
2,00E-02
2,20E-02
2,4DE-02
2,70E-02
3,00E-02
3,20E-02
3.4DE-02
3,70E-02
3,85E-02
4,00E-02
4,90E-02
4.40E-02
4,60E-02
4,80E-02
5,00E-02
5,20E-02
5.4DE-02
5.71E-02
6,01E-02
6,71E-02
6.41E-02
6,71E-02
7,01E-02
7,71E-02
7.41E-02
7.72E-02
8,02E-02
8,22E-02
8.42E-02
8,73E-02
9,03E-02
9,23E-02
9,43E-02
9,64E-02
9,84E-02
0,10041
0,10244
0,10447
0,10752
0,11057
01126
0,11464
01177
0,12076
0,12261
0,12486
0,12793
0,131
0,13306
0,13511

Deformation meter deformation

767E-03
_9,13E-03
-1,068E-02
-1,11E-02
-1,18E-02
-1,24E-02
-1,36E-02
-1,48E-02
-1,62E-02
-1,76E-02
-1,98E-02
-2,19E-02
-2,33E-02
247602
-2,68E-02
-2,79E-02
-2,89E-02
-3,03E-02
-3,17E-02
-3,31E-02
-3.4BE-02
_3,60E-02
-3,74E-02
-3,88E-02
-4,09E-02
-4,30E-02
-4,44E-02
-4,58E-02
-4,79E-02
-5,01E-02
-5,15E-02
_5,29E-02
-5,50E-02
-5,71E-02
-5,86E-02
-6,00E-02
-6,21E-02
5.42E-02
-8,57E-02
-6,71E-02
-6,85E-02
-7,06E-02
-7,14E-02
-7,28E-02
-7 42E-02
-7,54E-02
-7,85E-02
-8,00E-02
-B,14E-02
-8,35E-02
-B,57E-02
-8,71E-02
-8,86E-02
-9,07E-02
-9,29E-02
-9,43E-02
-9,58E-02

_7.B7E+D0
_9,13E+00
-1,06E+01
J1,11E+01
1,16E+01
-1,24E+01
-1,36E+01
_1,48E+01
-1,62E-01
-1,76E+01
-1,98E+01
_2,18E+01
-2,33E+01
_2,47E+01
_2,6BE+01
-2,79E+01
_2,B9E+01
_3,03E+01
-3,17E+01
-3,31E+01
_3,48E+01
_3,B0E+01
-3,74E+01
_3,BBE<01
_4,09E+01
-4,30E+01
_4,44F+01
-4,58E+01
-4,79E+01
-5,01E+01
_5,15E+01
_5,29E+01
-5,50E+01
_5,71E+01
_5,86E+01
-6,00E+01
_6,21E+01
6426401
-6,57E+01
-6,71E+01
_6,B5E+01
7,06E+01
7,14E+01
7,2BE+01
7,42E+01
7.64E+01
-7.85E+01
-8,00E+01
-8,14E+01
-B,35E=01
-8,57E+01
-8,71E+01
-8,86E+01
-9,07E+01
-9,29E=01
9,43E+01
-9,58E=01

at 3x3cm from suppi 3x3

data for measurement strain gauge 1 Y strain gauge 2 X-dir Strain gauge 3 X direction
1,16E-06 -4 4T7E-07 1,17E-06
148E-085 -6,18E-07 1,46E-06
1,81E-06 -B,23E-07 1,82E-06
1,84E-06 -8, 06E-07 1,95E-06
2,07E-06 -9,92E-07 2,07E-06
2,25E-06 -1,12E-06 2,26E-06
2,51E-06 -1,33E-06 2,53E-06
2,75E-06 -1,55E-06 277E-06
3,01E-06 -1,82E-06 3,03E-06
3,24E-06 -2,09E-06 3,25E-06
3,50E-06 -2,51E-06 3,49E-06
3,67E-06 -2,84E-08 3,62E-06
3,72E-06 -3,22E-06 3,64E-06
3,72E-06 -3,50E-06 3,60E-06
363E-06 -3,91E-06 341E-06
3,54E-06 -4, 12E-06 3,29E-06
343E-06 -4, 32E-06 3,11E-06
3,25E-06 -4, 59E-06 2,85E-06
3,00E-06 -4, B4E-06 2,51E-06
2,74E-06 -5,10E-06 2,17E-06
243E-06 -5,34E-06 1,79E-06
2,02E-06 -5,58E-08 1,25E-06
1,57E-06 -5,B0E-06 6,97E-07
1,11E-06 -5,03E-06 4,84E-08
3,13E-07 -5,35E-06 -9,6BE-07
-5,90E-07 -G,64E-06 -2,14E-06
-1,23E-06 -6,B3E-06 -2, 96E-06
-1,94E-06 -7.01E-0% -3,87E-06
-3,05E-06 -7,26E-06 -5,31E-06
-4, 26E-06 -7 49E-06 -6,86E-06
-5,09E-06 -7, B4E-06 -7 ,90E-06
-6,00E-05 -7, 76E-08 -9,05E-06
-7,39E-06 -7,94E-06 -1,0BE-05
-B8,B6E-06 -8,10E-06 -1,27E-05
-9,87E-06 -8,20E-06 -1,40E-05
-1,08E-05 -8,2BE-06 -1,53E-05
-1,25E-05 -8,3BE-06 -1,74E-05
-142E-05 -8 47E-06 -1,96E-05
-1,54E-05 -8,53E-06 -2,11E-05
-1,66E-05 -8,55E-06 -2,27E-05
-1,78E-05 -8,58E-06 -2,42E-05
-1,96E-05 -8,60E-06 -2,66E-05
-2,03E-05 -8,59E-06 -2,75E-05
-2,15E-05 -8,59E-06 -2,91E-05
-2,2BE-05 -8,58E-06 -3,08E-05
-2,48E-05 -8,53E-06 -3,34E-05
-2,67E-05 -8, 48E-06 -3,63E-05
-2,B0E-05 -8,43E-06 -3,81E-05
-2,94E-05 -8,36E-06 -3,99E-05
-3,14E-05 -8,25E-06 -4, 27E-05
-3,35E-05 -8,11E-06 -4,57E-05
-3,48E-05 -8,02E-06 -4, 76E-05
-3,63E-05 -7.91E-06 -4,95E-05
-3,85E-05 -7, 72E-06 -5,24E-05
-4,05E-05 -7,52E-06 -5,54E-05
-4,21E-05 -7,38E-06 -5,73E-05
-4,36E-05 -7,23E-06 -5,93E-05

max principal stress
9 2BE+06
1,28E+07
1,85E+07
2, 06E+07
2, 2BE+07
261E+07
3,10E+07
3,60E+07
415E+07
4,79E+07
5,6BE+07
6,57E+07
7TI7E+07
7, 76E+07
B,65E+07
9,10E+07
8,57E+07
1,02E+08
1,08E+08
1,14E+08
1,21E+08
1,27E+08
1,33E+08
1,39E+08
1,48E+08
1,57E+08
1,63E+08
1,69E+08
1,78E+08
1,87E+08
1,93E+08
1,99E+08
2,08E+08
2,17E+08
2,23E+08
2,2BE+08
2,37E+08
2 AGE+08
2,52E-08
2 58E+08
2,B4E+08
2.73E+
2,76E+
2,82E+
2,88E+
297+
3,06E+
3,12E+
3,18E+
327E+
3,36E+
342+
34BE+
3.57E+
3.66E+
3.72E+
3,78E+
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134
137
14
14,2
14,4
14,505
14,61
14,665
14,72
14,803
14,927

15,2
15,4
15,7

16

-9,58E-02
-9,79E-02
-0,10011
-0,10156
-0,10301
-0,10377
-0,1045
-0,1048
-0,1053
-0,1058
-0,1068
-0,10733
-0,1088
-0,11025
-0,11243
-0,11462

-9,58E+01
-9,79E+01
-1,00E+02
-1,02E+02
-1,03E+02
-1,04E+02
-1,05E+02
-1,05E+02
-1,05E+02
-1,06E+02
-1,07E+02
-1,07E+02
-1,08E+02
-1,10E+02
-1,12E+02
-1,15E+02

-4,36E-05
-4,58E-05
-4,B0E-05
-4,96E-05
-5,11E-05
-5,19E-05
-5,27E-05
-5,31E-05
-5,35E-05
-5,41E-05
-5,51E-05
-5,56E-05
-5,71E-05
-5,B6E-05
-6,10E-05
-6,33E-05

3,78E+
3.87E+
3,96E+
4,02E+
4,09E=
4,12E+
4,15E+
4,17E+
4,1BE+
4,21E+
4,25+
4,27E+
4,33E+
4,39E+
4,49E+
4,58+

169 | 176



9/L 1 oLL

Appendix C: ansys material engi-
neering data

"8l Chart of Properties Row 4: Arruda-Boyce

0,766

@ || |w|a|we]-

Iritial Shear Modulus Mu MPa
Limiting Network Stretch 29E+11

Incompressbility Parameter D1 0,2143 MPa-1
{8 Tensie vield strength 2,1E406 Pa

o |- [

Kl

o

E I

11!
" [

AN
AN

bl
§ os VAo
#os | //
Ay .

7 | |

21/

0 01 02 03 04

05 06 07 08 09 1
Strain

B A shearTestData
3 Has Lateral Strain No _yj
4 Scale 1
5 Offset 0 MPa
6
7 Initial Shear Modulus Mu 0,27308 MPa d
8 | Incompressibility Parameter D1 10 MPa”-1

Chart of Properti : Neo-Hookean

Shear Test Data & g0
0,08 uniz 1l
b —
0,07 /a-ﬁ
06 /!
¥ vos /
B /
a 0,04
g /
@ 003
0,02
0,01
Ll ¢
0 0.01 0.02 0,03 0,04 0.05

Strain [mm mm~-1]

Properties of Out : Expanded Polyethylene foam (Closed cell) X
B D |E

1
2 $4 Material Field Variables Table
3 T Densty 30 kgm~3 =0
4 |8 A Isotropic Hlasticity
5 Derive from Young's Modulus and ...
6 Young's Modulus 40 MPa =l
7 Poisson's Ratio 0,3
8 Bulk Modulus 3,3333E407 Pa
9 Shear Modulus 1,5385E407 Pa

Properties of Qutline Row 14: Plastic, PMMA (cast sheet)

B c D |E
¥
2 T8 Material Field Variables Table
3 8 Density 1,19 gam”-3 =
4 |E T3 Isotropic Secant Coeffident of Thermal Expansion
6 |B A IsotropicElasticty
7 Derive from Young's Modulus and ... =
8 Young's Modulus 2,798E+09 Pa _ﬂ
9 Poisson's Ratio 0,37
10 Bulk Modulus 3,5872E+09 Pa
1 Shear Modulus 1,02126409 Pa
12 T8 Tensie Yield Strength Tabular
13 T4 Tensie Uitmate Strength Tabular
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. 110 Young's Modulus g
2 T3 Material Field variables Table 100

z ; 2,48 gam”™-3 -

4 ] ; | g =

5 Derive from Young's Modulus and ... 9w

6 Young's Modulus 75,4 GPa 2 b ]
7 Poisson's Rato 0,24 %

8 Bulk Modulus 4,8333E+10 Pa &

9 Shear Modulus 3,0403E+10 Pa E 60
10 T3 Tensle Yield Strength 260 MPa -
1 4 Compressive Yield Strength 700 MPa 50

40
-1 0.5 0 0.5 1
Temperature [C]
B € D |E

1

2 T4 Material Field Variables Table

3 $4 Density 7850 kgmA-3

4 |@ @ sotropic Secant Coeffident of Thermal Expansion

6 |B A sotropic Hasticty

7 Derive from Young's Modulus and ...

8 Young's Modulus E+11 Pa

9 Poisson’s Ratio 0,3

10 Bulk Modulus 1,6667E+11 Pa

11 Shear Modulus 7,6923E+10 Pa

12 |@ {3 stain-ife Parameters

20 (@ P4 sNcuve [ Tabular

24 T4 Tensie vield Strength 2,5E408 Pa

25 ] Compressive Yield Strength 2,56408 Pa

2% 14 Tensie Uitimate Strength 4,6E+08 Pa

7 14 Compressive Ultimate Strength 0 Pa

Tnitial Shear Modulus Mu
Incompressibility Parameter D1

Stress [MPa]

01

0 01 02 03 04 05 06 07 08 03 1
Strain
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Stevin lab Plexiglass

Appendix F
test data

Strain/position

ass 01

Plexigl
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Plexiglass 03

500.000.000

140

120

400.000.000

100

300.000.000

80

200.000.000

60

40

100.000.000

20

o/L | LLL

L1€2
L'eze
gyl
6502
€261
1'88l
L‘08L
GLLL
6291
el
JR)
L2EL
G'ezl
6'6L1
el
1201
L'v6
g's8
6'9L
€89
1'65
Ll
g'zy
6'cE
£'sz
L9l
L'g
(s)ewi

6v'SLL
6v'SLL
6v'SLL
6v'SLL
8v'SLL
L¥'SLL
L¥'SLL
EV'SLL
90vLL
6S°LLL
Z8'80L
G'o0L

zLeoL
6c°26

A%

18°/8
69°18
LL9L
8504
68°29
96°€9

S¥8000°0
¥2€000°0

-100.000.000

176 | 1

-200.000.000

O]

-300.000.000

-400.000.000

e SN2 Filtered — e Strn3 Filtered

— StrN 1



Microstrain

Appendix E: double-lap shear test
data

Strain/deformation

shear stress

0,007
0,006

0,005

L 8LL

/
/

9

® a0 o0 £ 140 0,004

Deformation

——Seriest ——Series? ——Series3 ——ANSYS ——ANSYS2 ——ANSYS3 0,003

0,002

Strain/deformation
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1000

0,001

Microstrain

[}

-0,0005 0,0005 0,001 0,0015 0,002 0,0025

-0,001

-0,002

| Seriesl Series2 Series3

Deformation at gauge (mm)

—— Seriest ——ANSYS




Stress (MPa,

| 08L

9/1

stress/deformation

— 150

Deformation at geuge (mm)

1 a

——Series]  ——Series2  —— Series3

Microstrain

Stress (MPa)

Strain/deformation test_03

J 20 40 60 80 100 120 140
Deformation at gauge (mm)

= = = Series! -~ Series4

stress/deformation test 03

300

250

200

o 20 40 60 80 100 120
Deformation at gauge (mm)

- — - Seriest 4
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