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Abstract

Flat glass is used in many applications such as window glazing, whereas curved and bent glass is rising
in its applications nowadays as well. Innovative ways of bending glass have been further developed
in the past 25 years, and bending glass by laser-induced heat has been developed and discovered
in 2017. This technique allows, at this moment in time, for bending glass around corners of up to
90 degrees with radii less than 10mm and is able to sag various forms out of plane. The structural
properties, such as the stiffness, strength, and failure mechanisms of this laser-formed glass, have
not been investigated thoroughly yet. This results in the product still being in the development phase,
instead of already being available on the market and applicable in construction projects.

In the search for the use of sustainable and less raw materials in buildings, laser-forming might directly
impact the latest goal. Flat geometries are structurally unfavourable, so the hypothesis states that laser-
forming flat glass increases the inertia. This thesis aims to confirm the assumption of creating stiffer
glass by using laser-forming techniques, the opportunity to reduce material, and to be able to predict the
behaviour of laser-formed glass in Finite Element Method (FEM) programmes. Both lab-experiments
and numerical analyses were performed to obtain results on these objectives.

The thesis starts with a parameter study on the influence of different cross-sectional parameters on
the stiffness. The second moment of area (inertia) relates to the stiffness of the cross-section and four
different parameters have been checked by its influence. The thickness of the web is directly related
to the total height of the sample, as a deeper elevation induces larger necking of the web, resulting in
thinner glass. The influence of this necking phenomenon is, therefore, investigated and described.

Subsequently, a design for a two-sided supported glass panel is manufactured with an implemented
laser-formed elevation to perform an experimental study. By implementing this laser-forming technique,
the total height of the samples went from 4mm to a maximum of 12mm, while retaining the same amount
of material. The laser-formed glass panels were tested in a four-point bending test setup. Four flat
samples were first tested to obtain reference values for the stiffness of the glass. Subsequently, the
laser-formed sample sets were tested.

A numerical research is performed to simulate and predict the behaviour of the laser-formed glass. FEM-
models have been used to compare the numerically derived deformations and therefore the stiffness of
the panels, with the results of the four-point bending tests. In addition, the FEM-models were used to
obtain numerically derived stresses at the points of failure. Individual and nominal models have been
created to obtain insight into the need for individual models.

The results of this research conclude that the increase in stiffness shows nearly the same behaviour
as the increase in cross-sectional inertia. The effect of laser-forming is therefore immediately visible in
the stiffness properties of the glass. The laser-forming process of glass is able to convert the stiffness
properties of an originally 3.87mm panel to meeting the properties of an equivalent thickness of 8.3mm
thick flat glass panel. The stiffness showed predictable behaviour in the FEM-models, whereas the
(failure) stresses showed a harder predictability. The presence of necking showed to be an influence in
predicting the failure behaviour and needs to be taken into account when designing with laser-formed
glass. Individual models are needed in order to visualise the different failure mechanisms in the FEM-
models.

A comparison-study is performed to theoretically increase the size of a laser-formed glass panel and the
stiffness properties and the bending stresses are checked. The stiffness and stresses are compared
to regular flat glass panels. For stiffness properties, the laser-formed glass panels are able to reduce
the material use by 46%. Laser-formed glass is able to decrease a required equivalent flat thickness of
23.6mm to a laser-formed glass thickness of 14.5mm, when observing the bending stresses. A material
reduction of 39%.
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Introduction

Glass, the material used to create transparency, is nowadays in every building envelope. Glass is the
material that is used to look outside, while creating a barrier between the inner climate of a building and
the outer one. The applications of glass are rising, with glass not only creating a barrier, glass can also
take up loads and be used as structural elements. Since the late 1980s the use of glass as a structural
element has increased [1]. By replacing non-transparent walls and floors with glass, architects are able
to create this aesthetic gain.

On the side, the building industry is a major contributor to all the greenhouse emissions, To be able to
thrive for a more sustainable industry, material reduction can be a way to reduce these emissions.

Looking at building facades, it can be stated that in most cases the glass is flat. Flat structures are less
stiff than corrugated structures. Most of the people will recognize this by adding folds to a flat piece
of Ad-paper, in this way it acts stiffer than a non-folded piece. So by implying that flat surfaces are
less stiff than corrugated surfaces, why can corrugation and/or 3D-shapes not improve the structural
behaviour of flat glass panels as well?

Figure 1.1: Glass deformed by laser bending [2].

A new technology that can contribute to these ambitions is laser-bending. This technique is based on
heating glass panels in an oven, with a set temperature just before the glass becomes viscous. For
soda lime silicate glass this temperature lies just before 600 degrees Celsius. Inside the oven, the
glass is heated extra locally by lasers to reach the viscous state in very specific predetermined places.
By becoming viscous, this is where these laser-heated areas drop several millimetres by gravity. With
this technique bending radii smaller than 10mm can be achieved. This technique is in the early stages
of development and investigation. Therefore, many possibilities and ideas have not been explored yet,
making this a highly interesting topic to involve in this thesis.

Questions about structural integrity and architectural purposes are examined and researched. This
thesis focusses on stiffening glass panels by using these laser-bending techniques and creating 3D-
shape patterns.
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1.1. Research problem

With glass covering a large part of buildings, reducing materials can have a significant impact on re-
ducing the emissions of a building and the use of raw materials. Looking at the cross section of facade
panels, it can be observed that there is no cross-sectional depth, besides the thickness of a flat panel.
Visually profitable and reasonable, but structurally it is questionable whether flat panels are the best
performing designs. From a structural perspective, it is not the best performing design. By increas-
ing the stiffness of glass panels, less material can be used in comparison to conventional non-formed
and flat glass panels. Laser-bending techniques can be used to increase this stiffness. Is this method
sufficient to increase the overall stiffness of a glass panel? In theory, the cross section of the glass is
improved by adding grooves or a form of depth to the glass. This thesis provides results whether the
increase in inertia results in better stiffness performances.

The problem that is tackled during this thesis is that glass facade panels have a minimal stiffness based
on their geometry. Laser-bending techniques are used to increase the stiffness of these panels without
adding material and to be able to use thinner glass.

1.2. Research objective

With sustainability and the availability of raw materials being major challenges and innovation leading
to new insights, the objective of this research is to test new ways to reduce the amount of glass material
needed for glass facades. The research is successful when results and knowledge about two structural
properties of the laser-formed glass are obtained. These two properties will be the increase in stiffness
of laser-formed glass and the bending stress resistance of these panels. The stiffness of the glass is
obtained through observing the applied force and the corresponding deformation. The bending stresses
are obtained by applying strain gauges, which will provide insight into the present stresses. In addition,
the bending stresses are obtained numerically with FEM-models. Conclusions about the bending stress
resistance are made by stating the observations, and plotting Weibull distributions to obtain 5% fractile
values.

A FEM model is made to predict the behaviour of the laser-formed glass panels and is compared to the
real-life behaviour. The goal is to develop a model that is checked in sensitivity regarding geometrical
details, mesh sizes and computational time. The influence of parameters like glass thickness, bending
angle and necking will be examined and visualised analytically at first. The FEM-models give results
regarding the stiffness of all the panels. The comparison between nominal models and unique models
needs to give insight into the need for unique models.

A visual relation between the stiffness performance of flat versus laser-formed glass will be another
objective. In this way, the use and research of laser-formed glass can be promoted if proven beneficially.

1.3. Research scope

Many properties of laser-formed glass panels have not been researched up until now. To scope this
research, the focus lies on the behaviour and properties of single Soda Lime Silica glass panels. Specif-
ically, the behaviour of out-of-plane loaded panels will be researched. One situation will be elaborated
on and examined, which contains a two-sided supported laser-formed glass panel. The design of the
elevation/3D-shapes will be done in Rhino and Grasshopper and is bound by the manufacturing capa-
bilities.

Four parameters are checked for the sensitivity towards inertia of the two-sided supported panel. This
panel is designed with a 3D-shape consisting of an elevation, where the parameters are the eleva-
tion depth, the bending angle, the glass thickness, as well as the thickness of the web regarding the
influence of necking.

After designing, multiple DIANA-models are built. Rhino-models are directly imported as solids into
DIANA FEA to be able to obtain structural analysis.

The designs are tested in the Micro-lab of the Civil Engineering and Geosciences faculty of the TU
Delft. The properties that are observed are the deformations with respect to the loading and the strain
of the glass. This provides information on the structural integrity of the laser-formed glass panels. The
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laser-formed panels are compared to conventional flat panels to see if the stiffness is indeed increased
and by what amount. The results of the strain and stresses are used to see if there is any loss or gain
in bending strength regarding this unique production process of laser-bending.

The lab-tests deliver the deformation and the strains after certain loading. The data collected from the
lab-tests are compared to DIANA-models to see if FEM can correctly predict the behaviour of real-life
samples of laser-formed glass panels.

A comparison study is performed to demonstrate if laser-forming glass is structurally beneficial in re-
lation to flat glass. Solutions and recommendations for future research are given to complete the
research.

1.4. Research questions
The main research question that will be discussed during this thesis is:

* "What is the structural performance of laser-formed glass panels, when loaded out-of-plane until
failure?”

Follow-up questions supporting this main research questions are:

» "What is the influence of the shape geometry on the inertia and the stress distribution?”

* "What is the stiffness and strength capacity of out-of-plane loaded glass panels?”

* "How can the structural behaviour be modelled in DIANA FEA to resemble real life behaviour?”
* "Is laser-bending beneficial for reducing the material use of glass panels?”

1.5. Research theory and methods

The research theory is based on the knowledge gained in the CIEM1304 Glass Science and Engineer-
ing course. This is the introductory course of the TU Delft for glass structures for civil engineers. During
this course, topics in the likes of glass production, -sustainability, -fracture mechanics, -3D-printing and
glass testing, -reuse, -connections, and glass engineering projects are discussed. This is the basis of
the knowledge of glass before starting this thesis.

Other theory is used from several other courses of the TU Delft Structural Engineering programme.
Topics like FEM-modelling, mechanics of (slender) structures, and building engineering are necessary
to gain an understanding of the structural behaviour of laser-formed glass panels. Knowledge that is
not covered in the curriculum is acquired in the literature study, which is further elaborated in chapter
2.

The research methods are based on designing, FEM modelling and lab-tests. The FEM-programme in
which is modelled, is DIANA FEA, since this is based on the availability of the software, the compatibility,
and the accessibility to experts of the software.

The lab tests are performed by four-point bending tests for the glass samples. With strain gauges, the
strain is obtained, while the deformation is measured within the press. By doing so, the stresses in
the glass are determined, and it is checked whether laser-formed glass can be predicted and modelled
correctly in FEM as well.

1.6. Thesis outline

This thesis starts with a description of the theoretical background concerning this topic of glass and
laser-bending in Chapter 2. Chapter 3 shows the investigation of the influence of different geometry
parameters. Subsequently, the lab experiments and the obtained data are described and presented in
Chapter 4. The FEM-models and numerically derived results are presented in Chapter 5. The results
of comparing laser-bent glass with flat glass in a case-study are described in Chapter 6. Finally, the
discussion, conclusions, and recommendations are stated in chapters 7, 8 and 9.



Theoretical Background and State of
the Art

This chapter describes the background information found in the literature and the state of the art. This
chapter is divided into three main sections. First, the material glass in general is discussed, and then
the applications and properties of architectural and structural glass are elaborated. To gain knowledge
of CO,-lasers, a separate subchapter describes the principles of this product and process.

2.1. History and production of float glass

2.1.1. History and production of glass

Glass has been around for centuries, even millenniums. The man made glass at least, because glass
has always been around in nature in multiple forms. Sand and or rock can be heated naturally due
to, for instance, lightning strikes or volcano eruptions. When these materials are rapidly cooled down,
a glassy state material such as obsidian or volcanic glass can be formed. These glass like materials
were used in ancient times for arrowheads, knives and other crafts [3].

Figure 2.1: Black obsidian volcanic glass [4].

The first glass created by humans was made around 5500 years ago by Egyptians. The first applications
with glass produced by men were jewellery and vases. In a later stage, the Romans further developed
the application and production of glass products. The first products with clear glass were developed
and the application in buildings rose as well. Where glass was first a luxury, in the 14th century the

4
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French developed a method to make flat glass panels to use on larger scale. The so called crown glass
was made by blowing glass and rotating it rapidly [5]. The centrifugal force allowed the soft glass to
form circular panels. The glass produced with this method is circular and the application in buildings
required mostly rectangular shapes, therefore a waste of material was inevitable [6].

The research and development of making flat glass sheets dates from the late 1800s to the early
1900s. Multiple production processes were developed starting with vertically drawn glass in 1901 by
Emile Fourcault. The Fourcault process involves the molten glass being pulled in a upward direction.
By letting it cool down in the process, a continuous flat piece of glass is made. A single panel is then cut
from the continuous glass. Distortions and irregularities were common during this production method,
making it likely to have flaws [3].

Fourcault process

Drawing direction T
glass sheet . . ! \

e

Transport
rollers

Figure 2.2: The Fourcault process [7].

With irregularities being an issue in previous production methods, a new method needed to be devel-
oped. This new method called the float process was developed in the mid 1900s. The production of
float glass, as it is used today in the building industry, was introduced to the public market by the Pilk-
ington Brothers in 1959. Sir Alastair Pilkington, a Cambridge University graduate, joined the company
in 1947. In 1952 he introduced his idea to form glass by floating melted glass on a bath of liquid tin.
Because liquid tin has a density higher than that of the molten glass, the glass floats on top of the tin.
A great benefit of this process is the fact that liquid tin has a flat surface. Therefore, the glass floating
on top will end up having a flat surface as well [3].
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Small plate
Large plate lift-off devices
lift-off devices

Cross cutters
Continuous
ribbon of glass
Cooling lehr
(coating chamber)

Float bath

Melting furnace

Raw material feed

Figure 2.3: The Float process [8].

The process starts with heating the raw materials in a furnace up until a temperature around 1550
degrees Celsius, as described by glass manufacturer Saint-Gobain [9]. This heating process gets rid
of any impurities and bubbles within the glass. The molten glass is afterwards poured on the surface
of the molten tin bath. Subsequently the glass spreads evenly forming a ribbon of uniform thickness
and viscosity. The use of tin instead of other materials as a liquid bath is based upon its low reactivity
with the glass. The thickness of these glass ribbons without any mechanical adjustments is about
6.5mm. Any thicknesses deviating from this need external mechanical forcing to obtain the required
thickness. Rollers above the bath are used to control this forcing and therefore the resulting in the
required thickness and the width of the glass. The speed, angle and penetration of the rollers are the
forced parameters that influence the size of the glass. In the meantime while floating continuously on
top of the tin, the glass is cooled down to a temperature of around 600°C [9]. When cooled down and
hardened enough, it can be taken out of the bath and placed onto rollers. It is crucial to be hardened
enough before, to prevent the rollers leaving traces and markings on the surface of the glass. A uniform
thickness and a smooth surface is achieved with this process, thus making this far more reliable and
usable for glass applications like facade glazing.

Before entering the annealing lehr, a Pyrolitic coating can be applied to the glass to improve the quality
and properties of the glass. By reaching the end of the floating process, the glass has cooled to a state
where it acts rigid enough to be lifted. The glass will be lifted from the floating bath to the lehr by so
called lift-out rollers. The lehr is the part in the production line where any residual stresses are released.
The annealing is done inside a 190m sealed air-filled environment. The glass is in this part gradually
cooled, which get rid of internal stresses and therefore increasing the durability of the glass [9].

After cooling down the glass can be cut into the desired dimensions. The standard dimensions that
Saint-Gobain produces and delivers are 6000x3210mm and 3210x2250mm. Where the "Overlength”
glass panels can reach the size of 18000x3210mm [10].
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(a) Overlength panels used in facades [10]. (b) Transportation of Overlength glass at Glasstec 2018 [11].

Figure 2.4: Oversized panels reaching lengths of 18 meters.

The transportation of oversized panels comes with its own challenges, but innovative designs of trans-
portation trucks like figure 2.4b can overcome these challenges.

2.1.2. Detailing methods

Different detailing methods are used to ensure the material quality standards are met. The methods
that are used most commonly are the detailing due to connections like hole drilling, and the cutting and
polishing of the edges.

The detailing of connections plays a role in the production of the glass panels. Since holes for me-
chanical connections need to be drilled, these points reduce the strength performance locally. Three
production methods for drilling are cylindrical drilling, conical drilling, and undercut holes [12]. All of
these methods weakens the glass. Chamfering of the holes edges is used to increase the quality of a
hole and therefore the overall strength performance.

Since float glass is continuously produced, to acquire the required length and dimensions of glass it
needs to be cut during the production stage. This is most commonly done by mechanical cutting tables.
Where water-jet cutting and laser cutting are used to cut glass as well. The cutting of glass comes with
additional risks. The edge quality of the cut-side of the glass is usually sharp and vulnerable. Edge
finishing is therefore needed to increase the strength performance of glass panels.

There are five common ways to finish the edges of a cut piece of glass [12]. The first option is to
leave the edge finishing as it is cut. This leads to sharp edges of the glass panel. The second option
is to have the edge finishing as arrissed, seamed or chamfered. This removes the sharp edges and
will leave a chamfer of around 45°. The third type is to ground the glass edge. Grounding will lead
to have either blank spots or no spots in the glass. Both types of finishing will leave the glass with a
milky matte appearance. The last type of finishing is to polish the edges. With polishing the edges,
the glass will have a clear appearance where the edges are chamfered at 45°. The difference with the
chamfering option, is that the not only the corners of an edge are chamfered. The vertical end of the
edge is polished as well. Different finishing details result in different edge strength properties.
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2.2. Architectural and Structural Glass

Glass used as facade glazing has been around for centuries. Whereas the use of glass as structural
elements is something that arose in the late 1980s [1]. This section describes the different types of
strengthening glass, the implementation of robustness while designing and several engineering projects
are shown.

2.2.1. Tempered glass

Glass is a material with no specific tensile strength. There is no reliable value to which the strength
can be represented at all times. Bending tests results in scattered values of the strength with spreads
up to 50% of the average strength in some of the cases [13].

To ensure the strength of glass and increase the mean strength, tempering methods are used. This
process of heat treatment is used to create residual stresses which are desired in engineering. Since
glass is weak in tensile-stresses occurring at surface flaws, the residual stresses can be used to com-
pensate. By using heat treatment and rapid cooling, the surface cools down rapidly, where the core
starts to cool down at a later stage. Therefore while the surface is cooled down, the shrinking of the
core induces compressive stresses at the surface of the glass and the core stays in a tensile-stress
state. Since the core does not contain any flaws, the chances of a crack initiating there are very slim.
By having a surface already under compressive stress without external loading, this glass panel can
withstand higher bending forces. Where the tensile stresses induced by the bending, first needs to
outgrow the compressive residual stresses [14]. The principle of strengthening through tempering and
its residual stresses is given in Figure 2.5.

ANNEALED GLASS 1 TEMPERED GLASS
:: compressive residual stress
GO TR LA TN Il prevents opening of flaws

- 1
By | 3 e
flawless material Il Il tensile stress |
: i\ inthe core
b |
|

N — A A 1 v A A
flaws are closed I flaws are closed
by compressive stress I by compressive stress

Je i Je

e e e

& 1 —
flaws open and grow due to tensile stress | residual stress prevents opening of flaws
high compressive strength, no failure
c j I | CM - | j
L]
M T
“"‘—'\—-___‘____A_,___A._-A-—""
i _'__,-"’-
| breakage Il no tensile (flaw opening) stress on the surface

Figure 2.5: The residual stresses within tempered glass [14].

The glass is heated inside an oven to approximately 620-675°C and then cooled down rapidly by jets
of cold air [14]. There are multiple stages of tempering used within the glass industry. The three terms
being used in this document are described below, since this is the terminology accepted most widely.
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Table 2.1: Terminology of different types of tempered glass [14].

Residual stresses at surface Terminology used Other frequently used terms
(zero to) none Annealed Glass (ANG) Float glass

Medium Heat Strengthened Glass (HSG) Partly toughened glass

High Fully Tempered Glass (FTG) Tempered Glass /

(thermally) Toughened Glass

Fully tempered glass

Every type of heat tempered glass has its own properties. Fully tempered soda lime silica glass has
residual compressive surface stresses varying between 80 MPa and 170 MPa [14]. A study performed
by Veer, Louter and Bos in 2008 showed results of the strength being on average 157.4 MPa, alongside
an average pre-stress of -100.6 MPa [15]. The NEN-2608-7-table-2 gives a characteristic bending
strength of fully tempered glass of 120 MPa.

The fragmentation of the different types of tempered glass is noticeable as well. Due to the high internal
stress, the fragments of glass after failure are smaller than that of HS glass or annealed glass, as can be
seen in Figure 2.6. Therefore the fracture pattern is way more dense than the others. As an advantage,
the smaller fragments cause less harm. On the other hand its post-failure performance is poor due to
the tiny fragments [14].

Figure 2.6: The different fracture patterns of annealed glass (left), heat strengthened glass (middle) and fully tempered glass
(right) [14].

Heat strengthened glass

Heat strengthened glass uses the same cooling techniques as fully tempered glass, except that a lower
cooling rate is used. Therefore, the residual stress and the tensile strength are lower in comparison.
The residual compressive stress at the surface is varying between 40 and 80MPa [14]. The study
performed by Veer, Louter and Bos showed an average failure stress of 104 MPa, alongside an average
pre-stress of -64.3 MPa [15]. The NEN-2608-7-table-2 gives a characteristic bending strength of heat
strengthened glass of 70 MPa.

The fragments of the fracture pattern of heat strengthened glass are bigger than those of fully tempered
glass and smaller than those of annealed glass, as can be seen in Figure 2.6. Therefore, it has ben-
efits with less harmful fragments than annealed glass, and a better post-failure performance than fully
tempered glass.
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Annealed glass

Annealed glass is glass as it is produced on the float line. No additional tempering is used, making it
the weakest out of the three types of glass being described. The study of Veer, Louter and Bos showed
results of an average failure stress of 42.0 MPa, alongside an average pre-stress of -4.5 MPa [15]. The
NEN-2608-7-table-2 gives a characteristic bending strength of annealed glass of 45 MPa.

Annealed glass fails in large fragments, as can be seen in Figure 2.6. This makes annealed glass
more harmful after failure than heat strengthened and fully tempered glass. Annealed glass can show
similar fragmentation to heat strengthened glass, the cause is elastic energy stored internally due to
the deformation of the glass.

Nickel-sulfide inclusion

For fully tempered glass there is another failure mode possible, besides failing due to high tensile
stresses. This failure mode is called Nickel-Sulfide (NiS) inclusion. This spontaneous breakage can
occur and because itis unpredictable it should not be neglected. During the production of fully tempered
glass these Nickel-Sulfide inclusions can not be avoided completely. Due to the temperature change,
the NiS particles can increase by about 4% in size due to a phase change [14]. A combination of high
tensile stresses inside the core of the glass as well as these increase in volume of the NiS patricles
can cause these sudden failures. A distinct butterfly-pattern can be seen at the initiation of the failure,
as showed in Figure 2.7.

Figure 2.7: Distinct butterfly fracture pattern [16].

The Nickel-Sulfide Inclusions do start with a butterfly pattern, but not every butterfly pattern is caused by
this inclusion. Fractography should identify the source of the butterfly fracture and can identify NiS with
certainty. The risk of the spontaneous failures due to NiS can be reduced significantly by a so called
heat-soak test. The process is described as the test consisting of slowly heating up the glass and
maintaining a certain temperature for several hours [14]. This accelerates the phase change, therefore
any glass that contains dangerous inclusions will fail in the process. At the end of the test the relatively
good glass will remain as a whole piece without any failure.

Figure 2.8: a) Nickel Sulfide inclusion into glass. b) Nickel Sulfide inclusion with intact surface [17].
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2.2.2. Laminated glass

The sudden failure of glass loaded under tensile-stresses is a problem for engineering purposes. Since
there is no warning right before failure, this can lead to significant consequences if the glass fails while
serving as a structural element. Robustness is therefore necessary to ensure post-failure strength and
a secondary load path which needs to transfer and withstand the remaining loads after failure of a glass
pane.

Figure 2.9: PVB-laminated glass [18].

A relatively simple yet necessary technique to ensure this robustness is laminating the glass. This
means that the glass consists of a set of two or more panes with a separate transparent interlayer. The
thickness and tempering of the glass panes may differ per element, since each pane may be used for
different (environmental) surroundings.

The laminating process starts with rinsing the glass, subsequently applying the interlayer, adding the
next glass pane on top and ending in an autoclave. This autoclave heats the laminated glass at ap-
promixately 140°C. Heating the glass and interlayer and the pressure of 12-14 bar inside the autoclave
ensure that no air is present between the glass and the interlayers [12].

When one of the laminated glass panes fails, the interlayer ensures that the fragments of the glass are
retained. In addition it offers residual strength and reduces the risk of falling fragments causing injuries.
There are different types of interlayers available. The most typical ones are mentioned in Table 2.2.

Table 2.2: Comparison of different interlayers [19].

Interlayer | Properties Benefits Considerations | Applications
Polyvinyl- | Most common, | 99% filtering of UV rays, | Not to be used | Doors and win-
Butyral optical clarity, | several thicknesses, | where exposed | dows, Internal
(PVB) flexibility —and | acoustic performance, | to moisture or | balustrades, over-

ability to ad-| cost-effective. water. head glazing.

here.
Sentry Better rigidity | Can be used in external | More expensive | Internal and ex-
Glass and tear resis- | exposed applications, su- | to other lami- | ternal glazing,
Plus tance when | perior edge stability, high- | nates. Security glass,
(SGP) compared to | est level of structural per- floors, stairs, fa-

PVB. formance. cades, aquariums.
Ethylene- | Alternative Can be used in exter-| Less performing | Switch Glass, So-
Vinyl- interlayer  for | nal exposed edge applica- | structural prop- | lar Panels.
Acetate safety  glass, | tions, customisable. erties compared

high moisture to SGP, cost-

resistance. effective.
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Another benefit of laminated glass is that an engineer may reach required thickness which are unob-
tainable in the glass market for a single panel . A reduction in total thickness needs to be accounted
for as described in chapter 2.2.4. The post-failure behaviour is a secondary effect related to the adhe-
sion of the interlayers to the glass. After breakage, the glass fragments adhere to the interlayer, which
introduces some remaining structural capacity. Annealed laminated glass has a better post-failure be-
haviour than heat strengthened and fully tempered glass. Heat strengthened glass does show a better
post-failure behaviour than fully tempered glass. This is based on the capacity of the fragments, where
larger fragments perform better than smaller fragments [14]. In conclusion the structural performance
before failure increases with tempering, but the residual structural performance after breakage performs
better with less tempering.

2.2.3. Curved and Bent glass

The application of innovative designs in glass is rising. Curved glass is an option to improve the de-
sign of building facades. Manufacturing glass in curved shapes comes with its challenges and these
challenges and applications of curved glass are described in this subsection. Several methods can
be used to obtain different solutions for different applications. Cold-bending and hot-bending of glass
are commonly used in practise, whereas laser-based bending is currently under research, in which this
thesis is also contributing. Laminating and prestressing bent glass comes with challenges, but is to a
certain extent possible.

Cold bent glass
Cold bending of glass can be distinguished in the bending of glass by assembling and bending by
lamination. Bending by assembling is in essence bending the glass plates and mounting the glass to
a frame structure to keep the curved shape. The curvature is therefore limited to the bending strength
of the glass [20].

initially flat glass pane moderately bent glass pane strongly bent glass pane
_____supports dz/4

dZi4

w(xy)Ecxy

wie)s0 wixy)=cxy

Figure 2.10: Cold bent glass pane [21].

The other bending technique is bending by lamination. The bending process is combined with the
laminating process. The glass pane is fixed in a designated mould. An interlayer is then applied at
a temperature of approximately 120°C and a pressure of 1 up to 12 bar is used [20]. Neugebauer
describes the process where the interlayer will become soft and the glass layers will be connected. At
the end of the laminating process the interlayer cools down and becomes stiff enough to hold the bent
shape. This is possible because the shear forces are activated between the glass layers [20].

|

activated shear force in
the interlayer

mould

Figure 2.11: Cold bending by lamination [20].
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Hot bent glass

Hot bending of glass is the most commonly used technique. This technique bends the glass at a
temperature higher than 550°C. Moulds are used to let the softer and more viscous glass deform in
the required shape. Gravity is the main component in this process, allowing the glass to sag in its
demanded geometry [20].

The process starts with a flat sheet of annealed glass. The glass is then placed into an oven where
depending on the glass composition the temperatures can reach 1200°C [22]. The bent glass is slowly
cooled to allow the residual stresses to dissipate. Hot bent glass has some of the following character-
istics [22]:

- Curvature: The hot bending process is used to manufactures glass shapes with a wide range

of curves.

- Optical quality: Due to controlled heating and cooling, the optical quality of hot bent glass

maintains a high level with minimal distortion or visible waves.

- Thickness: Hot bending can be used to introduce curvatures to various thicknesses.

- Edge quality: The edges of hot bent glass are usually smooth and uniform, as the higher

temperatures allow for softening of the glass during the shaping process.

A second method is bent tempered glass. Both the hot bent glass and the bent tempered glass use
similar processes, but each have its own applications and properties [22]. Migoglass describes the
production of bent tempered glass as follows. The production of bent tempered glass contains two
main steps consisting of the bending and the tempering. First a flat panel of annealed glass is heated
to around 650°C. The heated glass is formed in a mould to obtain the required curvature and shape.
After the bending process is finished, the curved glass is rapidly cooled to temper the glass and increase
its strength.

Bent tempered glass has the following characteristics [22]:
- Increased strength: The tempering process increases the strength of the glass.
- Safety: The fragments of the broken glass are relatively small and less harmful compared to
annealed glass.
- Thermal resistance: Bent tempered glass has increased resistance to thermal stresses.
- Dimensional stability: Bent tempered glass can maintain the shape of the glass, preventing
warping or distortion over time.

Laser-based bent glass

Laser-based glass bending is a relatively new innovation regarding the bending of glass. In may 2017
Fraunhofer IWM published an article on laser-based bending of glass [23] and in October 2019, Fraun-
hofer IWM posted an article on their website about laser-based glass bending [24].

The first papers published based on this method, where significant progress was made, were published
early 2024. Two articles were published that describe the use of lasers as a tool to bend soda lime silica
glass. Liao et al. published an article of bending comparatively thin glass in different bending angles
[25]. Where Bolakhrif et al. describes the laser-bending of low-E coated flat glass [26]. The study of
Bolakhrif focuses on the optical performance of laser-bent glass, where the study of Liao describes the
characterisation and process of bending thin (500 and 1000 um) glass.

The three main steps to bend glass with a CO, laser as described by GLAPE GmbH are illustrated
in Figure 2.12. A more extensive description of the laser-oven and the functionalities of its individual
components are described in Section 2.3.3.
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(a) Step 1: Preheating the oven and preparing the glass sample (b) Step 2: Placing the sample in the oven and applying localised heat
outside the setup. with the laser.

(c) Step 3: Gradually cooling down of the sample after laser-heating is
applied.

Figure 2.12: The three main steps of the laser bending technology of glass [27]

The first main step in the laser-forming technology is the preheating of the oven. The sample is then
placed within the oven to gradually increase in temperature as well. The maximum temperature of the
glass requires to be below the point where the glass starts to become viscous. This ensures that the
complete glass sample remains as a solid before the laser is applied. The next point in the processing
is to apply the CO,, laser to increase the temperature of the glass locally. This specific step results in
the glass reaching a viscous state at the specified point or path of the laser.

Two distinctions are made, the bending and the forming of the glass. With laser-bending the glass
bends around a corner, while with laser-forming the glass is sacked into a specific shape out of plane.

For the laser-bending process, when supported on one side and heated along a singular line, the
flat glass sample will bend, creating a corner with a low bending radius, as visualised in Figure 2.13.
Stopping the heating at the right time will lead to hardening of the softened point, and results in the
sample being completely solid as at the start of the procedure.

Figure 2.13: Bending glass around a corner by laser-induced heating.
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The second method, laser-forming, is based on applying the laser in a certain shape/form. When
heated, the shape pattern sags out of plane, resulting in an elevated part in the cross section. The
shape of the pattern can be a rectangle, circle, triangle or any other 2D-shape. CAD-software is used
to guide the laser, making it highly effective to use for any shape. Secondly, no mould is needed to
obtain the desired depth. Figure 2.14 illustrates what happens in the oven for the laser-forming process.

Figure 2.14: Forming glass with a sagged form, by laser-induced heating.

In both the studies of Liao and Bolakhrif, a CO,-continuous wave laser is used. Since the method of Bo-
lakhrif was able to bent glass with larger thicknesses, this method is taken as the source of information.
This method is also used in manufacturing the samples used in this thesis. The process is based on a
couple of steps. At the start flat glass panels are cleaned and put in an oven. The temperature at which
the oven operates is around 570°C. During the laser-heating process an integrated CO,, laser (10.6um)
was used to apply a linear pattern[26]. This induced localized heating and triggered the bending of the
glass. The localized heating introduces the glass to become viscous. Due to clamping of the sample
where no bend or shape is required, the sample starts to deform due to the presence of gravity. The
laser heated parts begin to deform and the rest of the sample remains in a solid state. Bends with low
bending radii lower than 10mm are possible. The laser-forming method is based on using the laser to
create elevated shapes in flat glass, as can be seen in Figure 2.15b.

(a) Tight corner radii, by laser-based bending [24]. (b) Glass deformed by laser-forming [2].

Figure 2.15: Different applications of laser-based glass bending.

The development and research of this bending technique is in its early stages. This thesis therefore
provides more insight in the predictability and the performance of laser-formed glass.
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2.2.4. Designing with glass

Designing structures is generally governed by the Eurocode. Where for most building materials there is
a separate Eurocode available, that of glass is still in development. There is on the other hand a norm
used in the Netherlands to design glass structures. The code used for glass is the NEN 2608:2014-NL.
In this code the required material properties, the basis of the design, calculation-strategies and the
checks for the serviceability limit state (SLS) and the ultimate limit state (ULS) are described.

Mechanical Properties of glass

Glass is a material with unique mechanical properties. It is a homogeneous isotropic material and has
an almost perfect linear-elastic behaviour with respect to its tensile strength capacity [28]. Glass can
resist very high compressive forces and when absolutely no flaws or cracks are present, the tensile
strength is also relatively very high. What makes glass perform less promising is the presence of
surface flaws. These surface flaws create (microscopic) cracks in the glass, making small openings in
the surface. When subjected to tensile stresses, these "openings” are the weakest spots in the glass,
making it around 1000 times less strong compared to a perfect glass surface without flaws.

The chemical composition of glass consists of multiple molecules. The main component of glass is
Silicon Dioxide, also known as silica sand. Where Lime (CaO) and Soda(Na-QO) are the two other main
components. Table 2.3 shows indicatory values of mass percentages of Soda Lime Silica Glass.

Table 2.3: Chemical composition of Soda Lime Silica Glass. [14]

Soda Lime Silica

Silicon dioxide (SiO-) 69%-74%
Clacium oxide (CaO) 5%-14%
Sodium oxide (Na;0) 10%-16%
Boron-trioxide (B,O3) -
Magnesium oxide (MgO) 0%-6%
Aluminium oxide (Al,O3) 0%-3%
Others 0%-5%

Table 2.3 shows the chemical composition of Soda Lime Silica Glass. Where Table 2.4 shows the
mechanical properties.

Table 2.4: Mechanical properties of Soda Lime Silica Glass.

Symbol Soda Lime Silica

Density p 2500 kg/m?
Young’s Modulus E 70.000 MPa
Poisson’s ratio v 0.23 -
Hardness (Knoop) HKoq.1/20 6 GPa
Coefficient of thermal expansion o 9 10-6K-!
Specific heat capacity Cp 720 J/kg~'K™!

Thermal conductivity A 1 Wm—lK™!
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The strength of glass, Ultimate Limit State (ULS)

Glass does not yield making it a brittle material. The exact strength of glass is not a more or less exact
number like that of common building materials like steel and concrete. A study described in O’'Regan
his book "Structural Use of Glass in Buildings” shows results of 740 tests being done on 6mm thick
annealed glass [5]. The results of these test show that the failure stress at which glass fails scatters
immensely. The distribution of the failure stresses does not relate to any probability function, making it
highly unpredictable. A study performed by Veer, Louter and Bos confirms the scatter of failure stresses.
This study on the other hand found conclusions regarding the distribution of the stresses. A Weibull
distribution may describe the probability of failure, but is only valid in certain cases [15]. This study
shows an average failure stress for lying annealed glass panels at 42 MPa, for lying heat strengthened
glass at 104 MPa and for fully tempered glass at 157.4 MPa. Noticeable in this study is that a higher
failure stress resulted in more fragmentation of the glass.

The NEN 2608:2014-8 states the following characteristic bending strength values of tempered glass.
A design value for annealed glass needs to be designed by equation 2.1. Tempered glass needs to be
calculated by equation 2.2 [29]. Both equations show a similar part and an extra strength relation is
added for tempered glass, resulting in higher design strength values.

The design value of the bending strength (f,,:...«) of annealed glass is equal to:

ko X ke X kmod X ksp X fg:k

fmt;u;d = (21)

’Ym;A

Where [29]:
fmta 1S the bending strength of annealed glass in N/mm?.
K Is the factor for the surface-effect regarding equation 2.3
ke Is the factor for the edge quality of the glass panel. Stresses regarding Table 2.7

need to be accounted for. For other situations k. = 1 need to be applied.

Kinod Is the modification factor depending on the load duration and the reference period regarding 8.3.3 (6).

Is the factor for the surface structure of the glass regarding Table 2.6.

fouk Is the characteristic value of the bending strength of the glass, in N'mm?, where f,;, = 45 N/mm?.

YA Is the material factor of glass, where:
vm;4 = 1.6 for situations where wind or isochoric pressure is the governing variable load case.
vm;4 = 1.8 for any other situation.

The design value of the bending strength (f,,,;....«) of tempered glass is equal to:

ka X ke X kmod X ksp X fg;k 4 ke X kz X (fb;k — ksp X fg;k)

fmt;u;d = (22)
Ym;A Ym;V
Where [29]:
frewa 18 the bending strength of annealed glass in N/mm?.
ke Is the factor for the edge quality of the glass panel. Stresses regarding section 2.7
need to be accounted for. For other situations k. = 1 need to be applied.
K Is the factor for the surface-effect regarding equation 2.3.
Kinod Is the modification factor depending on the load duration and the reference period regarding 8.3.3 (6).
Ksp Is the factor for the surface structure of the glass regarding 8.3.3 (1).
fok Is the characteristic value of the bending strength of the glass, in N'mm?, where f,;, = 45 N/mm?.

YA Is the material factor of glass, where:
vm;a = 1.6 for situations where wind or isochoric pressure is the governing variable load case.
Ym;4 = 1.8 for any other situation.

k. Is the factor for the zone of the panel regarding 8.3.3 (7).

oo Is the characteristic value regarding Table 2.5 in N/mm?.

YV Is the materialfactor of tempered glass, where ~,,,.v = 1.2.
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Table 2.5: Characteristic values of the bending strength of tempered glass [29].

Material ksp X fg;k fb;k fb;k - ksp X fg;k

N/mm?  N/mm? N/mm?
Float glass - Heat strengthened 45 70 25
Float glass- Fully tempered 45 120 75

Equations 2.1 and 2.2 show several different safety factors. k,, refers to the surface structure of the
panel. This factor is dependent on the manufacturing process and has to be determined by Table 2.6.

Table 2.6: Factor for surface structure, ksp [29].

Material Ksp
Floatglass 1.0
Figure glass 0.8
Enamelled glass at enamelled side 0.78

For non enamelled side, see floatglass

The factor for the edge quality of the panel k. needs to be determined by Table 2.7.

Table 2.7: Factor for edge quality, ke [29].

Material k., Loaded out-of plane k., Loaded in plane®
Annealed glass 0.8 0.8
Heat strengthened glass 1 0.8
Fully tempered glass 1 1

@ At polished edges

When the glass panel is loaded by a distributed load and when a non-linear calculation is needed for
calculating the bending stresses, the factor for the area-effect, k,, need to be determined by equation
2.3.

ko = 1.644 x A~ (35) (2.3)

Where A is equal to the area of the load in mm?2. When the panel is loaded by a concentrated load with
load-area H; x B, the factor of the area-effect, k,,, can be determined by equation 2.3 with A being the
area of the pointload H; x B; in mm2. In every other situation k, = 1 may be assumed.

The modification factor for the load-duration of annealed glass needs to be determined by equation 2.4.

kemoa = (2)© (2.4)

~ | Ot
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Where [29]:
kmoa Is the modification factor depending on the load duration and the reference period regarding 8.3.3 (6).
c Is the corrosion constant based on the temperature and humidity by Table 2.8
t Is the load duration

Table 2.8: Corrosion constant, c [29].

Glass surface Edge zone Middle zone

Surface neighbouring a cavity of insulated glass. 16 27
The cavity consists of air with a relative humidity of maximum 10%

Glass surface of laminated glass neighbours the interlayer 16 18
Other situations 16 16

The zone factor, k, should be determined by Table:

Table 2.9: The zone factor, k. [29].

Tempering type Zone1 Zone 2 Zone 3 Zone 4
Heat strengthened glass 1 1 Calculate 1
Fully tempered glass 1 0.9 as annealed 0.9

The zones as stated in Table 2.9 are defined by the following definitions [29]:
- Zone 1: The middle zone as visualised in Figure 2.16
- Zone 2: The edge zone of the panel. The width of the edge zone is 1.5 times as large as
the glass thickness for heat strengthened glass. For fully tempered glass the width can be
multiplied by 1 times the glass thickness
- Zone 3: The corner zone of the panel, following surface ABCD in Figure 2.16. When the edge
is rounded with a minimum radius of r + x, zone 3 is not accounted for, instead the
zone 2 is used. With x being the width of the edge zone and r is the radius
of the inner circle calculated by equations 2.5 and 2.6.
- Zone 4: The zone surrounding drilled holes. The width of this zone 4 is 1.5 times the glass
thickness for heat strengthened glass. For fully tempered glass this width is equal to the glass
thickness.



2.2. Architectural and Structural Glass 20

Figure 2.16: Zones of tempered glass [29].

Two equations are used when calculating the radius.

Forn=1:

r= (24 V2) x ty (2.5)
Forn>1:

r=(2+V?2) Xty (2.6)
With [29]:

n Is the amount of panels

r Is the radius of the inner circle, in mm.

t,, Is the glass thickness of one glass panel, in mm

t,, Is the glass thickness of a laminated glass unit, in mm

Serviceability Limit State (SLS)

Three distinctions are made when checking the Serviceability Limit State (SLS). The first two account for
deformations at the edges of glass units, where the third distinction is made by checking the deformation
in the middle of a glass unit.

The first check is distinct for insulated glass units. The equation that needs to be checked is given in
equation 2.7.

L.
Umax S % (27)

With [29]:

Unee IS the maximum deformation at the edge of a insulated glass unit
I, Is the length of the edge of the insulated glass unit
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The second check is distinct for single glass panels or laminated glass units. The equation that needs
to be checked is given in equation 2.8
L.

Umaz < 100 (2.8)

With [29]:

Unax IS the maximum deformation at the edge of a insulated glass unit
I, Is the length of the edge of the insulated glass unit

The third check account for the deformations in the middle of a glass unit. The equation that needs to
be checked is given in equation 2.9

l ia

With [29]:

Udia;maez 1S the maximum deformation in the middle of a insulated glass unit, in mm
ldia Is the largest diagonal of a glass unit

2.2.5. Strength and stiffness research projects

Significant research projects have been performed around the strength and stiffness parameters of
Soda Lime Silica glass. In 2009 the journal of Fatigue and Facture of Engineering Materials and Struc-
tures published a paper by Veer et al. The article is called "The strength of annealed, heat-strengthened
and fully tempered float glass”[15]. This paper discusses the strength of glass and the way that there is
no agreement on the validity of the characteristic values of glass. This research project tested sufficient
glass samples on strength capacity.

The discussion stated that the ideal result would be a simple formula to calculate the strength of glass.
The observations that led to the results of this research show that no simple solution exists. There is
no unique solution as a result of the tests, as a large scatter of strength is observed. Normal statis-
tics cannot describe the spread. The Weibull approach is valid, however, only in certain cases. The
conclusions of the result state that it is doubtful whether a certain guaranteed minimum strength can
be defined. Several factors influence the strength of glass, such as edge quality, the aspect ratio and
pre-stress level [15].

The inhomogeneous statistics of bending test results makes determining the strength of glass complex.
As stated, the edge quality is assumed to be of major influence to the strength capacity. The so-
called "hidden damage” of edges is assumed to be the explanation of the scatter. Veer and Rodichev
researched the influence of tensile stressing on the bur-side of an edge against the broken side of an
edge [13]. The cutting process of float glass leaves micro-cracks at the edge surfaces, and differences
are observed in strength between the scored side and the broken side of the glass. The research project
of Veer and Rodichev examined 190 glass panels and four distinct bending tests were performed.
The samples were tested in a lying position with the bur-side upwards, where it is oriented in the
compression zone and with the bur side downwards, where it is oriented in the tension zone. The
other two tests were performed were the samples were standing with the bur either on the left or the
right side. The tests show the average strength with the bur side in the tension side is some 20% less
compared with the tests where the bur is on the compression side [13]. A noteworthy observation is
that the failure stress on the bur side was much more consistent than that of the broken side.

The characteristic bending strength of annealed, heat strengthened and tempered glass is thoroughly
researched. Weibull distribution seems to fit the scatter of results best, while it comes with extra con-
siderations. This thesis provides strength capacity values of laser-formed glass, however, the sample
size is minimal which leads to the need of caution when observing these results. The obtained results
are related to the specific design and application, where other applications and designs might perform
differently.
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2.3. Laser bending of materials

The use of COs-lasers have varying purposes. Laser-cutting, surface treating and laser-heating are
multiple applications where these lasers play a significant role. This section describes general informa-
tion on COs-lasers and its use within the laser-bending process of glass.

2.3.1. Principles of CO,-lasers

The first discoveries of a laser-beam dates from 1960. Theodore Maiman discovered a technique for
monochromatic radiation in the infra-red spectrum and described it in an article published in August
1960 [30]. This discovery is seen as the invention of the very first laser as seen nowadays.

The word laser originally was an acronym for "Light Amplification by Stimulated Emission of Radiation”
[31]. The singular term "laser” itself is used generally and is widely accepted to describe light amplifiers
or generators. A laser is a source of light, similar to a common light bulb. Specific differences makes
a laser unique as a light source. The light emitted by a laser is monochromatic, meaning that only one
wavelength is emitted. A regular light bulb/source emits light in various wavelengths. A regular light
source emits light in all directions, where lasers direct the light in one specific orientation or direction.

Common lasers consists of three things; a medium, a power source or so called "pump” and a resonator.
The medium for a CO.-laser is the gas mixture consisting of carbon dioxide (CO-), helium (He), nitrogen
(N2) and in some cases this mixture includes hydrogen (H-), oxygen (O-), water vapour and/or Xenon
(Xe) [32]. The power source is an electrical discharge and the resonator consists of two mirrors. These
mirrors amplify the radiation and a single certain wavelength is able to exit the resonator.

2.3.2. Laser bending of metals

The use of a laser beam to bend materials is called thermo-mechanical forming. The bending of sheet
metal is done by introducing thermal stresses without the use of any external loading. The thermal
expansion is blocked by surrounding material, resulting in thermal stresses in the heated areas. The
bending of materials is based on three different mechanisms. A study performed by Kant et al. de-
scribes these three laser-bending mechanisms [33]. Temperature gradient mechanism (TGM), the
buckling mechanism (BM) and the upsetting mechanism (UM) are described.

The temperature gradient mechanism (TGM) is used to bend the material in the direction of the laser
source. The beam diameter is equivalent to the thickness of the material and a steep temperature
gradient is required along the thickness. This steep gradient is obtained by high scanning speeds.
A non-uniform expansion is introduced along the thickness of the sheet, because the temperature at
the top is higher than the temperature at the bottom of the sample. The thermal expansion introduces
compressive stresses within the material, while the material is unable to expand locally. The magnitude
of these stresses are larger at the top, due to the temperature gradient. Contraction of the top part
of the sheet is a result of these internal compressive stresses when the material cools down. This
contraction and the difference in plastic deformation of the top and bottom part introduces the bending
of the material in the direction of the laser source. Bending angles of 0.1 to 3° are possible when sheets
are subjected to TGM [33].

In the buckling mechanism (BM), the difference in the temperature gradient is negligible [33]. BM is
generally used for thin materials. The buckling stiffness is relatively low for thin materials, resulting
in the buckling phenomenon when subjected to thermal expansion. Along a laser-line the material
buckles and dependent on the direction of the buckle, the thin sheet bends towards or away from the
laser source. Bending angles of 1 to 15° are possible when thin sheets are subjected to the BM [33].

The upsetting mechanism (UM) is used for thicker sheets of material. Isotherms occur when the laser
heating is applied, resulting in a uniform increase of the temperature. This increase in temperature
introduces thermal expansion along the full thickness of the material. Due to the restriction of expansion
by the presence of the rest of the material, compressive stresses occur. When cooled down, these
stresses introduce local shortening of the material resulting in bending of the sheet material.
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2.3.3. Laser bending of glass

The bending of glass is different compared to that of metals, where the bending of glass changes the
local viscosity of the material during the process. Fraunhofer IWM developed a customised system with
several components to be able to bend glass by laser-induced heating, as visualised in Figure 2.17.

External Flow
Heater

Thermal Camera
Laser Scanner
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X Furnace

Chamber
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Figure 2.17: The glass bending furnace configuration with the different components highlighted [34].

The bending-oven was developed in 2012 as a Research and Development (R&D) project. It is used
for several applications involving the heating and processing with a laser in addition to a regular furnace.
The Master thesis of Sylvia Schiéglmann describes the oven that has been used for this thesis as well.
Schldgimann researched the effect of different parameters that influence the presence of white haze
on glass samples to obtain her Masters degree in Chemistry at the University of Regensburg.

The information given in this section about the details of the different components is based on the
descriptions given in the study by Schlégimann, since the same oven is used [35].

The oven consists of multiple components, and three main components are elaborated on more exten-
sively. The main components consists of the furnace, the CO, laser, and the laser scanner. A photo
of the oven used by Fraunhofer IWM is shown in Figure 2.18.

|

Figure 2.18: The glass bending furnace used by Fraunhofer IWM. [34].
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The furnace is a custom-made product of TS Elino GmbH, a company specialised in ovens and furnaces.
This furnace is capable of reaching temperatures of 750°C. Alongside the furnace, a CO,-laser is
used in this configuration. The laser is a TruFlow 2700 model, where it uses a wavelength of 10.6.m.
The CO,-laser is positioned at the top of the furnace chamber, where the laser-beam is guided to the
glass samples by adjusting the laser scanner. This laser scanner consists of movable mirrors and is a
powerSCAN 50 by SCANLAB GmbH. The laser scanner is capable of guiding the laser-beam along a
defined path. Predefined paths can be sketched by CAD-software beforehand, and free-drawing the
paths on side is possible as well. This makes the use of a laser-scanner highly interesting in obtaining
"unlimited” geometries and shapes for the laser-forming process. The possibility of processing and
bending glass without the use of a mould, and within a matter of minutes, makes this development
promising for further research.

2.3.4. Laser-bent glass research projects

The research of glass as a structural element has been steadily growing in the last 30 years. This
development led to more structural glass projects and applications. In 2014 Jiurgen Neugebauer wrote
an article on the applications of curved glass in buildings [20]. Hot bending of glass is mentioned,
cold bending of glass is mentioned, while laser-bending/-forming is not mentioned. This is because
the first article of laser-based glass bending is published in 2017, as mentioned in Section 2.2.3. The
current state of research and development of laser-formed glass and glass in general is described in
this chapter to obtain the research gap that this research contributes to solve.

The development of laser-formed glass has not been thoroughly investigated. The thoughts of different
applications of laser-bent glass products are stated by a spin-off of Fraunhofer IWM named GLAPE
GmbH. GLAPE GmbH was founded in 2023 and provides ideas for the architectural and automotive
industry [36]. Before the start of this thesis, Fraunhofer IWM was contacted about the development and
possible collaboration options. No structural properties of laser-formed glass panels were researched
up until the start of this thesis. Fraunhofer IWM did tests if there was an increase in stiffness, however,
no validation or predicting models were performed and made.

Liao et al. published a paper in July 2024 called "Innovative laser-assisted glass bending approaches
using a near-infrared continuous wave laser” [25]. This research showed the laser-bending method
applied on thin glass samples. These samples had a thickness between 150u:m and 1000um. They
achieved bending angles of 30°, 60° and 90° on soda-lime silica glass measuring thicknesses of 550:m,
see Figure 2.19.
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Figure 2.19: Bending angles reached with laser-bending techniques. a) Soda lime silica glass b) Borosilicate glass [25].

The paper by Liao et al. and a paper by Bolakhrif et al. [26], published at the same time in July 2024
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are the only published articles found that describe the behaviour of laser-bent/formed glass. Bolakhrif’s
research shows glass bending technology as fit for purpose of coated bent glass [26]. Their research
focusses on the optical performance of coated and uncoated bent glass. Furthermore, their research
investigates the chemical composition before and after heat treatment.

As described in section 2.3.3, Sylvia Schléglmann performed a Master Thesis in 2024 on the presence
of haze in glass samples and the influence of the parameters and settings of the laser-oven [35]. This
shows that the topic is at the very early stages of development, and an abundance of ideas are yet
to be discovered and researched about the laser-bending technique of glass in general. This Thesis
aimed to provide conclusions about the stiffness of laser-formed glass, filling a small part of the total
research gap in laser-based bending of glass.



Parameter study

The first stage of this thesis consists of studying how different parameters influence the stiffness of
laser-formed glass. Geometry changes in the cross section have substantial impact on the second
moment of area (Inertia in short), which relates to the stiffness of the glass. The impact of changing
parameters and the magnitude of influence is studied. Design considerations of utilising the geometry
changes are stated and described at the end of this chapter.

3.1. Cross-sectional parameters

By designing glass panels it is good to understand the difference in behaviour of how a panel is sup-
ported. A two sided supported panel behaves as statically determined beam with bending primarily in
one direction. Where four sides supported panels acts like a plate, where bending in both directions
will occur. For this reason a statically determinate beam model is used to analytically get results from
assumptions and parameter adjustments.

When designing a statically determined structure, the stiffness of this structure is directly related to the
cross-sections geometry. Euler-Bernoulli beam equations show the relations between Inertia (l) and
deformation (w) of a statically determined beam.

0%w 0w
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By rewriting the fourth space derivative into a relation of phi "¢” and kappa "x”, the following equations
are obtained:

ow
Y= "oz (3.2)
)
K = a*i (3.3)
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Equilibrium will lead to the following constitutive relation related to the shear force and the moment
present in the structural element, where q is the load acting on the element:

0%w ov
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This constitutive relation, stated in equation 3.7, shows that the deformation "w” of a system, that is
loaded out of plane by load "q”, is directly related to the second moment of area or otherwise called
inertia ”I”. The time-related part of this equation does not play a role in the static calculations of a beam.
The deformations are therefore inversely related to the stiffness of a structure. This inertia term relates

to the cross section of a structure. In this case the cross section of a laser-formed glass panel.

Transforming a flat glass cross-section in a laser-formed one, has a major influence on the inertia of a
cross section. Where the increase of height influences inertia by a power of three for rectangular cross-
sections. There are multiple ways of increasing the height of a cross-section. At first, the thickness
of flat glass panels can be increased to introduce more height in the cross-section. The downside of
this is that more material is used, which is contradictory to the objective of this thesis: To be able to
increase stiffness while reducing or retaining the material use. Therefore, another solution is needed
to increase this relative height.

Corrugation or introducing a so called elevation, is a way to increase height while maintaining the
same material thickness. This can, for example, already be seen in corrugated steel sheets for roofing
solutions, see Figure 3.1.

Figure 3.1: Metal roofing sheet [37].

The concept of an elevation is visualised in Figure 3.2. Here an elevation is introduced and an increase
in inertia is obtained. This concept is manufactured and used in the lab experiments, as described in
chapter 4.

Figure 3.2: Main geometry concept.
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Considering the stiffness increases by introducing these corrugations or elevations, it can be assumed
this influences the stiffness of glass panels as well. By designing the new cross-sections for flat glass
panels, the inspiration came from the metal roofing sheets. An elevation with a certain depth is intro-
duced with the laser-forming technique and therefore the cross-section is adjusted. There are several
parameters that can be adjusted within this bending process and influence the stiffness. These param-
eters are introduced to adjust a base-model, considering a cross-section at midspan as can be seen in
figure 3.3.
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Figure 3.3: Cross section of sample Deep-10 as used in the lab-experiments.

3.1.1. Adjustable parameters

To be able to calculate and model different configurations of a design, a parametric model supports
the efficiency in getting results and values related to the cross section. By adjusting the parameters,
different values can be obtained immediately. The value of the inertia is obtained through built-in code
blocks in Rhino/Grasshopper.

The parameters that are adjusted in this parametric model are:

» The Glass thickness.

» The Total height.

» The Bending angle.

» The Web thickness and the presence of necking.

In the following subsections, the different parameters will be addressed and elaborated.
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Glass thickness
The glass thickness is the first parameter that can be adjusted. Four different thicknesses have been
examined, this being 4mm, 8mm, 10mm and 15mm thick glass.

Figure 3.4: Adjustable thickness.

Total height

The total height has a major influence on the inertia. What should be considered is that the depth of the
elevation is limited, since the necking will play a role in the production process. A more thick glass panel
can have a deeper elevation than a thin glass panel. In the subsection of necking this will be further
elaborated. Different elevation depths have been examined, based on the different glass thicknesses.

10

20

Figure 3.5: Adjustable total height.
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Bending Angle

The bending angle needs to be an adjustable parameter, due to the constraint that the laser width is
equal to 5Smm. By adjusting the total height, the bending angle needs to change in relation to keep the
width of 5mm. The different angles that have been examined range from 20-85 degrees in increments
of 5 degrees.

ﬂ Ty Y—————

Figure 3.6: Adjustable angle.

Necking

To further introduce the presence of necking as an adjustable parameter, the necking itself will first be
elaborated. Necking occurs when a material gets stretched. In this case, the glass becomes viscous
after it is heated by the laser. This viscous part becomes thinner and sags deeper out of plane. This is
due to the preservation of mass/cross-sectional area. In other words, no material is added or removed,
so to maintain its mass, the deeper the glass is sagged, the thinner the web of the glass becomes.

Figure 3.7: Adjustable web thickness (necking).
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For every configuration, the web thickness is derived. In essence, the cross-sectional area needs to be
the same as a flat panel of glass. In this model, the necking is present throughout the full "web” of the
laser-formed panel. The "web” is seen as the part between the horizontally oriented parts in the cross
section. The web can be almost vertical when a bending angle of 89 degrees has been reached, or it
will be more diagonally when lower bending angles are realised. By comparing the presence of necking
with the configurations where necking is not considered present, it is visualised to see if necking does
play a major role in the stiffness of a laser-formed panel in Figure 3.8.

3.1.2. Sensitivity analysis

The parameters that influences the inertia are investigated. Visualisation of the adjustments having an
impact or not is the next step in researching the different cross-section configurations. The goal is to
visualise the inertia, depending on the bending angle and the thickness or elevation depth. With these
results, different conclusions will be given in Chapter 8.

Inertia correlation

Four glass thicknesses are numerically studied. The thicknesses being 4mm, 8mm, 10mm, and 15mm,
based on regular available, feasible thicknesses used for common glass projects. One goal of this
analysis is to see whether there is a trend visible between the different thicknesses.
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Figure 3.8: The second moment of area (Inertia) for every configuration.

In figure 3.8 the inertias of the configurations are displayed. The thickness of the sample does not
significantly affect the trend of the inertia. In other words, all thicknesses show the same pattern. For
lower elevation depths, the bending angle does not influence the inertia that much. For the 30mm
elevation depth, the bending angle does influence the inertia in the angles smaller than 45 degrees.
This can be explained by the fact that height influences inertia the most. Bending angles in the range
up to 45 degrees gain more inertia when the angle grows. With bending angles larger than 45 degrees,
the inertia is not affected as much, since the height of the web is not varying as much.

Manufacturing a 4mm thick panel, with a 30mm deep elevation is at this point in time not possible. The
graphs in Figure 3.8 give insight into the evolution of inertia for multiple thicknesses.
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A second observation with these graphs is the influence of necking on the inertia. The lower the ele-
vation, the smaller the influence of necking. This phenomenon is as expected, since necking in gen-
eral would be less with smaller elevations. The relation between inertia with necking and without the
presence of necking is made visible in figure 3.9. The graphs show the relation of the inertia without
necking divided by the inertia with necking. The graphs visualise that necking does give results leading
into lower inertias.
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Figure 3.9: The inertia without necking divided by the inertia with necking.

It is observed that with bending angles lower than 45 degrees, the necking plays a larger influence
than with larger bending angles. Therefore, necking influences the height of the web by lower bending
angles. With bending angles larger than 45 degrees, necking plays a role in the width of the web rather
than the height. It can therefore be explained that the influence of necking remains relatively the same
by larger bending angles. The graphs, on the other hand, show that the influence of necking remains
between 2%-10% for the larger angles, depending on the elevation depth. The influence with lower
bending angles shows a steeper trend, with a maximum influence of 15% for elevation depths of 30mm
and a bending angle of 20 degrees.
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3.2. Designs of laser-formed glass panels

The design of the two-sided supported sample is one of multiple design considerations made at the
start of this thesis. To utilise the geometry of the glass to its full potential, different designs have been
developed. Internal stresses relate to the applied force and the cross-sectional parameters. When
designing, the applied force usually stays the same, so an effective way of choosing the right geometry
is able to reduce the internal stresses of the glass.

3.2.1. Geometry 1

In the case of a four-point bending test, the bending-moment follows a simple line, as given in Figure
3.10a. The optimal geometry for a setup like this, results in an inverted height propagation following
the same pattern of the moment line, as displayed in Figure 3.10b.

e~

A

(a) Moment distribution line of a four-point bending test. (b) Render of design geometry.

Figure 3.10: The utilisation of geometry when following moment distribution lines of a four-point bending test.

Using this geometry in a four-point bending test will result in a more evenly distributed stress pattern.
The cross-sectional inertia is highest where the bending moment is highest. Lowering the overall height
in the sample linearly will follow the moment line, and therefore, the stress state decreases as well.

3.2.2. Geometry 2

The second geometry is based on the moment distribution line when subjected to a surface load such as
wind pressure. A fully parabolic geometry suffices best for an evenly distributed load, as seen in Figure
3.11a. However, the laser-bending process at this point in time is not capable of creating fully parabolic
bends or forming patterns. Therefore, creating a stepwise way to reach parabolic height values could
be a way to replicate parabolic behaviour. The more steps, the closer it resembles a parabolic shape.
The visualisation of two-step increments is shown in Figure 3.11b.
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(a) Moment distribution line of a evenly distributed force. (b) Render of a double elevation.

Figure 3.11: The utilisation of geometry when following moment distribution lines of an evenly distributed load acting on a
statically determined sample.

The alternative geometries 1 and 2 were insufficient for manufacturing during this thesis. Therefore, in
the recommendations, it is suggested to further investigate these concepts when the possibilities within
manufacturing are sufficient.
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3.2.3. Geometry 3

The third geometry only has a single elevation, as visualised in Figure 3.12. This is the geometry used
in the lab-experiments. Manufacturing capabilities were able to produce these type of panels. It shows
no specific geometry relation to the applied load, however, the geometry should act more stiff. The
inertia in the cross-section of midspan is increased by the laser-forming process, where Chapter 4
show how stiff the manufactured samples exactly performed.

Figure 3.12: Main geometry concept.



Experimental lab tests

This chapter describes the experimental lab tests that have been performed during this thesis. The
tests consists of 24 glass panels that are tested in a four-point bending test. This chapter starts with
a description of the test setup and machine settings. Subsequently, it gives an overview of the test
samples that has been examined. The results are described and discussed at the end of this chapter.
The goal of these tests were to observe the stiffness increase or decrease of laser-formed glass panels.
Four flat glass panels have been tested to obtain a reference value. 20 laser-formed glass samples
have been tested, where the deformations and loads are measured. Three out of the twenty laser-
formed samples contained strain-gauges to obtain a form of the stress distribution. This will be used to
validate the FEM-models that have been made to predict the behaviour of laser-formed glass panels.

4. Test setup

The test that has been performed is the four-point-bending test. The EN 1288-3:2016 describes the
procedures of testing glass samples with a four-point-bending test. For application purposes the sample
dimensions differ from the specified specimen dimensions described in EN 1288-3:2016-6.2. The code
describes a length L of 1100mm 4 5mm and a specimen width of 360mm + 5mm. The samples tested
in this thesis had a fixed length of 400mm and a width of 100mm.

The test machine used is an Instron 8872 servohydraulic press, as presented in Figure 4.1. The press
was stationed in the Micro-lab of the CiTG-faculty of the TU Delft.

Figure 4.1: The Instron 8872 press used for the four-point-bending test.

35



4.1. Test setup 36

Appendix C shows the specifications of the Instron 8872 and shows a maximum dynamic load capacity
of 25kN. Early calculations showed a required load of around 100-200 Newton to obtain expected failure
stresses of around 45 MPa. This press has a force accuracy of 1/1000 N, making it therefore useful
for this test and its desired applied forcing.

To divide the single press into a four-point-bending test, the force distribution is managed by adding
three additional layers of components. The components are a steel ball, a steel block and two steel
cylinders. Figure 4.2 shows all components. The ball is used to compensate for any geometry de-
viations. If the top of the samples is not completely flat, the ball can compensate a little bit for any
non-flatness. The steel block transfers the force of the press to the two cylinders. These cylinders rest
on the top of the glass samples.

Figure 4.2: The three additional layers of components.

The extra weight of these additional components should be taken into account when defining the total
force. The Instron measures the applied force, this measured force is excluding the additional weight.
The total weight of the three components: the ball, the block and the cylinders combined was equal
to 1474.2 grammes, see 4.3. The force that requires to be added to obtain the total applied force is
then equal to 1474.2 * 9.81 = 14.46 [N]. The FEM-models are calculated with a force equal to the
maximum measured force of the press and the additional 14.46 Newtons to obtain the numerically
derived stresses at failure.

Figure 4.3: Weight of the additional components.

Every test used the same dimensions between the loads and the supports, displayed in Figure 4.4.
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Figure 4.4: Testsetup dimensions.

L; The distance between the placement of the support and the edge of the elevation. 20 mm

L. The distance between the placement of the loads and the edge of the elevation. 105 mm
L, The distance between the bending rollers applying the load. 100 mm
Ls The distance between the supporting rollers. 350 mm

The elevated part of the sample is in every test orientated to the top to guide the stresses through the
necked webs to the supports. To ensure that the fragmentation of the sample remains together, an
adhesive foil is applied to the top of the sample. The bottom part is not foiled, since this will influence
the tensile-strength, making the tests unreliable.

Linear Variable Differential Transformers (LVDTs) are attached on the bottom side of 21 of the 24 tests to
obtain a sense of strains occurring during the tests. The obtained strains were found to be invaluable
since the LVDT’s measured the strain over a length of 6cm. This is able to tell a mean strain over
this length, but conclusions about stress-states in these areas are therefore invaluable. The strains
obtained in three of the 24 tests are more valuable, since these were obtained with strain gauges. The
strain gauges measure the strain over a length of 2mm and at a specific place in the sample. These
strain gauges are therefore more reliable to give conclusions about the stress-states in the samples,
during the four-point-bending tests.

4.2. Test samples

4.2.1. Dimensions

The laser-forming techniques are developed to form the glass, but the manufacturing process is not able
yet to provide exact repetitive copies of a sample. This resulted in small deviations in the dimensions
of each sample. Three categories have been made to distinguish most deviations, however each
sample had its own unique dimensions. These deviations resulted into scattering performances in
stiffness. The influence of these deviations require to be measured in order to make conclusions about
the stiffness of each sample. Subsequently to be able to correctly predict the behaviour, all FEM-models
were modelled with each unique dimensions.

Every sample had a total width of 100mm and a total length of 400mm. The area that is laser-formed
was the same in every sample as well. The width of the laser, and therefore the width of the "bending-
line” is equal to 5mm. The formed rectangle had dimensions of 60 by 310mm at the outside of the
laser-line, and 50 by 300mm at the inside of the laser-line.

The thicknesses of the glass were measured with a digital caliper. This caliper measured with an
accuracy of 0.01mm. The thickness of the sample and the thickness of the web (related to the necking)
were measured with a precision of 0.01mm. The total height is measured but seemed more sensitive to
small angle changes in the caliper, since the surfaces were not completely flat and parallel to each other.
Deviations in results while comparing the FEM and the lab-tests could be a result of these accuracy
insecurities. Figure 4.5 shows the location of the measured dimensions by the digital caliper. Note that
the bending angle is not measured, but derived from the relation between the laser-width of 5mm and
the total height.
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Figure 4.5: Location of dimensions.

Other observations regarding the uniqueness of the samples are obtained in addition to the dimensions.
These observations are the bur side of the samples (top or bottom), and the location of failure initiation.
All the dimensions and observations are described in Table 4.1.

Table 4.1: Dimensions of the samples.

Sample nr. Thickness Total Thickness Bur side

[mm] height web zone
[mm] (Necking)
[mm]
Flat 1 3.89 3.89 Tension
Flat 2 3.89 3.89 Tension
Flat 3 3.89 3.89 Tension
Flat 4 3.89 3.89 Tension
Shallow 1 3.89 5.72 3.51 Tension
Shallow 2 3.88 5.76 3.55 Tension
Shallow 3 3.88 5.87 3.47 Tension
Shallow 4 3.87 5.57 3.57 Tension
Shallow 5 3.87 5.88 3.58 Tension
Shallow 6 3.87 8.73 2.83 Compression
Shallow 7 3.87 7.65 2.99 Compression
Shallow 8 3.87 6.29 3.43 Compression
Shallow 9 3.88 5.72 3.59 Compression
Shallow 10 3.87 5.81 3.66 Tension
Deep 1 3.89 9.80 2.20 Tension
Deep 2 3.88 9.70 213 Tension
Deep 3 3.90 8.75 2.29 Tension
Deep 4 3.90 9.19 2.79 Compression
Deep 5 3.89 10.04 2.06 Tension
Deep 6 3.89 9.59 2.28 Tension
Deep 7 3.89 10.12 1.88 Tension
Deep 8 3.87 10.36 1.80 Tension
Deep 9 3.86 12.11 1.25 Tension

Deep 10 3.87 11.51  2.04 Tension
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4.2.2. Necking of the sample

One observation affects the geometry of each sample. This observation saw that the necking in the
samples is not uniform across the whole laser-line. This means that the necking at one place in the
sample deviates from the necking at another place. The necking is measured at a fragmented part of
the glass after failure, a fragmented part is shown in Figure 4.6. Although some samples fragmented
significantly (due to higher internal stresses) other samples did not fragment in relatively many pieces.
This led that for some samples the necking could be observed in an abundance of different places, while
with other samples only two or three locations could be observed. This deviation and non-uniformity is
taken into account in concluding the stiffness of a sample.

Figure 4.6: Necking clearly visible in a fragmented part of one of the failed samples.

4.2.3. Bur side of the edge

For every sample, it is checked whether the bur is located at the bottom or the top of the glass panel.
The literature states that the bur side located at the tension-zone of the sample leads to lower edge
strength, when unpolished. When observing the glass, the bur can be noticed by a rough cutting pattern
at the edge of the glass. These micro-damages should reduce the strength of the glass by around 20%.
The results found in Section 5.2.4 show, on the other hand, no such relation of a reduction in strength.

Figure 4.7: Locating the side of the bur as a consequence of cutting the glass from one side.

Figure 4.7 shows where the bur is located. The figure shows one of the samples with a clearly visible
bur at the top of the edge. Since the sample is oriented upside-down, during the tests the bur acts in
the tension-zone.
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4.2.4. Residual stress observations

The laser-bending process is a process of heating glass in an oven and cooling it down (gradually).
The cooling rate of the glass can influence the residual stress state of the glass. By rapidly cooling the
glass, residual stresses, like within tempered glass, might be present. While annealing, slowly cooling
the glass, allows the residual stresses to dissipate, as shown in Figure 2.5 in Section 2.2.1.

The presence of residual stresses in the glass samples require therefore to be checked. This is done
with a test with polarised light and filters, so called photoelasticity. The principle is based on a combi-
nation of three things. A polarised light source is required, the glass object is required, and a polarised
filter is required to look through to be able to visualise the residual stresses. The process of visualising
residual stresses within the glass is shown in Figure 4.8.
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Figure 4.8: Visualising residual stresses within glass.
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Every sample is observed with the method given in Figure 4.8 to check for the presence of residual
stresses. A TV-screen is used as a polarised light source. Photos of the glass samples are taken
in front of this screen. A polarised filter is attached to the camera to be able to capture any residual
stresses. The background is therefore dark and any white light areas that are visible represents any
residual stress within the glass. The residual stresses do appear because the polarised light is bent
due to these stresses. Therefore they are not blocked by the second polarised filter.

Multiple observations were made while capturing the photos. Residual stresses do appear with this
method. Small regions of stress around the corners in the bend are captured, see Figure 4.9a and
Figure 4.9c. The stresses do seem to be of a relatively small magnitude, since the white area appears
in a light manner. The presence of white areas were captured in every sample, making it a reoccurring
phenomenon.

A second observation is that when the sample is positioned under an angle, new areas do appear on the
captured photo, see Figure 4.9b. It is assumed that this relates to the orientation of the principle stress
direction of the residual stresses. Within the second observation white regions around the elevation do
stand out, it is assumed that these regions do relate to the areas on which the samples were supported
within the oven.

(b) Captured residual stress while positioned under an angle.

(a) Captured residual stress in bend corners.

(c) Close look at residual stress in the corners.

Figure 4.9: Obtained residual stresses through photoelasticity.

The presence of residual stresses is relevant when cracks do initiate from within the glass, in contrary
to the outer edges. When cracks initiate from the edges it correlates that the influence of the residual
stress is minimal. No residual stress could be present at the edges and the quality of the edge is
therefore governing for the strength of the glass, when the samples do fail from the edges.
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4.3. Test results

This section describes the results obtained from doing 24 four-point-bending tests. Four flat samples
were tested to obtain reference results, 10 tests were performed on samples with a shallow elevation
(total height <8.75mm ) and 10 tests were performed on samples with a deeper elevation (total height
>8.75mm).

4.3.1. Failure loads and deformations

This subsection displays the applied loads and the corresponding deformations obtained throughout the
tests. The failure force represents the highest applied force just before the glass samples failed. The
applied force is regulated by the press, and the speed of the forcing was deformation based. Therefore,
the speed was regulated at 0.05mm/s, and the development of the force during the test corresponds
to the required speed.

Failure Force

Flat

m Shallow
I mDeep

N]
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4 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5
336 319 179 250 353 380 390 | 1001 497 443 300 899 | 400 459 453 472

Sample nr

m Failure force[N] 149 237

Figure 4.10: Barplot of the failure force obtained by the four-point-bending-tests.

Noticeable is the scatter of each obtained results. The boxplots, given in Figure 4.11, show that the
performance of a deep sample is significantly better than the performance of flat pieces. Each sample
had a higher failure load than the best performance of a flat sample. Six out of ten of the shallow
samples performed better than the flat samples. Four tests came out to be less strong than the strongest
flat sample. This is a cause of the scattering strength capacity of glass in general. The edge quality
was poor, as the panels were not polished. Only one sample, sample "deep-9”, did not fail from a crack
initiated at the edge. Therefore it is assumed that the strength of the glass in this setup is based on the
edge quality, subsection 4.3.4 states a more in depth explanation of this phenomenon.
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Figure 4.11: Boxplot of the failure force obtained by the four-point-bending-tests.

The deformations obtained in the tests are shown in Figure 4.12. These given numbers are the defor-
mations of the press, therefore they should be compared to the deformations at the point of loading in
the FEM-models.
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Figure 4.12: Maximum deformations of each test.

As expected, samples with a higher total height result in lower average deformations. The plot might
give a false sense of stiffness, since the deformations do relate to the maximum applied force. This
force scattered immensely, resulting in scattering deformations as well. A given result is that with similar
geometries, a higher load results in higher deformations. This plot shows this relation.
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Table 4.2: Failure loads and deformations

Sample nr.  Failure load [N]

Deformations [mm]

Failure location (y=...mm)

Flat 1 149.5
Flat 2 236.6
Flat 3 84.9
Flat 4 335.5
Shallow 1 319.5
Shallow 2 179.3
Shallow 3 250.0
Shallow 4 353.4
Shallow 5 380.1
Shallow 6 389.7
Shallow 7 1000.8
Shallow 8 497.0
Shallow 9 443.4
Shallow 10 300.0
Deep 1 899.0
Deep 2 399.9
Deep 3 4594
Deep 4 453.3
Deep 5 471.6
Deep 6 417.8
Deep 7 590.4
Deep 8 482.5
Deep 9 662.5
Deep 10 1110.9

3.26
4.69
1.47
6.57
3.57
2.08
2.61
3.79
3.57
1.96
6.71
4.61
5.33
3.45
2.70
1.26
1.76
1.96
1.38
1.22
1.58
1.17
1.30
2.47

139
140
139
156
131
150
134
132
119

98
140

77
133
120
175
144
135
164
115
112
159
137

20
157

The summary of the failure forces are shown in Table 4.3. The obtained values show that the standard
deviation of the deep samples is lower than the standard deviation of the other two. Meaning the
behaviour of the samples is more in line with each other. This does not imply that the samples have a
more regular strength. A cause is that the geometries of the deep samples are more similar.

Table 4.3: Statistical summary of the failure loads.

Sample Min Failure Max Failure Mean Failure STD [N] STD/mean
load [N] load [N] load [N] [%]

Flat Samples 85 336 202 94.2 47%

Shallow Samples 179 1001 411 214.8 52%

Deep Samples 400 1111 595 79.2 13%
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4.3.2. Failure mechanisms

The scatter in the strength of glass makes predicting the failure behaviour and the corresponding failure
mechanism an uncertain task. For every sample, the location of the initiating crack is measured after
the tests, as can be seen in Table 4.2. The corresponding failure mechanism is observed in addition to
the location.

It is observed that 19 out of the 20 laser-formed samples failed due to a crack initiated from the edge.
Most of the initial "first cracks” started at the edges in-between the applied loads. However, six of those
19 samples failed from the edge outside of the loads. This is a result of the scattering edge strength on
microscopic level since the bur was untreated. Along the edge, larger flaws can be located outside of
the location of the loads. Stating that the maximum stresses occurring at or in between the loads might
not be governing as failure stress. Lower stresses further away from the loads might initiate failure
as a result of this effect. Meaning the edge quality plays a significant role in the strength of the glass.
The nineteen samples all showed the initial "First cracks”, visualised in Figure 4.13. The initial crack is
localised by observing where the waving fragmentation diverges from an original crack.

(a) Failed sample "Shallow-10".

\ V5" 7/ \{(\7
4l

(b) "First crack” of sample "Shallow-10".

Figure 4.13: The failure of sample "Shallow-10".

A single sample showed different behaviour. Sample "Deep-9” failed from within the laser-bent area
of the sample. This is the sample with the largest total height and the largest necking, resulting in the
thinnest web of the laser-bent part of the glass. Section 5.2.7 will dive further into the analysis and
predictability of the failure mechanism as the FEM-models are able to capture higher stresses at the
bent location when necking appears to be governing. Figure 4.14 shows the different failure mechanism
observed during the lab-tests. Note that the image is distorted by the adhesive foil that is attached to
the top of the sample.
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(b) "First crack” of sample "Deep-9”.

Figure 4.14: The failure of sample "Deep-9”.

4.3.3. Stiffness

This subsection displays the differences in stiffness regarding the test results and the different geome-
tries. The stiffness is the relation between force and deformation. Glass show linear stiffness behaviour
with negligible plastic deformation. Immediate breakage when reaching the failure load is a result of this
linear behaviour. The results of the tests do show this behaviour since the force-deformation curves
do show linear behaviour before failure, while at failure there is no extra capacity left.

Stiffness index
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Figure 4.15: The force-deformation curves of every test.
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When looking in Figure 4.15, the observation is that the deeper samples act more stiff than the shallow
samples and the flat samples. The stiffness is defined by the slope of the curves: The steeper the
curve, the stiffer the element. The shallow samples act more stiff than the flat samples as well. These
are expected observations since the stiffness is related to the moment of inertia (or inertia in short) of
a sample. The inertia grows the deeper the sample is, which explains the stiffer behaviour. A second
observation is that every laser-formed sample (the shallow and deep ones) has a unique stiffness,
contrary to the flat samples showing similar stiffness. This means that each sample has a unique
geometry, which is confirmed by the dimensions observed in Figure 4.1.

Figure 4.16a shows the relative stiffness in relation to the flat samples. An observation is that the
total height does influence the stiffness increase as expected. With inertia increasing cubically with
increased height (for rectangles | = 1/12 * b * h3), a significant increase in stiffness is expected. The
plot shows a relative stiffness increase reaching values between 1.6 - 9.9 times as high as a flat sample.
A trend comparison is made between the relative total height and the relative stiffness, as displayed in
Figure 4.16b. This plot displays that the expected behaviour of increased height, does relate to higher
stiffness. The relation is on the contrary not cubical. An exponential relation appears to match the
stiffness increase more. This quadratic relation might be a consequence of the parallel-axis theorem.
This theorem relates the increase in inertia to the increase in distance to the squared centroidal axis.
Conclusions based on this assumption are left out of the scope of this thesis. On the other hand, the
observation is worth mentioning and can be researched more thoroughly.
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(a) The numerical derived inertia compared to the measured stiffness increase.
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(b) Trend comparison total height vs relative stiffness.

Figure 4.16: Relative stiffness and the Trend related to the relative total height.

In order to check if the relative height relates to the inertia, the inertia of the cross-sections at midspan
is computed. The inertia increase should, in theory, be similar to the stiffness increase if the glass
panels act like an Euler-Bernoulli beam. The computation of the inertia is done in Grasshopper. In
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Grasshopper each sample is modelled individually and a built-in code-block is used to retrieve the
moment of inertia of the cross-sections at midspan. These moments of inertia are divided by the inertia
of a flat sample, after which the relative inertia is computed.

A comparison is made with the stiffness, to visualise if there is a correlation between the two, as dis-
played in Figure 4.17. The computed moments of inertia do come with a precision error, since the
samples were measured by hand. The necking is measured but not uniformly around the full laser-line,
which means there could be a difference in the computed inertia and the real-life inertia.
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Figure 4.17: The numerical inertia difference towards the stiffness.

The plot shows that the increase in inertia overestimates the stiffness by a maximum of 37%. Especially
the deep(er) samples show a larger deviation. Samples "Shallow-6” and "Shallow-7" have a higher total
height and a larger inertia than the other eight shallow samples. This diversion is visible in the graph.
For the eight other shallow samples, the increase in inertia almost matches the increase of stiffness,
as a deviation of less than 15% is computed. The stiffness of the deep samples shows a similar trend
towards the increase in inertia, as can be seen in Figure 4.16a. The deviations in the results can
be explained by precision inaccuracies of measuring the samples. For engineers and designers it is
advised to take the maximum overestimation of 37% into account by introducing a correction factor of
1.4 towards the inertia.

All the observations and computed relations are displayed in Table 4.4. This table shows the stiffness
increase which relates to a flat sample being 100% stiff, and the values of the samples show how the
samples relate to each other. The same holds for the increase in inertia and the total height. The table
shows that the inertia increase relates to the increase in stiffness. However, the larger the total height,
the more it deviate. The trend of the increase is similar for both the stiffness as the inertia properties.

o Shallow

M Deep
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Table 4.4: Stiffness parameters

Sample nr. Thickness Total Computed Stiffness Stiffness Inertia Total
[mm] height inertia index increase increase height
[mm] [mm?] [N/mm] [-1 [-1 increase
[]

Flat 1 3.89 3.89 491 47

Flat 2 3.89 3.89 491 50

Flat 3 3.89 3.89 491 58

Flat 4 3.89 3.89 491 51

Shallow 1 3.89 5.72 785 89.50 170% 160% 147%
Shallow 2 3.88 5.76 801 86.19 170% 160% 148%
Shallow 3 3.88 5.87 837 95.78 190% 170% 151%
Shallow 4 3.87 5.57 738 93.17 180% 150% 143%
Shallow 5 3.87 5.88 843 91.34 180% 170% 151%
Shallow 6 3.87 8.73 2590 199.33 390% 530% 224%
Shallow 7 3.87 7.65 1751 149.22 290% 360% 197%
Shallow 8 3.87 6.29 1004 107.80 210% 200% 162%
Shallow 9 3.88 5.72 787 83.26 160% 160% 147%
Shallow 10  3.87 5.81 821 86.92 170% 170% 149%
Deep 1 3.89 9.80 3591 332.85 640% 730% 252%
Deep 2 3.88 9.70 3473 316.59 610% 710% 249%
Deep 3 3.90 8.75 2570 260.61 500% 520% 225%
Deep 4 3.90 9.19 3017 231.28 450% 610% 236%
Deep 5 3.89 10.04 3840 341.09 660% 780% 258%
Deep 6 3.89 9.59 3377 341.99 660% 690% 247%
Deep 7 3.86 10.12 3904 374.26 720% 800% 260%
Deep 8 3.87 10.36 4171 410.83 800% 850% 266%
Deep 9 3.86 12.11 6414 509.71 990% 1310% 311%
Deep 10 3.87 11.51 5670 448.86 870% 1150% 296%

4.3.4. Stresses

This subsection will display the observed stresses obtained with the strain gauges and the fragmen-
tation. Three samples contained strain gauges to measure the acting stresses during the four-point
bending tests. Visualisation of the stress distribution allows for a check of the linear behaviour of the
material. Secondly, the stress distribution and the ratio of the stress values between the different ob-
servation points allow for a verification check of the FEM-models.

Strain gauges
The strain gauges used in this research were TML strain gauges of the type FLA-2-11. The properties
of the strain gauge are stated in Table 4.5.

Table 4.5: Properties of strain gauge TML FLA-2-11.

Gauge Gauge Backing Backing Resistance Gauge
length width length width [©] factor
[Mm] [mm] [mm] [mm]

FLA-2-11-5LT 2 1.5 6.5 3 120 2.14
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The resistance and gauge factor values need to be taken into account when tuning the measuring
devices. The test setup consisted of a device that converts the resistance of the strain gauges to
actual strains. The formula given in Equation 4.1 is used to calculate the strains.

 AR/Ry
&

GF 4.1)

GF is the gauge factor, AR is the change in resistance and R, is the original resistance value. The
strains are then computed and obtained at every time step of the hydraulic press.

The location of the stresses is determined on a set of sample characteristics. The first applied strain
gauge is located at the corner of the laser-bend to see if stress concentrations can be captured. The
second applied strain gauge is located between the first and the third. The objective of this placement
is to obtain the stress distribution between the first and third strain gauges. The third strain gauge is
placed directly under the load. This is done because the FEM-models showed higher stresses occurring
at the y-locations of the loads. The fourth location is at midspan, where it verifies the statement of the
highest stresses occurring below the loads instead of midspan. The location of the strain gauges, and
distance relative to the supports, is shown in Figure 4.18.

1 2 3 4
y=20mm y=75mm y=125mm y=175mm

Figure 4.18: The location of the strain gauges.

Captured stress
The strains were captured during the full four-point bending tests. This strain is obtained as microns,
the stresses are derived from this with the constitutive relation stated in equation 4.2.

9
To obtain stress, the strain is multiplied by the Young’s modulus of glass. This Young’s modulus is
assumed to be constant and having the value of 70.000 N/mm?. The focus of the stress evolution is
on the linearity, magnitude, and ratio of the stresses compared to each individual location. The stress
evolutions are plotted and visualised in Figure 4.19.
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(a) The stress captured with the strain gauges in relation to the deformation of sample "shallow-10".
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(b) The stress captured with the strain gauges in relation to the deformation of sample "Deep-9”.
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(c) The stress captured with the strain gauges in relation to the deformation of sample "Deep-10”.

Figure 4.19: The stresses captured with the strain gauges.
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Several observations can be made from the plots displayed in Figure 4.19. First, the test showed two
distinct failure mechanisms. Samples "Shallow-10" and "Deep-10” failed due to a crack initiated from
the edge, while sample "Deep-9” failed due to a crack initiated from within the surface of the laser-
bent part of the sample, as described in Subsection 4.3.2. The stress development of the first strain
gauge at location 1 shows higher stresses than that of location 2. This phenomenon is not visible in the
stress developments of "location 1” in the plots of samples "Shallow-10" and "Deep-10”. Since location
1 seemed to endure higher stresses, it shows a good relation in why sample "Deep-9” did fail at the
bent-part. The stress distribution as described in Chapter 5, shows that the stresses at the edge of
sample Deep-9 are significantly lower, which means that the surface strength is governing.

The second observation is that location 3 and 4 show similar stress results for samples "Shallow-10"
and "Deep-9”. The FEM-models, which are described in Chapter 5, do show a similar behaviour, where
the highest stresses do not need to be located specifically at midspan (location 4).

Furthermore, a third observation is the clear difference in the stresses present when the sample failed.
This does not imply that this stress is equivalent to the failure stress. The point of failure differs from
the observed points, so stating that the maximum observed stress is equal to the failure stress would
be a false conclusion. The measurements confirm the minimum strength at the specific locations of
the strain gauge. Table 4.6 shows the measured stresses at the time of failure of the sample.

Table 4.6: Stresses at the location of the strain gauges at time of failure.

Stress Stress Stress Stress
location 1 location 2 location 3 location 4
[N/mm?] [N/mm?] [N/mm?] [N/mm?]

Sample ”Shallow-10" 12 38 56 58
Sample ”"Deep-9” 29 21 34 34
Sample "Deep-10” 49 47 72 52

The table shows different magnitudes of the values for each sample. Sample "Shallow-10" shows
stresses reaching 58 N/mm? at midspan, where the maximum observed stresses of "Deep-9” reach 34
N/mm?2. Sample "Deep-10" shows a maximum observed stress of 72 N/mm?.

A visualisation of how these stresses relate to the numerically derived stresses is presented in Chapter
5.

4.3.5. Fragmentation

The four-point bending tests included the failure of each glass sample. The failure of the glass results in
different fragmentation patterns of the samples. The fragmentation of every sample is captured with a
camera, and the complete collection of images is given in Appendix D. The difference in fragmentation
can be explained by the presence of internal stresses during the four-point bending tests. Fragmenta-
tion is related to the applied force. A higher force means that internal stresses increase, resulting in a
larger fragmentation.
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(b) Fragmentation of sample Deep-10, which failed under a load of 1111N.

Figure 4.20: Different fragmentation patterns and growth related to the applied force.

Figure 4.20 illustrates the difference in fragmentation of a sample that failed with a relatively low applied
force and fragmentation of a sample that failed with the highest applied force. Sample "Shallow-2” failed
under a load of 179 N, resulting in very little fragmentation. From the initiating point of failure at the
edge, the crack branches and splits into two main cracks.

Sample "Deep-10" managed to withstand a load greater than 1 kN, reaching a failure force of 1111 N.
The applied force of this magnitude resulted in large fragmentation. Many cracks propagated from the
initial failure point. The branching of cracks is visible at the top of the sample. Therefore, the relation
between internal stresses and the fragmentation pattern is visible in these tests.



FEM Modelling

This chapter describes the setup of the FEM-models. The precision and accuracy of the models are
described, and the results of the deformation and stresses obtained through this numerical analysis
are visualised.

5.1. Settings and setup in DIANA-FEA

This section describes the settings and set-up in DIANA FEA (DIANA in short) on how the glass ele-
ments were modelled in a FEM-programme.

5.1.1. Settings and modelling steps

In the course of CIEM1304 at the TU Delft, DIANA FEA proved to be sufficient to use as finite element
modelling software for glass structures. Therefore, DIANA FEA is used as finite element modelling
software during this thesis. The predictability of the samples relied on the methods used to model, the
settings, and the setup of the model. The process was a mix of iterations consisting of assumption
making and different modelling choices. This section describes the method used to model the glass
samples numerically and retrieve reliable and comparable results.

A distinct difference is required in the description of this process. This chapter describes "3D-models”
and "FEM-models”. These are each models with its own functions and applications:

The "3D-models” are modelled in Rhino and Grasshopper. A Grasshopper script is made as described
in Chapter 3. Rhino is the programme used to retrieve a solid 3D-model with the right geometry. No
material properties are added yet. The model consists only of faces, edges, and vertices.

The "FEM-models” are the models made in DIANA FEA. These models use the "3D-models” as import-
geometries in order to make the FEM-calculations, while pursuing other purposes in the process. The
FEM-model is able to give material properties to the geometry and to apply loads. In addition to that,
the FEM-model is able to generate a mesh to retrieve deformations, strains, and stresses.

The 3D-models are exported and imported as .stp (STEP-files). This ensures that the models act as
one solid, without the use of any interface or other geometry conditions. This is visible in the "type of
shape” parameter in the FEM-model, as it is set as "solid”.

The material class is set to "Concrete and masonry”, since glass is not available as a material class in
DIANA. The material model is set to "Linear elastic isotropic” to model the isotropic behaviour of glass
as well as its linear elastic properties. After the right class and material model are set, the properties
of the material are defined. The material properties used in every model are given in Table 5.1.

54
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Table 5.1: Material properties used in DIANA

Material property

Young’s modulus 70000 N/mm?
Poisson’s ratio 0.23
Mass density 2.5e-09 T/mm3

5.1.2. Loads

The loads are modelled as distributed forces on a target type called "Edge”. A projection line is therefore
required to be able to model a distributed force. Two lines at the top of the samples are modelled aty =
125mm and y = 225mm to divide the elevated part into 3 sections. These dimensions are the same as
the locations of the force in the four-point bending tests. The modelled lines are projected at the shape
to implement them into the solid shape. Figure 5.1 shows the two line loads that are modelled.

Figure 5.1: The loads modelled as line loads to represent the four-point bending tests.

5.1.3. Supports

To model the support behaviour, six degrees of freedom can be fixed or remain open. The six degrees
of freedom are the translational behaviour in the X-, Y-, and Z-directions, and the rotational behaviour
in the X-, Y-, and Z-directions. Modelling the support behaviour of a four-point bending test, is done by
fixing the translation in Z-direction. To ensure that there are no singularity problems in the model, the
sample needs to be fixed in the X- and Y-direction as well. Fixing one corner in both directions fixes
the model in "space”, meaning that the model cannot move randomly through an arbitrary space. A
second corner needs to be fixed in only the X-direction. This allows for any elongation of the sample,
while restricting rotations in unwanted spatial directions. The support conditions are visualised in 5.2.
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Figure 5.2: The support settings in the DIANA model, with the third condition viewed from below the sample.

5.2. Results

This section describes the results of the DIANA-models. A comparison is made with the experimental
lab-tests to validate the models and to conclude if FEM can resemble the real-life behaviour.

Initially, three FEM-models were built. One FEM-model resembled the flat panels, one resembled the
shallow samples, and the last one resembled the deep samples. The model of the flat samples suf-
ficed, since no geometry differences were measured between the four flat samples. It quickly became
apparent, that the two models resembling the shallow and the deep samples, did not manage to suffice
directly. The deformations measured, when loaded by the same load as the corresponding lab-test,
resulted either too high or too low. Individual models were made to resemble each sample, leading
to results closer to the obtained data from the tests. Section 5.3 compares the results of the nominal
models and the individual models based on the known changed geometries.

5.2.1. Sensitivity analysis

The mesh can be generated with different seeding methods. The element size can be determined by
"divisions” and "element size”. The method used to generate the mesh used the element size seeding
method. This allowed for a fixed size of the elements, resulting in mesh-sizes that fit the purpose
and accuracy. A mesh-sensitivity analysis is performed to obtain insight into the relations between
representable results and the corresponding computational time, as visualised in Figures 5.3, 5.4 and
5.5.

Finer meshes result in longer computational time. A balance between efficiency and reliable results
determine whether smaller meshes are feasible.
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Figure 5.3: The sensitivity of adjusting the element size of the 2mm mesh.
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Figure 5.4: The sensitivity of adjusting the element size of the 1mm mesh.
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Figure 5.5: The sensitivity of adjusting the element size of the 0.5mm mesh.

The models displayed show the visual results of the different meshes. A finer mesh relates to more
computational calculations that it requires to do. This is visible in the model becoming more grey due
to the amount of integration points increasing. It allows for a more detailed visualisation when zoomed
in, while in order to visualise it completely (the whole model visible in one shot), the amount of nodes
results in less vibrant colours. The numerically derived results are, on the other hand, more precise.
These models do contain fictitious values; only the sensitivity is tested in this sense.

The numerical results of the sensitivity-analysis are shown in Table 5.2.
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Table 5.2: Results of the mesh sensitivity analysis.

Element size Maximum Max deformations Computational
stress at edge [mm] time
[N/mm?]
2mm (coarse mesh) 27.7 1.32 15 seconds
1mm (regular mesh) 27.6 1.32 2 minutes
0.5mm (fine mesh) 27.6 1.33 40 minutes

The numerical derived results for the maximum edge stresses and maximum deformations do not ap-
pear to be influenced by the size of the elements in the mesh. An observation is that there are dif-
ferences in the maximum stresses occurring in the complete sample. Different mesh-sizes result in
different peak-stresses and stress concentrations. However, the numerically derived peak stresses do
not relate to the bending stresses that introduced failure from the edges, as observed in the lab tests.
The peak-stresses appear to be acting on an element almost infinitely small.

Because of the stresses acting on a very small area, the chances of failure from within that exact spot
are slim. Glass fails at the weakest point, depending on flaws and scratches on the surface. It means
that in order to fail from the peak-stresses, the sample needed to be weak at that exact almost infinitely
small spot. It may affect the performance of the glass, if the peak-stresses are immediately visible in
areas of 1mm? (one full area consisting of 4 nodes). No samples were observed to fail due to peak-
stresses; therefore, the FEM-models were mainly checked on the bending stresses occurring at the
edges of the samples. On the other hand, the FEM-geometry does have inaccuracies, meaning the
peak-stresses occurring in the FEM-model might not be present in real life.

A finer mesh is, furthermore, more sensitive to small inaccuracies in the modelled geometry. For exam-
ple, sharp corners without filleting (rounding of the edges) tend to be a source of stress concentrations.
Modelling the geometry in 3D with full details is time consuming. The trade-off between an accurate
model and low modelling and calculation time led to the conclusion that a regular mesh with an element
size of 1mm suffices.

5.2.2. Deformations

The first results that are compared to the data obtained in the tests are the deformations. A struc-
tural linear analysis is performed within the FEM-model. This analysis resulted in values obtained for
the deformations of each node. The measured data during the lab-tests is the displacement of the
press, so the value that corresponds needs to be obtained from the location of the loads. The defor-
mations obtained in the FEM-model do come with inaccuracies. The measured data should filter out
the stiffness deformations within the press, while the compression of the three additional components,
as described in Chapter 4.1 and Figure 4.2, is not taken care of. Compression and therefore lowering
of the supports is not taken into account, meaning the results of the FEM-model deviates from the real-
life behaviour. The model aims to represent the real-life behaviour, without the need to investigate the
stiffness properties of the supports and the loading elements. A visualisation is shown in Figure 5.6.

Figure 5.6: Visualisation of a deformed sample in DIANA FEA.
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Results of the flat samples
The deformations of the flat samples are relatively large due to the low stiffness of the panels. A scatter
in the results is visible in Figure 5.7. This scatter is in correspondence with the scattering failure forces.
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Figure 5.7: The numerically derived deformations of the flat samples.

Results of the shallow samples
The deformations of the shallow samples are presented in Figure 5.8. The scatter is immediately visible,
corresponding to the different geometries and different loading conditions.
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Figure 5.8: The numerically derived deformations of the shallow samples.
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Results of the deep samples
The deformations of the deep samples are presented in Figure 5.9. The deep samples show a scatter,
although less than the shallow samples because the geometries are more similar to each other.
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Figure 5.9: The numerically derived deformations of the deep samples.

Comparison to measurements

The results are valuable when they do align with the data obtained from the lab-tests. Figure 5.10
shows both obtained deformations of each sample. This graph shows that the FEM-model is able to
predict the deformations well, but full precision and resemblance is difficult to obtain.
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Figure 5.10: The measured deformations and the numerically derived deformations.

The difference between the obtained values is visualised in Figure 5.11. This shows that 18 out of the
24 samples act stiffer in real-life than they do in the FEM-models. The deviations are for 20 out of the
24 samples lower than 15%. Both Figures 5.10 and 5.11 tell that the FEM-models are able to obtain the
deformations, with a margin of error. These deviations do occur due to several factors that influence
the accuracy.

First, the geometries are measured by hand, with a digital caliper, which comes with precision errors. A
consequence is that the FEM-geometry might differ from the real-life geometry. Secondly, the stiffness
of the supports and additional components in the test was set to be infinite, resulting in a difference in the
boundary conditions compared to the real-life setup. Lastly, material properties such as the Young'’s
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modulus and the Poisson’s ratio were assumed and set fixed. It is not investigated whether these
material properties are influenced by the laser-forming process, and whether the properties remain the
set values.
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Figure 5.11: The difference between the measured deformations and the numerically derived deformations.

The summary of the found deformations is shown in Table 5.3. The deformations do show high stan-
dard deviations, meaning that the samples do not behave similarly to each other. One cause is the
differences in geometry, while the strength of glass scatters as well.

Table 5.3: Statistical summary of the deformations.

Sample Min Deforma- Max deforma- Mean defor- STD STD/mean
tion [mm)] tion [mm] mation [mm] [mm)] [%]

Flat Samples 1.47 6.57 4.00 1.87 47%
(tests)

Shallow Samples 1.96 6.71 3.77 1.39 37%
(tests)

Deep Samples 1.17 3.45 1.84 0.71 38%
(tests)

Flat Samples 1.82 712 4.29 1.99 46%
(FEM)

Shallow Samples 1.67 6.20 419 1.40 33%
(FEM)

Deep Samples 1.28 2.82 1.72 0.48 28%

(FEM)
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5.2.3. Stiffness

After retrieving the deformations of the samples, the stiffness can be derived. Dividing the applied load
by the numerically derived deformations results in a stiffness index. The values are visible in the graph
shown in Figure 5.12. A pattern is visible that shows that the stiffness increases relative to the total
height.
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Figure 5.12: The numerically derived stiffness values.

The comparison of the numerically derived stiffness to the measured stiffness is made. The graph
in Figure 5.13 tells the applicability of the FEM-models. The models are able to predict the stiffness
behaviour of the real-life samples, with the pattern aligning with small deviations.
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Figure 5.13: The measured and the numerically derived stiffness values.

The numerical deformations of the samples were higher, meaning that the numerical stiffness is lower
than the actual stiffness of the samples. Figure 5.14 shows the inverse behaviour. The overestimation
of the stiffness can be compensated by using a correction factor of 1.2 when designing towards the
FEM-deformations, since the largest overestimation is 17%.
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Figure 5.14: The difference between the measured and the numerically derived stiffness values.

The summary of the stiffnesses is shown in Table 5.4. Due to irregular geometries the laser-formed
samples do show scattering stiffnesses. The deep samples show a better fit than the shallow samples.
The low value of the standard deviation of the flat samples is because there is no geometry difference
between the samples.

Table 5.4: Statistical summary of the stiffness.

Sample Min stiffness Max stiffness Mean stiffness STD STD/mean
[N/mm)] [N/mm] [N/mm] [N/mm] [%]

Flat Samples 47.10 57.82 51.62 3.89 8%

(tests)

Shallow Samples 83.26 199.33 108.25 35.44 33%

(tests)

Deep Samples 231.28 509.71 356.81 79.21 22%

(tests)

Flat Samples 46.56 47.13 46.87 0.26 1%

(FEM)

Shallow Samples 70.68 233.37 102.39 50.51 49%

(FEM)

Deep Samples 230.86 517.58 346.58 85.08 25%

(FEM)

The FEM-models predict the samples as less stiff. This results in the calculations being conservative,
since the actual samples perform better.
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5.2.4. Stresses

To be able to get insight into the strength of the laser-formed glass samples, first the applied strain
gauges do give values of 3 out of the 20 samples. To gain more insight, the stresses appearing in the
FEM-models are analysed. The obtained stresses represent the stresses at the point of failure of the
samples. This does not conclude that these are the actual stresses that occurred during the lab-tests.
A visualisation of the location of crack initiations is shown in Figure 5.15.

Figure 5.15: Crack initiation location

Results of the flat samples

The flat samples all failed from a crack initiated at the edge. The stresses shown in Figure 5.16, were
retrieved from the FEM-model at the location of this initiating crack. This leads to a value based on
numerical derivation, which does not imply that these were the actual failure stresses due to modelling
inaccuracies.

FEM Bending stresses (Flat)
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Figure 5.16: The derived failure stresses of the flat samples.

The size of the dataset is minimal, therefore caution is needed when stating conclusions of the strength
of the glass. The visible scatter is expected as a result of the strength properties of glass in general.

Results of the shallow samples
The shallow samples failed from cracks initiating in the edge as well. Figure 5.17 shows high values

of the derived bending stresses. Where a range of 40-60 MPa is expected, 7 out of the 10 samples do
show higher values. Conclusions based on this dataset are hard to state because of these values.

FEM Bending stresses (Shallow)
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Figure 5.17: The derived failure stresses of the shallow samples.
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Results of the deep samples

The results of the deep samples show less scatter, and only two out of the ten derived stresses are
outside the expected values. Figure 5.18 shows that the stresses of "Deep-1” and "Deep-10” are high,
while the rest of the dataset show expected and similar results. Sample "Deep-9” failed from the web of
the bent. The value obtained for the stress is the maximum value at the edge, since the exact location
of the initiation isn’t found. The maximum value of the web shows at least the minimum strength of the
web, resulting in a conservative value found for the failure stress of the sample.

FEM Bending stresses (Deep)
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Figure 5.18: The derived failure stresses of the deep samples.

5.2.5. Summary of the stresses
The summary of the numerically derived failure stresses is shown in Table 5.5.

Table 5.5: Statistical summary of the stresses.

Sample Min stress Max stress Mean stress STD STD/mean
[N/mm?] [N/mm?] [N/mm?] [NNmm?]  [%]

Flat Samples 21.5 84 .4 50.9 23.6 46%

(FEM)

Shallow Samples 34.7 144.4 74.5 29.9 40%

(FEM)

Deep Samples 35.6 81.6 50.6 15.2 30%

(FEM)

Although the size of the datasets is small, statistics are performed. Weibull distributions with least
squared regression-plots are made to obtain insight into the numerically derived 5%-fractile and the
95% confidence interval values.

Statistics of the flat samples

The statistical analysis of the flat samples is performed and concluded insufficient. The dataset consists
of only 4 values, resulting in an insufficient dataset. The results are obtained and observed in Table
5.5. The values found are used to visually provide insight into the derived stresses. Plotting distribution
functions of data consisting of 4 points, may lead to false conclusions. Therefore, no statistical analysis
is performed.
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Statistics of the shallow samples

Secondly, the statistical analysis of the shallow samples is performed. The dataset consists of 10
values. Still the size of the dataset is small, meaning again that the statistics should be concluded
with caution. The probability estimator used for the Weibull plots is the mean rank probability estimator.
This estimator is equal to: i/(n+1).

Shallow-S5amples (n=10)

Fractile [%] Stress [MPa] 95% Cl lower [MPa] 95% Cl upper [MPa]

0.8% 11.15 11.05 11.25

5% 2433 24,2 2446

50% 72.82 7269 7296

Selected 5.0% 2433 24.2 2446

Shallow-Samples (n=10)

Min Stress [MPa] Max Stress [MPa] Mean Stress [MPa] Coeff. of variation [%] Goodness of fit, pap

347 1444 7447 4239 51.89

Figure 5.19: The derived statistical values of the FEM-stresses of the shallow samples.
The Weibull probability density function and the Weibull cumulative density function (CDF) are plotted
in Figure 5.20. The distribution shows that 95% of all the values are greater than 24.33N/mm?.
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Figure 5.20: The PDF and CDF of the FEM-stresses of the shallow samples.

Statistics of the deep samples
Lastly, the statistical analysis of the deep samples is performed. The dataset consists of 10 samples
as well, meaning again that the statistics should be concluded with caution.

Deep-Samples (n=10)

Fractile [%] Stress [MPa] 95% Cl lower [MPa] 95% Cl upper [MPa]

0.8% 12.23 12.03 12.42

5% 22.08 21.88 22.29

50% 50.66 50.5 50.81

Selected 5.0% 22.08 21.88 22.29

Deep-Samples (n=10)

Min Stress [MPa] Max Stress [MPa] Mean Stress [MPa] Coeff. of variation [%] Goodness of fit. pap

356 81.6 50.58 31.64 4.06

Figure 5.21: The derived statistical values of the FEM-stresses of the deep samples.
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The Weibull probability density function and the Weibull cumulative density function are plotted in Figure
5.22. The distribution shows that 95% of all the values are greater than 22.08N/mm?.
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Figure 5.22: The PDF and CDF of the FEM-stresses of the deep samples.

The obtained numerical derived failure stresses of the 5%-fractile appear to be on the lower end. The
flat samples perform way less than expected. Therefore it is hard to conclude these values represent
the actual failure stresses that occurred during the lab-tests. The shallow- and the deep samples
performed better numerically, based on the derived statistics. The values show similar results compared
to strength values found in literature.

The total logarithmic CDF Weibull Plot is visualised in Figure 5.23. This plot confirms that the deep and
shallow samples perform better in FEM. However, the CDF of the flat samples are based on only four
samples, resulting in a CDF which might be misleading.

Logarithmic CDF Weibull Plot
0.990

0.960 1 Flat-samples; B=1.43 & 8=61.49
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Figure 5.23: The logarithmic CDF Weibull Plot of all three datasets.
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5.2.6. FEM-stresses compared to lab-test data

Three samples had strain gauges attached to the bottom of the sample. A check is performed on
how the stresses obtained from the strain gauges compare to the numerical derived stresses obtained
from the FEM-models. Table 5.6 shows the numerically derived stresses at the locations of the strain

gauges.
Table 5.6: The numerically obtained stresses from the FEM-models.
Sample Stress location 1 Stress location 2 Stress location 3 Stress location 4
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Shallow-10 15 42 66 70
Deep-9 57 25 42 42
Deep-10 56 45 74 76

Figures 5.24, 5.25, and 5.26 show the comparisons between the measured stresses and the numerical

derived stresses.
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The measured stress compared to the FEM-derived stresses of sample "Shallow-10".
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Figure 5.25: The measured stress compared to the FEM-derived stresses of sample "Deep-9”.
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Figure 5.26: The measured stress compared to the FEM-derived stresses of sample "Deep-10”.

Figure 5.27: The line indicates the location of the measured FEM results as well as the location of the strain gauges.

The stresses show some similarity. The results require to be observed with caution, as there are only
12 locations measured and compared. The trend of the shallow sample is visible in the FEM-derived
stresses as well. The stiffness of the FEM-model showed to be 10% less, which also has an impact
on the stresses. The derived stresses are all higher than the measured stress, which is related to
the decrease in stiffness, as a lower stiffness corresponds to higher bending stresses. This results in
conservative calculations, because the present stresses are lower than the computed ones.

Sample "Deep-9” showed large stress concentrations at location 1 in the FEM-model. To be able to
capture stress concentrations with a strain gauge, it needs to be placed on the exact position, which
would be based on luck. The other locations show a similar pattern for the FEM-stress compared to the
measured stress. The FEM-derived stresses are again higher than measured. However, the stiffness
of the FEM-model was predicted almost correctly with the FEM-model behaving 2% less stiff than the
sample in the lab-tests. Due to this observation, the bending stresses are harder to predict correctly
with FEM.

Sample "Deep-10” showed different behaviour, with two of the four FEM-derived stresses being almost
identical to the measured stresses. This FEM-model acted 7% less stiff than the sample in the lab-tests.
This confirms that the stresses are hard to predict correctly. Many factors influence the numerically de-
rived stresses, and therefore obtaining the stresses from FEM needs to be taken with caution. However,
the results of the FEM are conservative in relation to the actual present stresses during the tests.
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5.2.7. Necking influence in FEM

The presence of necking within laser-formed glass is significant. Larger necking results in smaller web-
thicknesses. The effect of the thickness of the web was observed in the failure mechanism of sample
"Deep-9”. This sample failed in the web, instead of the edge of the glass, which was the case for all
of the other samples. The relation between the thickness of the web and the initial thickness of the
sample is investigated.

This subsection shows the influence of necking and how FEM is able to capture higher stress values
along the web, when necking plays a role.

Two distinct failure mechanisms are described in Chapter 4.3.2. The FEM-models are checked whether
these differences are visible. First, sample "Deep-1” is used as a comparison. Figures 5.28 and 5.29
show the differences that the FEM-models were able to capture. Deep-1 shows high stress areas along
the edge (red/orange), while simultaneously the stresses in the web are lower (green). The sample
shows peak stresses occurring in the corners of the bend, but these are on a small area, decreasing
the probability of failure initiating from those points. Sample Deep-9 on the other hand shows much
more larger high stress (red) areas in the web. The larger these areas become, the higher the chance
of a failure initiating from those areas.

Figure 5.28: The stress state of sample Deep-1, showing high stresses (red) at the edge and low stresses in the web.

Figure 5.29: The stress state of sample Deep-9, showing lower stresses at the edge and higher stresses (red) in the web.

For a 4mm thick (3.89mm) glass panel, the total laser-forming depth at which this failure mechanism
was visible is 12mm, corresponding to a web thickness of 1.25mm.
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5.3. Nominal models

This section describes the use of a nominal model instead of individual models to represent every
individual sample. The use of a nominal model can be of great benefit when proven to lead to the
same results with less time and work needed in the preparation.

Two nominal models are built to represent the shallow samples and the deep samples. The geometries
used for these models are described in Table 5.7.

Table 5.7: The geometry of the nominal models

Model Total Bending Web thickness Sample Inertia Area
height angle [mm] thickness [mm?] [mm?]
[mm] [mm] [mm]

Shallow Samples 6.00 23 3.50 3.89 887 388

Nominal

Deep Samples 10 51 2.00 3.89 3791 382

Nominal

The change in inertia between the nominal models and the individual models is calculated, as well as
the deformation difference. Since these two are related, the deformations difference need to result in
the inverse of the inertia difference.

The parameters that have been obtained are visualised in Table 5.8. This check is done to see if the
Nominal models result in the same deformations obtained in the individual models, when looking only
to the inertia difference.



5.3. Nominal models 72

Table 5.8: The differences in geometry of the individual (ind.) and the nominal (nom.) models.

Sample nr. Individual Nominal Relative In- Individual Nominal Relative de-
Inertia Inertia ertia (/1) deforma- deforma- formation
[mm?] [mm?] tion [mm] tion [mm] (w/w)~!
Shallow-1 785 887 0.89 4.26 3.80 0.89
Shallow-2 801 887 0.90 2.37 2.15 0.91
Shallow-3 837 887 0.94 3.15 2.98 0.95
Shallow-4 738 887 0.83 5.00 4.20 0.84
Shallow-5 843 887 0.95 4.74 4.51 0.95
Shallow-6 2590 887 2.92 1.67 4.63 2.77
Shallow-7 1751 887 1.97 6.2 11.84 1.91
Shallow-8 1004 887 1.13 5.24 5.89 1.12
Shallow-9 787 887 0.89 5.89 5.29 0.90
Shallow-10 821 887 0.93 3.84 3.57 0.93
Deep-1 3591 3791 0.95 2.82 2.7 0.96
Deep-2 3473 3791 0.92 1.31 1.2 0.92
Deep-3 2570 3791 0.68 1.99 1.38 0.69
Deep-4 3071 3791 0.80 1.67 1.37 0.82
Deep-5 3840 3791 1.01 1.40 1.42 1.01
Deep-6 3377 3791 0.89 1.39 1.23 0.91
Deep-7 3904 3791 1.03 1.74 1.78 1.02
Deep-8 4171 3791 1.10 1.34 1.54 1.15
Deep-9 6414 3791 1.69 1.28 1.99 1.55
Deep-10 5670 3791 1.51 2.29 3.33 1.45

The values of the differences in the fourth and seventh column of Table 5.8 need to align to allow the
nominal models to be usable. Figures 5.30 and 5.31 show that the difference in inertia of the nominal
models against the individual models appears to be of the same magnitude as the inverse difference in
deformation. Meaning that, if the inertia of the sample is 2.3 times higher than the inertia of the nominal
model, it can be assumed that the deformations of the individual model are 2.3 times less than the
nominal model.

Inertia and deformation

(Individual value / Nominalvalue)
3,00

2,00

1,00
) I I I I
0,00
1 2 3
09 094

4 5 & 7 8 2] 10
083 0,95 292 197 113 089 0,93
Shallow 089 091 0.95 0.84 095 2797 191 112 0.80 0.93

B Inertia 089

= Defor

Figure 5.30: The differences in Inertia, next to the inverse difference in deformation of the shallow samples.
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Figure 5.31: The differences in Inertia, next to the inverse difference in deformation of the deep samples.

It can be concluded that a nominal model can be used to predict the deformations of individual geome-
tries. The procedure starts by computing the inertia of the individual geometry. Secondly the difference
compared to the inertia of the nominal model need to be computed. For example, the inertia of the in-
dividual geometry is 1.22 times higher than the inertia of the nominal model. The loads need to be
applied to the nominal model, the deformations corresponding to these loads are obtained. It can now
be said that the deformations of the individual geometry are then 1.22 times less than the obtained
deformations of the nominal model.

Sample Deep-9 showed the largest difference of 1.55/1.69 = 0.92. Therefore, the deformations need
to take into account an accuracy error of maximum 10% in order to calculate conservatively.

For stresses, individual models are required to be able to predict the failure mechanism and the effect
of necking. Individual models are able to show larger stresses in the web because of larger necking.
Every geometry need to be modelled with their own necking values, so it can be visualised if the necking
is too large and the stresses in the web do occur to be higher than at the edges. A nominal model only
shows results where the stresses are lower in the web than at the edge.



Case study comparison

This chapter aims to show how the findings of this thesis can be implemented in real sized applications.
The increased sizes are hypothetical, since the manufacturing capabilities limit the workable size by
1m2. First a comparison is made on the lab tests itself. The configuration used and the sizes used
within the tests are compared to a flat panel of glass to visualise the gain in stiffness. Secondly a
fictitious case study is used to see how real sized panels should behave, according to the results of the
thesis.

6.1. Test setup comparison

A comparison of the laser-formed glass panels to flat glass panels shows the actual performance in-
crease. First, the test-results are used to compare which flat glass thickness results in the same stiff-
ness properties as laser-formed glass. Sample "Deep-10” is used as a comparison to show to what
extent the laser-forming process acts stiffer. Figure 6.1 shows the location of the bends in the cross
section at midspan.

| 25 | 50 | 25
T T T

Figure 6.1: Cross section of 3D-laser-formed panel, with the location of the bends.

The test-results of "Deep-10”" showed that a laser-formed sample, subjected to the failure load of 111N
deformed 2.48mm. Multiple FEM-models have been built to check which flat glass thickness results
in the same stiffness properties. The flat glass panels were loaded in the same manner and with the
same magnitude and the corresponding deformation was checked. The results of these FEM-models
compared to "Deep-10” are stated in Table 6.1.

74
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Table 6.1: Deformations of sample "Deep-10" compared to various flat glass thicknesses.

Sample (Thickness) Deformation at point of loading [mm]

Sample "Deep-10” 248
Flat 4mm 23.40
Flat 5mm 11.04
Flat 6mm 6.39
Flat 8mm 2.70
Flat 8.2mm 2.52
Flat 8.3mm 2.43
Flat 10mm 1.39

The table shows that the sample "Deep-10” had better stiffness properties than a flat 8mm thick panel.
The "Deep-10" panel had an initial thickness of 3.87mm, and the FEM-models used the stated thick-
nesses of rounded numbers. More thicknesses are checked, and an 8.2mm and 8.3mm thick panel
showed corresponding deformations of 2.52mm and 2.43mm.

This concludes that a laser-formed glass panel of 3.87mm performs as stiff as a flat 8.3mm panel, in
the setup used during the lab tests. This comparison results in a material reduction of 53%.

6.2. Case study comparison

Using the strategies and findings obtained through this research a fictitious case study has been
checked for the applicability of laser-formed glass. The case study is based on larger dimensions
and wind-loading acting on the glass surface. The stiffness of flat glass is compared to the stiffness of
laser-formed glass to reduce the material use. The dimensions like total height, the web thickness and
bending angle are extrapolated from the dimensions used in the lab-tests.

Figure 6.2, shows the visualisation of an upscaled laser-formed glass panel.

Figure 6.2: 3D-laser-formed panel.

Table 6.2 shows the constraints and loads to which the glass is subjected. For calculation purposes,
the panel is simply supported on the top and bottom, and the loading conditions are equal to a building
height of 15m in an urban setting in area Il of the Netherlands, resulting in a value of 0.80 kN/m?.
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Table 6.2: Constraints of fictitious case study.

Constraint unit
Height panel 3.50 [m]
Width panel 2 [m]

Wind pressure 0.80 [kN/m?]

A quick and concise calculation is made to verify that laser-formed glass is actually capable of reducing
the material use, while looking at the deformations of a panel. The check is done based on a singular
equation corresponding to a distributed load on a simply supported beam:

Y,

w

max

Figure 6.3: A distributed force on a simply supported beam.

5 ql*
= S =7 A
Wmae = 391 EI (6.1)
The total load on the full surface is equal to:
Gtotar = 0.8 % 3.50 % 2.00 = 5.6kN (6.2)
The load acting in the simply supported beam setup is equal to:
Qtotal = 0.8 % 2.00 = 16kN/m (63)

6.2.1. Stiffness (SLS)

The code describes that the maximum allowed deformation, in the middle of the glass panel, is equal
to 1/65 * 14, for single glass panels or laminated glass units, as described in equation 2.9 stated in
Chapter 2. The maximum allowed deformation is therefore equal to 4031/65 < 50 = 50mm.

Setting equation 6.1 equal to 50mm, results in a minimum second moment of area equal to 8.93e5mm?.
This is corresponding to an equivalent thickness of 17.5mm. Since 17.5mm thick glass is not commonly
available, the desired thickness can be reached by 19mm thick glass with a design thickness of 18mm.

Laser-forming is able to obtain relatively high inertias with low initial panel thicknesses. Subsection
4.3.3 shows a correction factor of 1.4 is advised for computing Inertias. This means a higher inertia is
needed for laser-formed panels, resulting that an inertia of 1.2502e6mm* is required.

Table 6.4 shows the geometry used to obtain the required inertia.



6.2. Case study comparison 77

Table 6.3: Geometry of fictitious case study.

Constraint unit
Original thickness 9.7  [mm]
Total height 25.1 [mm]
Thickness web 5,00 [mm]
Bending angle 49 [0]
Width panel 2000  [mm]

Obtained inertia: | 1.2502e6 [mm?]

Concluding from this small calculation, it confirms the statement that laser-formed glass panels are
able to reduce the material use of single panel glass. In this small case-study a flat glass panel of
18mm thick was required to satisfy equation 6.1 and equation 2.9. The thickness that is required when
laser-forming is applied is equal to 9.7mm. A material reduction of 46%.

6.2.2. Stresses (ULS)

When comparing the stresses, a simplified calculation is made by checking its Section Modulus (W) and
the acting moment based on the applied load. The maximum moment acting on the simply supported
panel is equal to:

1 1
S ? = g * (L5 1.6) 3.52 = 3.68kNm (6.4)

Deriving the maximum tensile stress is done with equation 6.5.

M * z M

Tmazr = —7— = 7 (6.5)
The section modulus of a flat panel is equal to é*b*hQ.
The glass strength is based on the following considerations:
* Float glass: ks, = 1.0
+ Linear calculation: k, = 1.644 * (3500*2000)'/2> = 0.88
» Strength: Annealed: k. = 0.8
* Load duration 50 years: K4 = 1
* Annealed glass: f,,;, = 45 N/mm?
* Wind is governing load case: v;,,;4 = 1.6
The design value of the bending strength (f,,+....4) Oof annealed glass is equal to:
Frntiud = ko X ke X kmoa X ksp X fgi _ 088%08x1%1.0x45 19.8N /mm? (6.6)

TYm; A 1.6

Combining equations 6.4, 6.5 and 6.6 results in a required section modulus of: W = 185859 mm?3.

For a flat sample, this section modulus is equal to %"2000*h2 where h should have an equivalent
thickness equal to: 23.6mm.
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The modified laser-formed requires a section modulus equal to 185859 mm. With the following geome-
try, based on scaling sample "Deep-10”, the requirements are set. Figure 6.4 shows the cross section
and the locations of the bends.

400 1200 400

Figure 6.4: Cross section of 3D-laser-formed panel.

Table 6.4: Geometry of fictitious case study.

Constraint unit
Original thickness 145 [mm]
Total height 36.5 [mm]
Thickness web 7.64  [mm]
Bending angle 49 [c]
Width panel 2000  [mm]
Obtained Inertia: | 3850000 [mm?]
Distance to centroidal axis: z 20.22 [mm]

Obtained Section modulus: W 190406 [mm?3]

The parameters are scaled by the original thickness, compared to sample "Deep-10". Therefore, the
maximum reachable total height = 11.51/3.87 * 14.5 = max 43mm. The minimum web thickness =
2.04/3.87 * 14.5 = 7.64mm. Therefore, in theory, this is achievable with a thickness of 14.5mm thick
glass.

The bending stresses would be 3.68 kNm / 190406 mm? = 19.3 N/mm?. This concludes that a laser
formed glass panel with an original thickness of 14.5mm, results in similar bending stresses as a flat
23.6mm thick panel. Resulting in a material reduction of 39%.

The lab-tests on the other hand showed hard predictability of the bending stresses. Therefore the
beneficial results should be taken with caution. However, theoretically, the laser-formed samples in
this comparison do show a benefit in material reduction.

6.2.3. Limitations

The use of laser-formed glass is subjected to multiple limitations. Design considerations like robustness
and user safety are not considered in this design comparison. With the use of annealed glass, the
fragments when the panel fails are big, and could potentially cause harm when the fragments do fall
down. A suggestion for improving the robustness of annealed laser-formed glass with a single ply would
be by implementing transparent adhesive foil to reduce the chance of the fragments from falling down.
Tempering and laminating the laser-formed glass could solve these limitations, but the technology does
not allow for these types of safety yet. Future research should conclude whether these types of safety
measures can be implemented for laser-formed glass panels.



Discussion

This research shows that the stiffness of laser-formed glass panels is predictable and relates to the
increase in inertia of the cross-section. However, the research outcomes show limitations and the
results need to be interpreted with caution. This chapter describes the interpretation of the results,
the implications, and the limitations of this research. The challenges, constraints and observations
regarding the applicability of the results are discussed.

The research question of this thesis is the following: "What is the structural performance of laser-formed
glass panels, when loaded out-of-plane until failure?”. This research shows that the stiffness is directly
related to the increase in inertia. Geometry parameters and phenomena, such as necking, have an
influence on the predictability of the failure mechanism, whereas DIANA FEA is able to visualise this
failure mechanism. Lastly, the findings are that the tested laser-formed panels, with an original thick-
ness of 3.89mm, show similar stiffness properties as 8.3mm flat glass panels. Saving 53% in material
use, when observing the stiffness properties.

7.1. Interpretation

This research aimed to contribute to the development and knowledge of laser-formed glass. The struc-
tural properties are discussed and conclusions about the stiffness and the strength are constructed.
This section describes the interpretation of these findings and how this contributes to the development
of the laser-forming process of glass and the applicability to building and structural engineering.

7.1.1. Sensitivity analysis

Flat cross-sections have a poor performance, in a structural sense. To increase its performance, two
things can be increased. stiffness and strength. With a stiffer cross-section, smaller deformations can
be reached. Meaning a structure, when subjected to a certain load, deforms. The amount of which it
deforms relates to the stiffness of the structure. Increasing the stiffness can be achieved by changing
the geometry of a cross-section. The second moment of area, or inertia in short, is the geometry
parameter that is directly linked to the stiffness of a structure.

Understanding of the behaviour of the stiffness when adjusting the cross-sectional geometry is of im-
portance. The laser-forming process is able to adjust the geometry by editing four parameters: The
thickness of the glass, the total height of the elevation, the bending angle and the thickness of the web.
By adjusting the geometry parameters, the inertia is changed. The sensitivity analysis gives an answer
to the magnitude in which the adjustments do influence the change in inertia.

7.1.2. Lab tests results

Lab-tests are performed to check whether the changes in geometry are visible in real-life behaviour
as well. The oven process of laser-forming might alter the structural behaviour of glass. Literature
and research development have not yet been able to proof the preservation of stiffness when glass is
subjected to the laser-forming process. Lab-tests were able to provide this proof.
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The results show that the increase of inertia has a similar trend/pattern as the stiffness of the glass
samples during the tests. It is worth discussing that there is still a slight difference in the compared
results between the numerically derived inertia increase and the stiffness increase. The effect of exten-
sion or compression of other materials and products within the test-setup were not taken into account.
In addition, the inertia is based on geometry measured by hand. It might even be a hypothesis that
the Young’s modulus, which was set at a constant value of 70.000 N/mm? changes during longer laser-
forming procedures. These two sources of inaccuracy, or the hypothesis, could lead to differences
in the comparison between the increase in inertia and stiffness. 3D-scanning of the full sample could
eliminate a large part of the measurement inaccuracies to improve the derivation of the inertia terms of
each sample.

One sample out of the 20 laser-formed samples showed a different failure mechanism. This sample
failed in one of the bends, that was laser-formed, where the other 19 failed from the edges. This
singular sample made a significant change in the approach of both the effect of necking and on how
the FEM-models should be interpreted. Implying that the edge strength is governing for all samples in
this test-setup is not valid due to this single observation.

7.1.3. FEM-results

The use of FEM in this thesis is a method to be able to predict the behaviour of laser-formed glass. The
predictability shows its importance when used in engineering. Before manufacturing, the structural
behaviour requires to be verified as safe. Predicting the behaviour by utilising FEM leads to checks for
the serviceability towards deformations as well as to verify if the product is not subjected by stresses
larger than the strength of the material.

The FEM-models showed predictability in two senses. The stiffness showed similar results with the
lab-tests data, and the stress state showed insight into the failure mechanisms. The validity of the FEM-
models can be discussed. The results show trends and similar behaviour compared to the obtained
measurements from the lab-tests. However, for a FEM-model to completely resemble the real-life, the
FEM-model itself needs to represent the sample completely. This was not the case, since the 3D-
model was modelled based on modelling simplifications and measurements. The results of the FEM
are therefore useable, but do not represent the real-life behaviour completely. For 15 out of the 20
laser-formed samples, the samples behaved stiffer dan predicted. The FEM-models do appear to give
conservative results. The use of a correction factor of at least 1.2 is able to conservatively predict the
stiffness behaviour, since all the less stiff samples were less than 20% of the FEM-models stiffness.

The stress comparison between the FEM-derived stresses and the measured stress obtained from
the applied strain gauges, showed that the bending stresses are harder to predict. The FEM-derived
values are able to visualise the stress distribution to the user, while the actual stress values should
not be taken for the actual present stresses during the tests. The stress-values derived from FEM are
higher than the actual present stresses, meaning the calculations are conservative.

The use of nominal models and individual models is checked. Nominal models are able to predict
the stiffness of individual geometries, however a maximum difference of 9% is observed. Therefore a
correction of 10% should be considered in order to calculate conservatively. However, nominal models
are not capable of correctly visualising the failure mechanisms. Therefore the use of individual models
is strongly advised, due to the presence of larger necking. Larger necking could lead to different failure
mechanisms and individual models are capable of showing this, nominal models are not.

7.1.4. Case study

The case study is set up to be able to upscale the idea of using laser-formed glass in facade panels. The
comparison shows that 14.5mm thick laser-formed glass can be applied to a situation where normally
an equivalent thickness of 23.6mm thick flat glass was needed. The author is fully aware that this is
a major simplification of calculations, however due to time constraints, this is found a simple way to
visualise the increase in the stiffness and strength performance by laser-formed glass panels.
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7.2. Implications

The results of this thesis describe the implications of the development and understanding of the be-
haviour of laser-formed glass panels. The ability to predict the behaviour through FEM-analysis, in
addition to the findings about the stiffness of laser-formed glass, serves as a basis for further research
and development.

The practical implications are that the knowledge gained within this thesis helps the understanding of
laser-formed glass. By considering necking as an important factor, designers and engineers are able
to design based on a failure mechanism. This research highlights the importance of checking multiple
failure mechanisms, like failure from the edges as well as failure within the web of the bend.

For further research perspective, this thesis highlights the performance of one particular design, a single
elevation. Optimal designs, might lead to better performances. The geometry is already sufficient to
reduce the material use by 53% when looking at the stiffness, while the design used in this thesis is not
optimal. Further research and optimal designs might be able to improve the stiffness even better.

7.3. Limitations

This research comes with constraints, assumptions, and limitations. This section describes what has
been the observations on the way, and how limitations may influence the gathered results and knowl-
edge.

3D-modelling and measurements

The 3D-model is built to represent the actual samples. The modelling method is subjected to some
limitations. Firstly, a challenge is to model completely closed models. This is necessary for DIANA to
work with solid FEM-models. The solution of modelling double-curved faces in the modelling phase
of this thesis were not found. The decision is made to simplify the model, by applying one curvature
instead of two. The modelled curvature is the one that influences the stress-distribution most optimal
by judgement of the author. When stressed vertically, the modelled curvature leads to a smoother
transition from the top of the sample towards the supports. The non-rounded face has less of an
impact in the transition zones.

The dimensions of the geometries are subjected to precision errors. The 3D-model is based on the
input of four adjustable parameters: The thickness, the total height, the bending angle, and the web
thickness. An observation that introduced inaccuracies in the 3D-model, is that the web thickness is
not constant along the whole laser-formed pattern. The modelled geometry is based on the thinnest
measured web thickness (to model conservatively towards the stiffness), but thicker web is measured
at different positions along the laser-path. All the dimensions are measured with a digital caliper. The
measuring is performed with caution, however measuring the total height appeared to be based on how
parallel the bottom and the top face were clamped in the caliper. The measurement of the height could
vary between a full millimetre, and the final measurement was based on the judgement of the observer.

7.3.1. Sensitivity analysis of geometry parameters

The sensitivity analysis that is performed at the start of the thesis supports statements about the in-
crease of inertia. However, in practice, 4mm thick panels are not able to sag 30mm. In theory, this is
possible by the laws of conservation of mass, but at this moment of time, under the current process
conditions, this is not feasible. The sensitivity analysis is, on the other hand, useable and gives good
insight in how the inertia is affected by which parameter.

7.3.2. Lab-tests

The obtained data from the lab tests, need to be observed with care. The force applied to the sample is
assumed to be precise. However, the deformations obtained from the tests, represent the deformation
of the press. This results in the fact that the obtained deformation is not exactly the same as the
deformation of the sample. In the FEM-modelling the deformation is measured at the location of the
load, except the compression of other test-setup elements is not taken into account. The full rigidity of
the supports is assumed, where in reality this is resembled as a support with a certain spring stiffness.

The placement of the load-dividing cylinders is done by hand as well. The location of the cylinders was
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marked on each sample, with a spacing of 10 centimetres. However, the precision of the placement of
the cylinders is prone to inaccuracies.

7.3.3. Sample size

The sample size influences the reliability of the data. Statistical analyses have been performed on three
datasets consisting of 4, 10, and 10 samples each. The amount of samples per dataset is slim. The
goodness of fit, due to the sample size, of the performed Weibull analysis are questionable. However,
the performed tests gave usable results which led to answers of the research questions. More samples
were preferred, but due to costs, manufacturing capabilities and time, the author is already satisfied
and grateful with the 20 laser-formed samples that have been manufactured and shipped to test.

7.3.4. FEM-modelling

The FEM-modelling is based on assumptions, modelling decisions, and modelling constraints. Creating
a model representing real life 100% would be near impossible, although a model is created that is useful.
The user of the FEM-models requires to be aware of its limitations and how the FEM-model differs form
representing the samples. The first constraint that deviates from real behaviour is the use of supports
that are infinitely stiff. The supports used in the lab-tests do have certain stiffness values, which now
have been neglected. The second deviation of the real behaviour is the modelling of the loads. The
load applying cylinders which rest on the top surface do have a certain contact area. This contact area
is now modelled as a single line load. Major consequences of modelling the contact area as a single
line have not been observed. The line loads do result in compressive stress concentrations at the exact
location of the line, however, the effect on the stiffness is minimal.

Where the stiffness show similar results as the lab-tests, to obtain the correct stresses seemed more
difficult. The stresses of the FEM-model resulted to be higher than the actual measured stresses. This
is an inaccuracy, however in a conservative way.

The use of nominal models seemed unsuccessful. The models are not capable of visualising different
failure mechanisms. There is as well a difference of a maximum of 9% in predicting the stiffness from
a nominal model. Due to time constraints, it is not observed where this difference originates. This is a
consequence of the nominal models not being useful in the first place.



Conclusion

This research aimed to provide knowledge about the structural behaviour of laser-formed glass panels.
The main research question is constructed as:

”"What is the structural performance of laser-formed glass panels, when loaded out-of-plane
until failure?”

To support the main research question, four sub-research questions have been formulated. The con-
clusions of these sub-questions support the understanding and the final formulation of the conclusion
of the main research-question.

Sub-question 1: "What is the influence of the forming geometry on the inertia and the stress distribu-
tion?”

» Four commonly used glass thicknesses have been used as a basis for the sensitivity analysis
regarding the geometry. The panels were 4mm, 8mm, 10mm, and 15mm thick. The starting
point is a flat panel of glass, a laser-formed elevation is introduced with four different adjustable
parameters. The first being the thickness, secondly, the total height after laser-forming, thirdly,
the angle of the laser-bend, and lastly, the thickness of the web of the glass after laser-forming.
For each configuration the second moment of area, or inertia in short, is numerically computed.
The sensitivity analysis showed that for bending angles greater than 45 degrees, the inertia is
not influenced as much as with lower bending angles. Reaching higher bending angles relates to
thinner webs, making the use of tighter bending corners invaluable for the stiffness. The lab-tests
showed that the increase in total height had a quadratic relation to the stiffness. The parallel-axis
theorem might be the origin of this phenomenon, this is not further researched but recommended
for future work.

The effect of thinner webs is visible when looking at failure mechanisms. The results of 20 per-
formed lab-tests showed two failure mechanisms. 19 out of the 20 laser-formed samples failed
from the edge of the glass panel, relating to poor edge quality. One sample failed from the
laser-formed bend. This sample, sample "Deep-9”, had the thinnest web in the cross-sectional
geometry. This showed that the influence of the web thickness is related to the failure mechanism
of the glass. The web thickness of sample "Deep-9” was equal to 1.25mm, a third of the original
thickness.

» Because of the two failure modes observed in the tests, a designer or engineer should check
laser-formed panels on a minimum of two failure-modes. Other failure mechanisms were not
captured in these lab-test. This does not imply the observed failure mechanisms are the only
ones to check. By performing more tests, with different geometry configurations, other failure
modes might introduce themselves.
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Sub-question 2: "What is the stiffness and strength capacity of out-of-plane loaded glass panels?”

» Twenty laser-formed glass panels were tested and modelled in FEM. The four-point bending tests
confirmed the hypothesis that laser-formed glass panels behave more stiff than flat glass panels.
The tests showed that laser-formed samples are able to increase the stiffness of a 3.87mm thick
flat panel, to stiffness properties similar to that of 8.3mm thick flat panels, an increase of 113%.
This conclusion is based on the deformation found in relation to the highest load applied to the
sample. Sample "Deep-10" was subjected to a load of 1111N, resulting in final deformations
of 2.48mm. A flat 8.2mm thick glass panel deforms 2.52mm and a flat 8.3mm panel deforms
2.43mm, meaning the Deeep-10 sample, with an original thickness of 3.87mm, had similar stiff-
ness properties as an equivalent 8.3mm thick glass panel.

» Two methods are investigated regarding the predictability of the stiffness of laser-formed panels.
The first method is based on the change in inertia, compared to the change in stiffness. The
increase in inertia resulted in a similar increase in stiffness. The deeper elevations showed larger
deviation, resulting in a maximum deviation of 37%. This deviation needs to be taken care of when
designing laser-formed glass structures without the use of predicting FEM-models. A correction
factor of 1.4 is advised when the stiffness of the laser-formed panels is derived from only utilising
the inertia properties of the cross-section.

* The second method relies on the use of FEM-software to compute the deformations of laser-
formed glass panels. FEM showed representable results and for 15 out of 20 samples FEM
underestimated the stiffness. This relates to conservative calculations, meaning the samples
acted stiffer in real-life compared to the FEM, resulting in lower deformations in real-life. The
other five samples overestimated the stiffness, however, the difference is below 17%. A designer
or engineer is therefore advised, based on the results of the tests, to use a correction factor of 1.2
toward the obtained FEM deformations. This results in representable but conservative calculated
deformations.

Regarding the derivation of the stresses acting in the laser-formed glass panels, the results of
the measured and the FEM-derived stresses show a larger scatter. The results are that FEM is
representable to obtain a sense of stress propagation and distribution. The observations were
that the stresses obtained with applied strain gauges showed lower stress than the FEM-models,
but the distribution showed similar results. Concluding that the FEM-models are able to predict
representable stress distribution, and the values of the derived stresses are up to 30% higher than
the measured stresses. This concludes that the derivation of the stresses in FEM is conservative.

+ FEM-models were used to numerically derive the stress and strength at the location of the failure
during the tests. Statistical analyses were performed to obtain a 95% confidence interval and
obtain the 5%-fractile value of the shallow and deep sample sets. Weibull distribution plots were
made to obtain the following 5%-fractile values of the two datasets. The shallow samples showed
a 5%-fractile failure stress of 24N/mm?. The deep samples showed a 5%-fractile failure stress
of 22N/mm?. These values are obtained from FEM-derived stresses, which does not imply that
these were the actual stresses present during the lab-tests. To obtain more certain values of the
strength of laser-formed panels, a larger sample size is needed.

Sub-question 3: "How can the structural behaviour be modelled in DIANA FEA to resemble real life
behaviour?”

+ Individual DIANA FEA-models were built to represent each sample. The use of DIANA showed
similar deformations compared to the lab tests, with a deviation of a maximum of 17%. The
stress state obtained with FEM-showed similarity to the measured stresses with strain gauges.
The values of the FEM-stresses appeared to be higher than the actual measured stress. This
results for designing and engineering purposes, the FEM-derived stresses lead to conservative
calculations.

To check the need for individual models, the results are compared to the use of one nominal
model for the shallow samples, as well as the use of one nominal model for the deep samples.
Both results show that by utilising the inertia difference, the user is able to convert the obtained
FEM-deformations. The obtained FEM-deformations of the nominal model need to be divided by
the inverse of the change in inertia, to obtain the value of deformations of the individual model.



85

The nominal model, on the other hand, is not able to visualise different failure mechanisms. This
concludes that there is a need for individual models in order to visualise different failure mecha-
nisms.

» The FEM-models showed the importance of checking two types of failure mechanisms. Sam-
ple "Deep-9” had a different failure mechanism than the 19 other samples. The individual FEM-
models were able to capture the deviating stress behaviour of "Deep-9”, showing higher stresses
in the web of the bend, compared to higher stresses in the edges for the other samples. The
necking value, and therefore the web thickness of the glass plays a major role in the prediction
of this failure mechanism.

Sub-question 4: ”Is laser-forming beneficial for reducing the material use of glass panels?”

» Two case studies have been performed to check hypothetically if laser-forming glass panels result
in higher stiffness. The first comparison was made for the situation used in the four-point bending
setup during the tests. Sample "Deep-10" showed the same stiffness properties as an 8.3mm
thick flat glass panel. Resulting in the conclusion that when a sample requires to have a stiffness
value of 8.3mm thick flat glass, the configuration of sample "Deep-10” suffices and a material
reduction of 53% is achieved.

» The other case study is based on larger scales. A panel of 3.5m x 2.00m that is subjected to
windloads is calculated as a flat glass panel and a laser-formed glass panel. As for the stiffness
properties, the laser-formed glass panels are able to reduce the material use by 46% in this case
study. For strength properties, observing the bending stresses, the laser-formed glass panels are
able to reduce the material use by 39%.

The main research question:

”What is the structural performance of laser-formed glass panels, when loaded out-of-plane
until failure?”

The answers of the sub-questions are combined and used to answer the main research question. The
stiffness of flat glass can be greatly improved by utilising laser-formed glass. The results of four-point
bending tests on 20 laser-formed samples showed that the stiffness properties of 3.87mm thick flat
glass are improved up to the stiffness properties of 8.3mm flat glass. The use of FEM-models has
been proven to represent the actual stiffness behaviour in real-life, when a correction factor of 20%
is included to maintain conservativeness in the calculations and not overestimate the stiffness of the
real-life samples.

FEM-models are able to obtain stress distributions as well as stress values, although the use of strain
gauges showed that these FEM-values were higher than the measured values. The strength ob-
tained through Weibull-analyses is based on numerically derived FEM-stresses, which gave 5%-fractile
strengths of 24N/mm? for the shallow dataset and 22N/mm? for the deep dataset.

This research showed the importance of modelling geometries individually to be able to observe the
failure behaviour of laser-formed glass. The necking values and therefore the thickness of the web
in the bend area need to be checked cautiously to see whether the stresses in the web outgrow the
stresses in the edge of the glass sample.

This research concludes that the use of laser-formed glass significantly improves the stiffness of flat
glass panels by a maximum of 215% with the data collected since 8.3mm thick flat glass shows the
same stiffness as 3.87mm thick glass. Other optimal geometries might be able to increase this value
more. The results are promising to further investigate and develop the knowledge and the use of laser-
forming of glass.



Recommendations

This research is performed in a time span of 8 months. While being able to answer the main research
question, other questions and recommendations arose in the duration of this thesis. Due to limited time
and resources, some of these questions could not have been answered yet. This section describes the
recommendations towards further research and focus points towards the manufacturing capabilities of
laser-formed glass. First the recommendations that follow this specific thesis are stated, where in the
other sections the dreams and visions of future applications are described.

Recommendations following up this research

The following recommendations are directly related to the results found in this thesis and can improve
the reliability of the results. The stresses during the lab-tests were hard to capture and verify. To be
able to tell more precise about the values of the stress and the failure mechanisms, two recommenda-
tions are able to improve the validity of the findings. First, Digital Imaging Correlation (DIC) could be
implemented to obtain the full stress-state during the test. This technique is able to capture the actual
stresses during the test of a whole sample, resulting in reliable results of the full stress-state. Secondly,
it is recommended to capture the tests with high speed cameras to locate the exact crack initiation and
propagation.

The next recommendation that improves the statements of the thesis is to evaluate the environmental
impact of the whole laser-forming process. It is proven that for stiffness, material can be reduced.
However, does the reduction in material compensate for the use of a laser-forming oven and the power
used to double manufacture the glass?

The design configuration

The first dream/recommendation is based on the design of the samples that have been tested. During
this thesis a single elevation is used, where this is not the optimal design. For a more evenly distributed
stress-state, different design configurations can lead to even better performances than already found
during this thesis. A design following the moment distribution line, based on the load conditions, should
already be able to distribute the stresses more evenly. Chapter 3.2 showed two designs, geometry 1
and geometry 2, based on this principle. The relation between the increased height and the stiffness
being quadratic, need to be investigated more thoroughly as well.

The influence of necking

The second recommendation is based on the influence of necking regarding the original thickness of
the sample. Thicker samples could lead to higher elevations. For 4mm thick glass a total height limit is
reached for about 12mm. The experience through manufacturing saw that higher elevations introduced
failures during the laser-forming process. The thickness of the web seemed to be too low that the
sample failed under its own weight during the process. Further research should give conclusions about
the maximum total height that can be achieved for every sample thickness.

A second check that could be achieved in researching this web thickness is to observe at which exact
web thickness the failure mechanism changes from failure from the edge to failure from the web. A web
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thickness of 1.25mm resulted in a different failure mechanism during this thesis. It is recommended to
investigate at what web thickness this phenomenon is the case for other sample thicknesses like 5mm,
6mm, 8mm, 10mm, and 15mm. A study resulting in an answer to the question: "How far can we go?”.

Robustness and strength

The laser-forming process is at this stage only applicable for single glass panels. To be able to design
with structural glass, robustness should be taken care of. Laminating glass is one way of introducing
robustness. A major challenge lies ahead when laser-formed glass panels need to be laminated. First,
the manufacturing process requires to reproduce the exact desired shape over and over again while
minimising the tolerances. Any shape deviations might lead to high stress concentrations, which should
be avoided. Research should conclude whether the effect of the geometry differences when laminating
results in these high stress concentrations and/or what the effect is on the strength and stiffness.

A second recommendation is to investigate how the strength of laser-formed glass can be increased.
Is it possible to heat-strengthen or even fully temper the laser-formed glass, and how do the residual
stresses behave in the laser-formed areas?

Regarding the residual stresses, it is worth investigating what the actual residual stress is inside laser-
formed glass. When the failure-mode is not at the edge of the glass, the residual stress influences the
strength of the surface of the glass. Is it possible to combine tempering in the laser-forming process by
adjusting the cooling rate and therefore simultaneously have tempering and laser-forming in one single
process?
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Appendix A: Excel of inertia
computations

This appendix shows data of all the computed inertias corresponding to different geometries.

90



Glass thickness

N N N N N N I N N N N T N N N A N N N N T T S NN N N N N A NIFN

0 09 00 00 00 00 00 00 00 00 00 0 OO OO OO

© 00 00 00 00 00 00 0 0O O O

Groove Depth

Bending angle

20
25
30
35
40
a5
50
55
60
65
70
75
80
85
89

20
25
30
35
40
a5
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
a5
50
55
60
65
70
75

web t [mm]

Inertia | [mmA4]
164277
211610
239774
258231
271739
283549
291377
297765
303145
307806
311949
315721
319234
322577
325016

104649
115937
122780
127529
131501
134077
136129
137825
139272
140542
141686
142740
143736
144699
145406

33527
34728
35408
35879
36228
36428
36721
36969
37125
37264
37392
37512
37626
37739
37821

355233
445843
499676
534945
559640
580468
595274
607301
617387
626090
634983
641910
648345
653452
657858

224882
246445
259472
268101
275179
279419
283832
287481
290123
292870
294918
296804

I without necking

189814
233226
259709
277385
290015
299571
307281
313683
319098
323791
327947
331700
335148
338368
340821

111127
121929
128596
133137
136450
139017
141115
142859
144350
145656
146825
147892
148881
149816
150535

34481
35541
36220
36697
37053
37334
37567
37764
37935
38087
38224
38351
38471
38585
38673

405812
490101
541290
575533
600112
618757
633505
645572
655730
664489
672204
679149
685659
691722
696331

239962
260770
273631
282399
288804
293733
297683
300956
303745
306179
308349
310322

I flat

"

Second moment of area [mm~4]

Second moment of area [mm~4]

Second moment of area [mm*~4]

Second moment of area [mm*4]

400000
350000
300000
250000
200000
150000
100000
50000
0

800000
700000
600000
500000
400000
300000
200000
100000

0

1000000
900000
800000
700000

8
8

1600000
1400000
1200000

800000

thickness=4mm

= Height 30mm w. necking
Height 30mm no necking

—Height 20mm w. necking

-

20 2530 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle

thickness=8mm

20mm no necking
Height 10mm w. necking

= Height 10mm no necking

——— Height 30mm w. necking
Height 30mm no necking

——Height 20mm w. necking

20 25 30 3540 45 50 55 60 65 70 75 80 85 89
Bending Angle

thickness = 10mm

20mm no necking
Height 10mm w. necking

—Height 10mm no necking

—— Height 30mm w. necking
Height 30mm no necking

—— Height 20mm w. necking

20 25 30 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle

thickness = 15mm

20mm no necking
Height 10mm w. necking

—— Height 10mm o necking

= Height 30mm w. necking
Height 30mm no necking

= Height 20mm w. necking

_—

20 25 30 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle

20mm no necking
Height 10mm w. necking

= Height 10mm no necking

Total height 30mm

4mm thick glass

8mm thick glass

10mm thick glass

e 15mm thick glass

0,980
20 25 30 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle
Total height 20mm
1,120
1,100
1,080 N ———
— N\ 4mm thick glass
= 1,060
= 8mm thick glass
1,040 e 10mm thick glass
1,020 e 15mm thick glass
1,000

20 25 30 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle

e

Total height 10mm

e

20 25 30 35 40 45 50 55 60 65 70 75 80 85 89
Bending Angle

4mm thickglass
8mm thick glass
—— 10mm thick glass

—— 15mm thick glass




®

0 00 00 00 00 00 00 00 00 0 O O B B ®

80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50

32
34
36

11
13
14
16
17
19

22
23
25
26
28
29
31
33

14
16
18
2,1
22
24
26
2,8

32
34

39
42
24

16
12
038

58
54
52
48
46
42

3,6
34

28
24
22
18
14

038

12

11,4
10,2
94

82
7.6

298581
300293
301512

79044
81063
82502
83370
84151
84627
85130
85442
85814
86049
86355
86555
86830
87021
87147

460186
573832
638343
682904
714170
737610
756416
771681
784471
795490
803948
812834
819906
826642
832322

293354
320475
336872
346859
355561
361683
366540
370535
373927
376890
379545
381538
383853
385673
387279

110048
112627
114197
115266
116086
116717
117386
117796
118152
118599
118883
119154
119417
119678
119852

787151

934764
1028300
1092000
1136500
1169200
1194200

312145
313857
315192

82521
84546
85843
86752
87433
87967
88403
88770
89089
89371
89626
89862
90082
90293
90457

528685
632471
695364
737403
767566
790429
808502
823285
835727
846459
855915
864406
872161
879355
884799

315643
341162
356916
367644
375472
381491
386311
390303
393704
396671
399317
401721
403945
406035
407636

115764
118233
119811
120917
121743
122391
122920
123365
123751
124092
124401
124686
124953
125208
125406

895464
1045300
1135500
1195700
1238700
1271200
1296800

4267
4267
4267

4267
4267
4267
4267
4267
4267
4267
4267
4267
4267
4267
4267
4267
4267
4267

28125
28125
28125
28125
28125
28125
28125



55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

20
25
30
35
40
45
50
55
60
65
70
75
80
85
89

43
46
49
52
55

63
67

2,1
24
2,7

33
36

41
44
47
49
52
56

63

64

52
46

34
24
16

10,8
10,2
9,6

84
78
74
68
62
56
52
46
38

24

11,2
10,6

94

86
82
78
72
68
64

54

44

1215300
1233000
1248200
1261600
1273600
1283300
1292600
1298700

502501
541780
565341
580858
591740
599715
607259
612706
617314
621332
625601
628879
631376
633830
635910

222391
226120
228321
229705
231023
232013
232896
233628
233983
234560
235089
235589
235863
236356
236490

1317700
1335300
1350400
1363700
1375600
1386400
1396500
1404100

552522
588972
611373
626565
637611
646075
652835
658419
663164
667295
670970
674304
677380
680266
682474

239051
242517
244721
246259
247405
248302
249032
249646
250177
250646
251069
251459
251824
252172
252442

28125
28125
28125
28125
28125
28125
28125
28125

28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125

28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125
28125

1,077

1,075



Appendix B: Grasshopper script
3D-models

This appendix shows the grasshopper script that is made to model the 3D-geometries.
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Appendix B: Final Grasshopper script used for FEM-modelling
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Appendix C: Properties of Instron
machine - Four-point bending test
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b?‘ INSTRON

The difference is measurable

3872 SERVOHYDRAULIC FATIGUE TESTING SYSTEM
25 kN

The Instron®8872 is a compact tabletop servohydraulic testing system that meets the challenging demands of various static
and dynamic testing requirements. With the actuator in the upper crosshead and a lower t-slot table, the 8872 makes an ideal
platform for a variety of medical devices, biomaterials, advanced materials, and other component testing.

FEATURES

¢ Double-acting servohydraulic actuator with force capacity
up to £25 kN (+5620 Ibf)

* High-stiffness, precision-aligned load frame with twin
columns and actuator in upper crosshead

e 100 mm (4 in) of usable stroke

» Designed for both dynamic and static testing on a variety
of materials and components

¢ Choice of hydraulic configuration and dynamic
performance to suit application

e Adjustable upper crosshead with hydraulic lifts and manual
locks fitted as standard for easy adjustment of daylight

e Patented; DynaceIIT'VI load cell technology for faster testing
and reduction of inertial errors

* Compact tabletop servohydraulic fatigue testing system -
frame requires less than 0.4 m2 (4.3 ft2) of space

» Hydrostatic bearing actuators for higher side-load
resistance or material critical applications, such as low-
cycle fatigue

* Designed to be used with the 3520 Series of Hydraulic
Power Units

e Compatible with a large range of grips, fixtures, chambers,
video extensometers, protective shields, and other
accessories

¢ Patented stiffness based tuning algorithm that enables
users to tune a variety of specimens in seconds

CONTROLLER AND SOFTWARE

The Instron 8872 is supplied with a digital 8800MT controller
that provides full system control including features such as
stiffness based tuning, amplitude control, specimen protect,
19-bit resolution across the full range of transducers,and
adaptive control technology. It also allows access to
WaveMatrix 2 Dynamic Testing Software, Bluehill® Software
for static tests and other application specific software, such
as the Fracture Mechanics suite.
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8872 SERVOHYDRAULIC FATIGUE TESTING SYSTEM | Specifications

FRAME SPECIFICATIONS
Daylight Opening mm 1017
(Maximum Between Load Cell and Actuator at i
Mid-stroke, with Largest Capacity Actuator) in 40
. . kN +25
Dynamic Load Capacity
Ibf +5620
Actuator Stroke mm 100
(Total) in 4
Actuator Force Rating kN 25
Configuration Twin-Column High-Stiffness Load Frame with
g Actuator in Upper Crosshead and T-Slot Base é
>
Lift and Locks Hydraulically-Powered Lifts and Locks =
o
Load Cell Patented: Dyna'cellTM Fatigue-RatedLoad N = VZ
Cell with Capacity to Suit Actuator z =
2 [30)
+0.002% of Load Cell Capacity or 0.5% of ~ hl
Load Weighing Accuracy Indicated Load, Whichever is Greater - © A
Down to 1/250th of Full Scale .- >
[
.
. r 207
Hydraulic Pressure Supply &S S
(Required) pSi 3000 g -
- <
Electrical Suppl Single-Phase Mains 90-132 or 180-264 V s =
Pply 45/65 Hz with Power Consumption 800 VA Max 3 5
o o
b =
. . +10 to +38°C (+50 to +100 °F) with 10 to 90% .. ke
Operating Environment Humidity Non-Condensing T T
Frame Stiffness kN/mm 260
Maximum Frame Weight ke 287
(Dependant on Final Configuration) b 634 v v
N
wn
MECHANICAL INTERFACE A
Load Cell M20 x 1.5 Right Hand Central Thread
Actuator M20 x 1.5 Right Hand Central Thread
A f \

Table and Crosshead

ACCESSORIES

4 x M10 Holes on a 280 mm x 90 mm for
Accessory Mounting

6 x M10 x 20 Deep on 100 mm PCD (Table)
with 40 mm Location Diameter

4 x M10 T-Slots Running Front and Back,
Spaced 80 and 100 mm From Center Line

487

815 MM WIDE
512 MM DEEP

2742-301 +30 kN Fatigue-Rated Hydraulic Wedge Grips
Fracture Mechanics Grips for 12.5 mm Wide
2780-118 Compact Tension Specimen e 667 N
2810-181 3-Point Fatigue-Rated Bend Fixture
Instron® 8872 Dimensions (All Dimensions in mm)
2810-184 4-Point Conversion Kit for 2810-181
2840-119 150mm (6 in) Diameter Compression Platens

1) US Patent Number 6508132

www.instron.com

European Headquarters
Coronation Road, High Wycombe, Bucks HP12 3SY, UK
Tel: +44 1494 464646

Worldwide Headquarters
825 University Ave, Norwood, MA 02062-2643, USA
Tel: +1 800 564 8378 or +1 781 575 5000

Y dINSTRON'

7 ¢ \

Instron is a registered trademark of lllinois Tool Works Inc. (ITW). Other names, logos, icons and marks identifying Instron products and services referenced herein are trademarks of ITW and may not be used without the
prior written permission of ITW. Other product and company names listed are trademarks or trade names of their respective companies. Copyright © 2023 lllinois Tool Works Inc. All rights reserved. All of the specifications
shown in this document are subject to change without notice.

8872_SH Fatigue Testing System POD_EN_V9



Appendix D: Images of failure
fragmentation

This appendix shows all the fragmentation images of the samples that were tested.
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Appendix D: Images of failure fragmentation
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Appendix E: Force-Deformation plots

This appendix shows the different Force-deformation plots that show the obtained data of the four-point
bending tests.
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Appendix E: Force-Deformation plots

This appendix shows the force-deformation plots. These plots contain the data obtained by the
four-point bending tests.

Flat - 1
Max force by hydraulic press: 135N
Corresponding deformation by hydraulic press: 3.26 mm

Note: The stiffness is computed by the “second” slope of the plot.

Force-Deformation: "Flat-1"
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Flat- 2

Max force by hydraulic press: 222 N

Corresponding deformation by hydraulic press: 4.69 mm
Force-Deformation: "Flat-2"
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Flat- 3

Max force by hydraulic press: 70 N

Corresponding deformation by hydraulic press: 1.47 mm

Force-Deformation: "Flat-3"
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Deformation [mm]
Flat-4
Max force by hydraulic press: 321N
Corresponding deformation by hydraulic press: 6.57 mm

Note: The plateau at the end of the tests is not taken into account when deriving the

stiffness.
Force-Deformation: "Flat-4"
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Shallow - 1

305N

Max force by hydraulic press:

3.57 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Shallow-1"
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Deformations [mm]

Shallow - 2

165 N

Max force by hydraulic press:

2.08 mm

Corresponding deformation by hydraulic press:

"Shallow-2"

Force-Deformation
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Shallow - 3

Max force by hydraulic press: 236 N

Corresponding deformation by hydraulic press: 2.61 mm

Force-Deformation: "Shallow-3"
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Deformations [mm]
Shallow - 4
Max force by hydraulic press: 339N
Corresponding deformation by hydraulic press: 3.79 mm

Note: The stiffness is computed by the “second” slope of the plot.

Force-Deformation: "Shallow-4"
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Shallow - 5

366 N

Max force by hydraulic press:

4,16 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Shallow-5"
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Shallow - 6

375N

Max force by hydraulic press:

1.96 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Shallow-6"
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Shallow - 7

986 N

Max force by hydraulic press:

6.71 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Shallow-7"
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Deformation [mm)]

Shallow - 8

483 N

Max force by hydraulic press:

4.61 mm

Corresponding deformation by hydraulic press:

"Shallow-8"

Force-Deformation
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429 N
5.33 mm

Force-Deformation: "Shallow-9"
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Corresponding deformation by hydraulic press:
(0]

Max force by hydraulic press:

Shallow -9
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286 N
3.45 mm

Deformation [mm]

Force-Deformation: "Shallow-10"

Corresponding deformation by hydraulic press:

Max force by hydraulic press:

Shallow - 10
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Deep - 1

885N

Max force by hydraulic press:

2.70 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-1"
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Deformation [mm]

Deep - 2

385N

Max force by hydraulic press:

1.26 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-2"
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Deep -3

445 N

Max force by hydraulic press:

1.76 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-3"
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Deformation [mm]

Deep -4

439 N

Max force by hydraulic press:

1.96 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-4"
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Deep -5

457 N

Max force by hydraulic press:

1.38 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-5"

500
450

o
o
<

o
L
™

o O O
o o
M N N

[N] 92104

LLE L
gee’l
€62'L
LSzl
80Z‘L
L9111
Ll
080°L
820l
966°0
GS6°0
zL60
0/8°0
828°0
98.°0
VL0
00°0
859°0
9190
LLS°0
€50
L6770
8¥v‘0
LOV‘0
79€‘0
zze’o
1820
LETO
861°0
7SL0
eLL‘o
0£0°0
620°0
000°0

Deformation [mm]

Deep -6

Max force by hydraulic press:

403 N

1.22 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-6"
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Deep -7

576 N

Max force by hydraulic press:

1.58 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-7"
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Deep -8

468 N

Max force by hydraulic press:

1.17 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-8"
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Deep -9

648 N

Max force by hydraulic press:

1.30 mm

Corresponding deformation by hydraulic press:

Note: The stiffness is computed by the “second” slope of the plot.

Force-Deformation: "Deep-9"
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Deformation [mm]

Deep-10

1096 N

Max force by hydraulic press:

2.48 mm

Corresponding deformation by hydraulic press:

Force-Deformation: "Deep-10"

1200

1000

o o o
o o o
€3} © <t

[N]@2404

o
o
N

o

LLY'T
96¢£°C
€zee
6vCC
LLLT
SoL‘e
LEO‘C
856°L
G88‘L
€18l
ovLL
£99°L
€65°L
6LS°L
vyl
eLe’l
66¢C°L
LTTL
esLelL
180°L
800°L
v€6°0
1980
68L°0
91L0
ev9°0
695°0
86%°0
vero
LGE0
8LT°0
502°0
€eL’o
090°0
000°0

Deformation [mm]



Force [N]

1400

1200

1000

800

0,000

1,000

Stiffness index

I\

S

2,000

I

3,000 4,000

Deformation [mm]

///

5,000

6,000

7,000

8,000



Appendix F: FEM model output

This appendix shows the output of all the individual FEM-models.
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Appendix F: Output FEM-Results tests

This appendix shows the FEM-Results obtained by modelling in DIANA FEA. Starting with 4 flat
samples, 10 shallow samples and 10 deep samples.

The output contains the deformations and principal stresses obtained when applying the maximum
loads obtained from four-point-bending tests.

Flat-1
Loads: 149N + Global self-weight
Deformations (as seen from above):

Analyss
Load case 1

Displacements DtXYZ
Imin:_0.00mm max: 3.56mm|

- Deformation at place of loading: 3.21mm

case caseid casevalue node X[mm. Y[mm  Z[mm DEXYZ [mm]
Load cas... 1 0 1 0 225 3.89 3.20739
Load cas... 1 0 2 0 125 3.89 3.20843
Load cas... 1 0 3 100 225 3.89 3.20739
Load cas... 1 0 4 100 125 3.89 3.20843

Tensile principal stresses (as seen from below):

Anolyss

Load case 1

Cauchy Total Stresses S1

imin: -1.03N/mm? max: 38.15N/mm?

Tensile principal stress at place of initiation of failure: 38 N/mm?
case case id case value element node  layer X[mm_ ¥ [mm. Z [mm] 51 [N/mm?]
Load cas... 1 0 2996 550 1 100 139 4.4408%-16 38.042

Load cas... 1 0 3012 550 1 100 139 4.4408%-16 38.0391



Flat—2
Loads: 237N + Global self-weight

Deformations (as seen from above):

Anacl?'slsl

Load case 1
Displacements DIXYZ
min: 0.00mm max: 5.57mm)

(mm)
5.57
I 4.87
4.17]
3.48
2.78
2y 2.09
@ 1.39)
0.70]
0.00|
- Deformation at place of loading: 4.26mm
case caseid  case value node  X[mm. Y[mm] Z[mm] DELYZ [mm)]
Load cas... 1 0 1 74.1943 125 572 42618
Load cas... 1 0 2 25.8057 125 572 426178
Load cas... 1 0 3 74.1943 225 572 426037
Load cas... 1 0 4 25.8057 225 572 42605
Tensile principal stresses (as seen from below):
- Note: Without peak stresses acting
[AnalysisT
Load case 1
(Cauchy Total Stresses S1
min: -25.05N/mm? max: 378.17N/mm?|
S1
(N/mm?)
86.00
75.25)
64.50
53.75
43.00
I ; 32.25)
21.50
10.75
0.00
Tensile principal stress at place of initiation of failure: 60 N/mm?
case case id  case value element node  layer X [mm. Y [mm. Z[mm, 51 [N/mm?]
Load cas... 1 0 3012 551 1 100 140 0 59.5277

Load cas... 1 0 3028 551 1 100 140 0 59.5224



Flat-3
Loads: 85N + Global self-weight

Deformations (as seen from above):

nalysis
Load case 1
Displacements DtXYZ
min: 0.00mm max: 2.02mm|

- Deformation at place of loading: 1.82mm

case case id case value node X [mm. Y [mm. Z[mm. DECYZ [mm)]
Load cas... 1 0 1 0 225 3.89 1.81792
Load cas... 1 0 2 0 125 3.89 1.81851
Load cas... 1 0 3 100 225 3.89 1.81792
Load cas... 1 0 4 100 125 3.89 1.81851

Tensile principal stresses (as seen from below):

nalysis

Load case 1

Cauchy Total Stresses S1

imin: -0.59N/mm2 max: 21.60N/mm?|

¢, @

Tensile principal stress at place of initiation of failure: 22 N/mm?2
case case id case value element node layer X [mm. ¥ [mm, Z [mm] 51 [N/mm?]
Load cas... 1 0 2996 550 1 100 139 4.4408%-16 21.549

Load cas... 1 0 3012 550 1 100 139 4.44089%-16  21.548



Flat—4
Loads: 336N + Global self-weight

Deformations (as seen from above):

[Analysis

Load case 1
Displacements DIXYZ
min: 0.00mm max: 7.90mm

- Deformation at place of loading: 7.12mm

case case id case value node X [mm. Y [mm. Z[mm. DEXYZ [mm]
Load cas... 1 0 1 0 225 3.89 712318
Load cas... 1 0 2 0 125 3.89 7.12548
Load cas... 1 0 3 100 225 3.89 712318
Load cas... 1 0 4 100 125 3.89 7.12548

Tensile principal stresses (as seen from below):

al Js s
Load case 1

Cauchy Total Stresses S1

min: -2.29N/mm?2 max: 84.79N/mm?|

Y 1948

Tensile principal stress at place of initiation of failure: 84 N/mm?2
case case id case value element node layer X [mm_ Y [mm. Z [mm] 51 [N/mm?]
Load cas... 1 0 3268 567 1 100 156 4.4408%-16 844089

Load cas... 1 0 3284 567 1 100 156 4.4408%-16  84.4042



Shallow -1
Loads: 320N + Global self-weight

Deformations (as seen from above):

[Analysis

Load case 1
Displacements DtXYZ
min: 0.00mm max: 4.79mm

- Deformation at place of loading: 7.12mm

case case id case value node X [mm. Y [mm. Z[mm. DEXYZ [mm]
Load cas... 1 0 1 0 225 3.89 712318
Load cas... 1 0 2 0 125 3.89 7.12548
Load cas... 1 0 3 100 225 3.89 712318
Load cas... 1 0 4 100 125 3.89 7.12548

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

nalysisT
Load case 1
Cauchg Total Stresses S1
min: -25.05N/mm? max: 378.17N/mm?

Tensile principal stress at place of initiation of failure: 73 N/mm?
case case id case value element node  layer X [mm. Y [mm_ Z [mm] 51 [Nfmm?]
Load cas... 1 0 2865 1506 1 100 131 -4.4408%-16 73.2582

Load cas... 1 0 2881 1506 1 100 131 -4.4408%e-16 734711



Shallow -2
Loads: 179N + Global self-weight

Deformations (as seen from above):

nalysis
Load case 1
Displacements DtXYZ
min: 0.00mm max: 2.66mm)

- Deformation at place of loading: 2.37mm

case caseid casevalue node X[mm. Y[mm] Z[mm] DEXYZ [mm]
Load cas... 1 0 1 7453 125 576 236739
Load cas... 1 0 2 2547 125 576 236732
Load cas... 1 0 3 7453 225 576 236639
Load cas... 1 0 4 2547 225 576 236637

Tensile principal stresses (as seen from below):

a Js s
Load case 1
Cauchy Total Stresses S1
min: -9.26N/mm? max: 46.46N/mm?

Tensile principal stress at place of initiation of failure: 42 N/mm?2
case case id  case value element node layer X[mm_ Y[mm, Z[mm,] 51 [MN/mm?]
Load cas... 1 0 3180 1527 1 100 150 0 42.349

Load cas... 1 0 3196 1527 1 100 150 0 423727



Shallow -3
Loads: 250N + Global self-weight

Deformations (as seen from above):

AnGlysis

Load case 1

Displacements DIXYZ

[min: 0.00mm max: 3.54mm|

- Deformation at place of loading: 3.15mm

case case id case value node X [mm] Y[mm] Z[mm] DECYZ [mm]
Load case 1 1 0 1 743455 225 5.87 3.15348
Load case 1 1 0 2 256545 225 5.87 31535
Load case 1 1 0 3 743455 125 5.87 315537
Load case 1 1 0 4 256545 125 5.87 3.15536

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

oad case 1
|ICauchy Total Stresses S1
min: -16.23N/mm? max: 80.59N/mmy

Tensile principal stress at place of initiation of failure: 56 N/mm?

case case id  case value element  node  layer X [mm] ¥ [mm] Z[mm] 51 [M/mm?]

Load case 1 1 0 2916 151 1 100 134 0 56.2261

Load case 1 1 0 2932 IE10 1 100 134 0 56,3339



Shallow -4
Loads: 353N + Global self-weight

Deformations (as seen from above):

Analyss
Load case 1
Displacements DIXYZ

x: 5.62mm)|

min: 0.00mm ma:

- Deformation at place of loading: 5.00mm

case caseid casevalue node X[mm] Y[mm] Z[mm] DECYZ [mm]
Load case 1 1 0 1 744543 225 5.57 4.99856
Load case 1 1 0 2 255457 225 5.57 4.99359
Load case1 1 0 3 74,4343 123 5.57 5.00161
Load case 1 1 0 4 255457 125 5.57 5.00156

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Anal

Load case 1
Cauchy Tofal Stresses S1
min: -16.37N/mm? max: 96.17N/mm?

Tensile principal stress at place of initiation of failure: 84 N/mm?

case case id case value element node  layer X [mm] Y [mm] Z[mm] S1 [MN/mm?]

Load case1 1 0 1456 1509 1 100 132 0 84,22

Load case1 1 0 1464 1509 1 100 132 0 24,4481



Shallow -5
Loads: 380N + Global self-weight

Deformations (as seen from above):

Analysis:
Load case 1

Displacements DIXYZ
min: 0.00mm max: 5.32mm|

- Deformation at place of loading: 4.74mm

case case id case value node X [mm] ¥ [mm] Z[mm] DEXYZ [mm]
Load case1 1 0 1 746144 225 5.88 473638
Load case1 1 0 2 253856 225 5.88 473638
Load case1 1 0 3 746144 125 5.88 4.73956
Load case1 1 0 4 25385 125 5.88 4,73%6

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load se 1
‘Cauchy Total Stresses ST
imin: -li76N/mm2 max: 127.26N/mm?|

4.

Tensile principal stress at place of initiation of failure: 80 N/mm?

case case id case value element node  layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case1 1 0 1358 1496 1 100 19 0 79.8337

Load case1 1 0 1366 1496 1 100 119 0 80.2364



Shallow -6
Loads: 390N + Global self-weight
Deformations (as seen from above):

Analyss
Load case 1

Displacements DIXYZ

min: 0.00mm max: 1.87mm)|

- Deformation at place of loading: 1.67mm

case case id case value node  X[mm] ¥ [mm] Z[mm] DEXYZ [mm)]
Load case1 1 0 1 74,2257 225 a73 1.66481
Load case1 1 0 2 257743 225 873 1.6648
Load case1 1 0 3 74,2257 125 a73 1.66713
Load case1 1 0 4 257743 125 a7 1.66711

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load se 1
Cauchy Tofal Stresses ST
imin: -10.46N/mm? max: 145.96N/mm?|

Tensile principal stress at place of initiation of failure: 35 N/mm?

case case id case value element node  layer X[mm]l Y[mm] Z[mm] 51 [N/mm?]

Load case 1 1 0 1187 1482 1 100 93 0 34,5194

Load case 1 1 0 1195 1482 1 100 93 0 34.8729



Shallow -7
Loads: 1001N + Global self-weight
Deformations (as seen from above):

Displacements DIXYZ
min: 0.00mm max: 6.96mm|

- Deformation at place of loading: 6.20mm

case case id case value node X [mm] ¥ [mm] Z[mm] DEYZ [mm)]
Load case1 1 0 1 741472 125 765 6.20491
Load case1 1 0 2 258528 125 765 6.20462
Load case1 1 0 3 741472 225 765 6.19652
Load case1 1 0 4 258528 225 765 6.19653

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Analysis
Load case 1
Cauchy Total Stresses S

1
min: -2}.24N/mm’ max: 180.45N/mm?|

S1
(N/mm?)
166.00|
145.25)
124.50|
103.75|
83.00
6225
4150
2075
0.00

Tensile principal stress at place of initiation of failure: 144 N/mm?2

case case id case value element node  layer X [mm] Y [mm] Z[mm]

Load case1 1 0 2576 1521 1 100 140 0 144,375

Load case1 1 0 3023 1521 1 100 140 0 144,517

51 [N/mm?]



Shallow -8

Loads: 497N + Global self-weight

Deformations (as seen from above):
oo

Displacements DiXYZ
[min: 0.00mm max: 5.89mm

- Deformation at place of loading: 5.25mm

case case id case value node  X[mm] Y[mm] Z[mm] DEXYZ [mm]
Load case1 1 0 1 744663 225 6.29 5.24308
Load caze1 1 0 2 TA4663 125 6.29 5.24797
Load case1 1 0 3 744663 225 6.29 5.24308
Load case1 1 0 4 744663 125 6.29 5.24797

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load case 1
[Cauchy Tofal Stresses S1
min: -25.83N/mm? max: 201.51N/mm?

Tensile principal stress at place of initiation of failure: 63 N/mm?

case case id case value element node layer X [mm] Y [mm] Z[mm] 51 [N/mm?]

Load case 1 1 0 1021 1458 1 100 7 0 62.6136

Load case 1 1 0 1029 1458 1 100 7 0 63.4572



Shallow -9
Loads: 443N + Global self-weight

Deformations (as seen from above):

Analyss
Load case 1
Displacements DIXYZ
min: 0.00mm max: 6.62mm)|

- Deformation at place of loading: 5.89mm

case case id  case value node X [mm] Y[mm] Z[mm] DECYZ [mim)]
Load case 1 1 0 1 744282 225 5.72 5.89261
Load case 1 1 0 2 255718 225 5.72 5.80267
Load case 1 1 0 3 744282 125 5.72 5.89516
Load case 1 1 0 4 255718 125 5.72 5.89568

Tensile principal stresses (as seen from below):
Note: Numerical peak stresses occurring at infinitely-small areas are discarded.
dse

1
(Cauchy Total Stresses S1
|min: -26.56N/mm? max: 262.78N/mm?|

Tensile principal stress at place of initiation of failure: 102 N/mm?2

case case id case value element node layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case1 1 0 2908 1510 1 100 133 0 102,135

Load case1 1 0 2924 1510 1 100 133 0 102,391



Shallow-10
Loads: 300N + Global self-weight
Deformations (as seen from above):

Displacements DIXYZ
min: 0.00mm max: 4.32mm)|

- Deformation at place of loading: 3.84mm

case case id case value node X [mm] Y[mm] Z[mm] DEXYZ [mim]
Load case 1 1 0 1 T4T067 125 5.81 3.84514
Load case 1 1 0 2 252933 125 5.81 3.84561
Load case1 1 0 3 TATOGT 225 5.81 3.84362
Load case 1 1 0 4 252933 225 5.81 3.8437

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load se 1
‘Cauchy Total Stresses S1
imin: -24.52N/mm? max: 223.69N/mm?

Tensile principal stress at place of initiation of failure: 65 N/mm?

case case id case value element node layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case1 1 0 1364 1497 1 100 120 0 64,3348

Load case1 1 0 1372 1497 1 100 120 0 64.7303



Deep - 1
Loads: 899N + Global self-weight

Deformations (as seen from above):

Analysis

Load case 1

Displacements DIXYZ

min: 0.00mm max: 3.17mm|

- Deformation at place of loading: 2.82mm

case case id case value node X [mm] ¥ [mm] Z[mm)] DECYZ [mm]
Load case 1 1 0 1 737161 225 9.8 28187
Load case 1 1 0 2 26,2839 225 9.8 2.81836
Load case 1 1 0 3 737181 125 9.8 282319
Load case 1 1 0 4 262839 125 9.8 282366

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Analysis

Load case 1

Couc};&y Total Stresses S1

min: -48.96N/mm? max: 184.73N/mm?

Tensile principal stress at place of initiation of failure: 82 N/mm?

case case id case value element node layer X[mm] Y [mm] Z[mm] 51 [N/mm?]

Load case 1 1 0 3577 1557 1 100 175 0 81.6384

Load case 1 1 0 3578 1557 1 100 175 0 81.6373



Deep - 2
Loads: 400N + Global self-weight
Deformations (as seen from above):

Displacements DIXYZ
imin: 0.00mm max: 1.47mm|

- Deformation at place of loading: 1.31mm

case case id case value node  X[mm] Y[mm] Z[mm] DECYZ [mm)
Load case 1 1 0 1 734787 225 9.7 1.30551
Load case1 1 0 2 26,5213 225 9.7 1.30554
Load case 1 1 0 3 734787 125 9.7 1.307%6
Loadcase 1 1 0 4 26,5213 125 9.7 1.30793

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load case 1
Cauchy Total Stresses S1
min: -20.93N/mm? max: 73 28N/mm?|

Tensile principal stress at place of initiation of failure: 37 N/mm?

case case id case value element node  layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case1 1 0 3068 15326 1 100 144 0 37.4766

Load case1 1 0 3084 15326 1 100 144 0 37.4341



Deep -3
Loads: 459N + Global self-weight

Deformations (as seen from above):

of:;msmxvz
min: 0.00mm max: 2.23mm|

gy

k}

- Deformation at place of loading: 1.99mm
case case id case value node X [mm] Y[mm] Z[mm] DECYZ [mm)]

Load case 1 1 0 1 734276 225 875 1.98914
Load case 1 1 0 2 26,5724 225 875 1.98916
Load case 1 1 0 3 734276 125 875 1.99203
Load case 1 1 0 4 26,5724 125 875 1.99199

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Gy

Load case 1

[Cauchy Tofal Stresses ST

min: -14.66N/mm? max: 96.32N/mm?|

Tensile principal stress at place of initiation of failure: 52 N/mm?

case case id case value element node layer X [mm] Y [mm] Z[mm] 51 [N/mm?]

Load case1 1 0 1530 1517 1 100 135 0 51.6818

Load case1 1 0 1338 1517 1 100 135 0 51,7668



Deep - 4
Loads: 453N + Global self-weight

Deformations (as seen from above):

AnGlysis
Load case 1
Displacements DiXYZ
min: 0.00mm max: 1.87mm|
- Deformation at place of loading: 1.67mm

case case id case value node X [mm] Y [mm] Z[mm] DEXYZ [mm]
Load case1 1 0 1 743734 225 9.19 1.66944
Load case1 1 0 2 256246 225 9.19 1.66933
Load case1 1 0 3 743734 125 9,19 1.67197
Load case1 1 0 4 256246 125 919 1.67198

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Load case |
(Cauchy Total Stresses S1
[min: 13 55N/mm? max: 86.67N/mm?

Tensile principal stress at place of initiation of failure: 46 N/mm?

case case id case value element node  layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case 1 1 0 1729 1550 1 100 164 0 46,3899

Load case 1 1 0 1735 1550 1 100 164 0 46,3832



Deep -5
Loads: 472N + Global self-weight
Deformations (as seen from above):

ARGl
Load case 1

Displacements DIXYZ

min: 0.00mm max: 1.58mm|

- Deformation at place of loading: 1.40mm

case case id case value node X [mm] Y [mm] Z[mm] DECYZ [mm]
Load case1 1 0 1 735665 223 10.04 139911
Load case1 1 0 2 264335 225 10.04 1.39914
Load case1 1 0 3 735665 125 10.04 1.40173
Load case1 1 0 4 264335 125 10.04 1.4018

Tensile principal stresses (as seen from below):
Note: Numerical peak stresses occurring at infinitely-small areas are discarded.
Lood cese 1

Cauchy Total Siresses S1
min: -31.09N/mm? max: 105.96N/mm?

Tensile principal stress at place of initiation of failure: 38 N/mm?

case case id case value element node  layer X [mm] Y [mm] Z [mm] 51 [N/mm?]

Load case1 1 0 1307 1503 1 100 115 4.4408%e-16 37.8174

Load case1 1 0 1315 1503 1 100 15 4.4408%e-16 38.0824



Deep - 6
Loads: 418N + Global self-weight

Deformations (as seen from above):

Anal
Dlsptocem] s DIXYZ
ent
min: 0.00mm max: 1.57mm

- Deformation at place of loading: 1.39mm

case case id case value node X [mm] Y[mm] Z[mm] DECYZ [mm]
Load case1 1 0 1 FENEEY 225 9.59 1.39304
Load case1 1 0 2 262269 | 225 9.59 139311
Load case1 1 0 3 FENEEY 125 9.59 1.39558
Load case1 1 0 4 262269 125 9.59 1.39565

Tensile principal stresses (as seen from below):
Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Anal

Load case 1

Cauchy Total Stresses S1

mir :-2&06N/mm’ max: 111.36N/mm?|

Tensile principal stress at place of initiation of failure: 36 N/mm?

case case id case value element node  layer X [mm] ¥ [mm] Z [mm] 51 [N/mm?]

Load case1 1 0 1283 1436 1 100 12 -4.4408%e-16  35.5257

Load case1 1 0 129 1436 1 100 12 -4.4408%e-16  35.8005



Deep -7
Loads: 590N + Global self-weight

Deformations (as seen from above):

DIXYZ
: 0.00mm max: 1.96mm

- Deformation at place of loading: 1.74mm

case case id case value node X [mm] Y[mm] Z[mm] DEXYZ [mim]
Load case 1 1 0 1 7327001 225 1012 1.7347
Load case1 1 0 2 26,7299 225 10.12 1.7347
Load case1 1 0 3 732701 125 10.12 1.73801
Load case1 1 0 4 26,7299 125 10,12 1.73767

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

alysi

cl
|ICauchy Total Stresses S1
min: -42 57N/mm? max: 109.12N/mm?|
[ s
o 5800
50.75|
43.50]
36.25|
I 29.00]
21.75]
14,50}
725
0.00
Tensile principal stress at place of initiation of failure: 51 N/mm?
case case id case value element node layer X [mm] Y [mm] Z [mm] 51 [MN/mm?]
Load case 1 1 0 1676 1547 1 100 159 -4.4408%-16  51.1611
Load case 1 1 0 1684 1547 1 100 159 -4.4408%e-16  51.1446



Deep - 8
Loads: 483N + Global self-weight

Deformations (as seen from above):

Analyss

Load case 1

Displacements DIXYZ

min: 0.00mm max: 1.51mm|

- Deformation at place of loading: 1.34mm

case case id case value node X [mm] ¥ [mm] Z[mm] DECYZ [mm)]
Load case1 1 0 1 732146 225 10.36 1.33789
Load case1 1 0 2 26,7854 225 10.36 1.33768
Load case1 1 0 3 732146 125 10.36 1.34084
Load case1 1 0 4 26,7854 125 10.36 1.34035

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Analysis

Looc’iy case |

Cauchy Total Stresses S1

min: -63.21N/mm? max: 156.09N/mm?|

Tensile principal stress at place of initiation of failure: 40 N/mm?

case case id case value element node layer X [mm] Y[mm] Z[mm] 51 [N/mm?]

Load case 1 1 0 1507 1523 1 100 137 0 40,151

Load case 1 1 0 1315 1523 1 100 137 0 40,192



Deep -9
Loads: 663N + Global self-weight

Deformations (as seen from above):

Load case 1
Displacements DIXYZ
min: 0.00mm max: 1.48mm|

- Deformation at place of loading: 1.28mm

case case id case value node X [mm] ¥ [mm] Z[mm] DECYZ [mm]
Load case1 1 o 1 734527 225 1211 1.27519
Load case1 1 0 2 26,5473 225 121 1.27422
Load case1 1 o 3 734527 125 1211 1.27829
Load case1 1 0 4 26,5473 125 121 1.27754

Tensile principal stresses (as seen from below):
Note: Numerical peak stresses occurring at infinitely-small areas are discarded.
ase 1
auct
in:

c
IC «‘W Total Stresses 51
mi . 7AN/mm? max: 438.34N/mm?|

Tensile principal stress at place of initiation of failure: 48 N/mm?

case case id case value element node  layer X [mm] Y[Imm] Z[mm] 51 [M/mm?]
Load case1 1 [} 14202 36655 1 841326 19.8888 O 46,9334
Load case 1 1 0 14971 36655 1 841326  19.8698 0 47,5287
Load case 1 1 0 17609 36655 1 841326  19.8698 O 48,8154

Load casel 1 0 17739 36655 1 841326 19.8698 0 49,4064



Deep - 10
Loads: 1111N + Global self-weight
Deformations (as seen from above):

Displacements DIXYZ
min: 0.00mm max: 2.58mm)|

- Deformation at place of loading: 2.29mm

case case id case value node X [mm] ¥ [mm] Z[mm] DECYZ [mm]
Load case1 1 o 1 73.8Te 225 11.51 2.28728
Load case1 1 0 2 26,1282 225 11.51 2.28696
Load case1 1 o 3 73878 125 11.51 229246
Load case1 1 0 4 26,1282 125 11.51 2.29209

Tensile principal stresses (as seen from below):

Note: Numerical peak stresses occurring at infinitely-small areas are discarded.

Analysis

Load case |

[Cauchy Tofal Stresses ST

min: -76.1TN/mm? max: 316.91N/mm?]

$1

(N/mm?)
87.00]
76.13]
65.25]
54.38]
4350
3263
21.75
10.88,
000

d.

Tensile principal stress at place of initiation of failure: 76 N/mm?

case case id case value element node layer X [mm] Y [mm] Z[mm] 51 [M/mm?]

Load case1 1 0 3360 1550 1 100 157 0 76.1579

Load case1 1 0 3376 1550 1 100 157 0 76,1297



	Preface
	Abstract
	Introduction
	Research problem
	Research objective
	Research scope
	Research questions
	Research theory and methods
	Thesis outline

	Theoretical Background and State of the Art
	History and production of float glass
	History and production of glass
	Detailing methods

	Architectural and Structural Glass
	Tempered glass
	Laminated glass
	Curved and Bent glass
	Designing with glass
	Strength and stiffness research projects

	Laser bending of materials
	Principles of CO2-lasers
	Laser bending of metals
	Laser bending of glass
	Laser-bent glass research projects 


	Parameter study
	Cross-sectional parameters
	Adjustable parameters
	Sensitivity analysis

	Designs of laser-formed glass panels
	Geometry 1
	Geometry 2
	Geometry 3


	Experimental lab tests
	Test setup
	Test samples
	Dimensions
	Necking of the sample
	Bur side of the edge
	Residual stress observations

	Test results
	Failure loads and deformations
	Failure mechanisms
	Stiffness
	Stresses
	Fragmentation


	FEM Modelling
	Settings and setup in DIANA-FEA
	Settings and modelling steps
	Loads
	Supports

	Results
	Sensitivity analysis
	Deformations
	Stiffness
	Stresses
	Summary of the stresses
	FEM-stresses compared to lab-test data
	Necking influence in FEM

	Nominal models

	Case study comparison
	Test setup comparison
	Case study comparison
	Stiffness (SLS)
	Stresses (ULS)
	Limitations


	Discussion
	Interpretation
	Sensitivity analysis
	Lab tests results
	FEM-results
	Case study

	Implications
	Limitations
	Sensitivity analysis of geometry parameters
	Lab-tests
	Sample size
	FEM-modelling


	Conclusion
	Recommendations
	References
	Appendix A: Excel of inertia computations
	Appendix B: Grasshopper script 3D-models
	Appendix C: Properties of Instron machine - Four-point bending test
	Appendix D: Images of failure fragmentation
	Appendix E: Force-Deformation plots
	Appendix F: FEM model output

