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Abstract

The use of glass in structural applications has become more and more prevalent,
with applications like modern cruise ships incorporating large glass facades into
their architecture. With this trend ongoing, the concept of structural optimization
is naturally extended to reach glass elements, as part of a global shift towards light-
weight, more sustainable design. The foundation of an optimized glass structural
element is an efficient method for strength determination. Glass is a brittle mate-
rial; that is, its strength is primarily driven by the flaws existing in its surface rather
than intrinsic bond strength between atoms. This makes characterizing its strength
a challenging task. For this reason, glass strength should be tested so that a uniform
biaxial stress field is created within the test area to eliminate the influence of the
orientation of surface flaws, as flaws are most critical when they are normal to the
direction of the maximum stress. The four-point-bending test (4pb) and the coaxial
double ring (CDR) test are two of the most common standardised testing methods
for glass strength. However, these tests do not present efficient methods for deter-
mining glass strength, as the former includes glass edges, where flaws are more
critical, within the region of maximum stress, while the latter only considers small
specimens. For large specimens that undergo large deflections where the effect of
geometric nonlinearity is significant, the standardized approach for the CDR test
not only becomes overly sophisticated, but it also fails to maintain an equibiaxial
stress state. This thesis aims to propose a novel technique for testing glass strength,
utilizing the CDR method, that is simpler and more efficient than the current com-
mon testing methods. 21 identical fully tempered glass specimens of dimensions
1000x1000x6 mm were tested using the proposed technique, utilizing tools like
Digital Image Correlation (DIC) and strain gauges for data acquisition. The results
showed that the proposed test setup is capable of reproducing the same loading and
boundary conditions for the majority of the tested specimens, while maintaining a
somewhat uniform stress field under large deflections. Overall, the proposed test
setup showed efficacy and potentially presents a simpler and reliable alternative to
the standardised testing methods currently in use.

Keywords: Tempered glass; Glass strength testing; Digital image correlation
(DIC); Coaxial double ring test.
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1 Introduction

1.1 General background

Glass has established itself as a cornerstone material across various indus-
tries, including construction, transportation, and maritime. While it is mostly
used for windows and doors, there are also remarkable efforts to use glass as
load-bearing structural elements, such as beams and floors. This strong ap-
peal for glass comes not only from its high aesthetic value and transparency,
but also from its impressive mechanical properties and durability. For exam-
ple, using glass as a structural material in buildings can offer many ad-
vantages, such as reducing the need for artificial lighting due to its ability to
allow natural light to pass through it, promoting energy efficiency, and im-
proving well-being. Also, glass can be used in a great variety of architectural
and industrial applications, making it a versatile option for architects and
engineers.

The term “glass” is comprehensive, and it encompasses a varied range of
types and forms, each with its distinct properties influenced by its composi-
tion and manufacturing method. At its core, glass can be defined as any
amorphous solid material that, when heated well above its melting point and
then cooled down from a liquid to a solid state, does not form a repeating and
regular atomic structure (crystallization) but transitions gradually to a solid
state without having a uniform atomic pattern. This characteristic is called
glass transformation behavior, and it is what fundamentally distinguishes
glass from crystalline materials (e.g., most metals) [1].

With this broad definition, we can trace the use of glass as early as ancient
times, when humans used naturally occurring glass to make tools and weap-
ons. On the other hand, the production of artificial man-made glass can be
dated back to 7000 BC in Mesopotamia [2]. Since then, glass has been used
extensively in various industries: from the making of bottles and jars to the
windows of buildings, ships, and aircratft.

As a material with this wide range of applications, it is only natural that glass
has been a substantial research topic over the past years. Particularly, the
mechanical properties of glass (strength, brittleness, elasticity, etc.) have
been extensively researched. Glass is a brittle material, meaning it tends to
suddenly fracture under stress rather than exhibiting plastic deformation.
Also, when glass breaks, it shatters into sharp pieces that can penetrate ob-
jects and cause injuries. This behavior can be dangerous, and that is the rea-
son for the different kinds of manufacturing processes that have been devel-
oped to enhance the material’s safety performance. One of these processes is
tempering, which is done by heating the material well above its transfor-
mation temperature and then rapidly cooling it through air jets. When



broken, tempered glass shatters into small, rounded pieces instead of sharp
shards, which significantly improves the safety aspect of the material.

Moreover, tempered glass is about four times stronger than its untempered
counterpart [1,3], paving the way for its utilization in different structural ap-
plications. However, because glass strength is heavily dependent on the type
and distribution of surface flaws and imperfections, there is a significant var-
iability in its value, ranging from 20 MPa to 160 MPa [3,4]. As a result, a very
conservative safety factor is usually applied in practical applications [5,6],
leading to an unnecessary use of material, which adds to the weight of the
structure. Thus, a more solid understanding of glass strength will not only be
of an economical value, but it will also promote sustainability through a more
optimized use of materials and reducing waste.

1.2 Problem statement

Glass can be considered as an isotropic homogenous material with a linear-
elastic behaviour. It is also a brittle material that has a very high compressive
strength compared to its tensile strength. The brittleness of glass manifests
itself as a sudden fracture whenever it is subjected to a tensile stress that ex-
ceeds its fracture strength. The fracture strength of manufactured glass is
generally orders of magnitude lower than the theoretical strength calculated
for it; this is because of the flaws that are randomly distributed across its sur-
face. Internal stresses get concentrated at the locations of these flaws, creat-
ing a localized stress that exceeds the theoretical strength [1], causing the
material to break suddenly. Surface flaws in glass can take any shape, but
they are usually semi-circular, and their orientation is random [7]. Surface
flaws are most critical when they are perpendicular to the direction of the
maximum principal stress. That makes the task of predicting the fracture
strength of glass very challenging. Consequently, testing of glass strength
should be performed in a way that rules out potential sources of uncertainty
and reflects the real loading conditions of glass in practical applications.

The Coaxial Double Ring (CDR) is a standard testing method of glass
strength where a specimen is placed between two concentric rings with dif-
ferent dimensions, and the load is applied through the inner ring. This
method can produce a biaxial flexural stress within the loaded area that is
uniform in all directions, thus eliminating the influence of the orientation of
the surface flaws on the results. This ideal stress condition is, however,
achievable only in the case of small deflection, according to the European
standard EN 1288-1 [8]. So, in case of specimens with a large test area that
are likely to exhibit larger deformations, the EN 1288-1 recommends using
an additional overpressure that is adjusted with respect to the applied force.
This overpressure is intended to compensate for the effects of localized
stresses that are formed along the contact area of the loading ring,
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maintaining an equibiaxial stress condition. This combination of the ring
load and overpressure, however, is problematic because not only is it overly
sophisticated and makes performing the test more difficult [9,10], but it also
fails to adequately compensate for the geometric nonlinear effects and, in
turn, fails to create an equibiaxial stress state [11,12]. Moreover, even with
the assumption that an equibiaxial stress is achievable using additional over-
pressure, the large deformations and, in turn, geometric nonlinear behavior
are still present. Yet, the EN 1288 standard relies on using a linear elastic
solution under the assumption of small deflections (simple bending theory)
to evaluate the flexural stress, even though this approach does not account
for the in-plane tensile stresses that are associated with the geometrically
nonlinear behavior of plates [13]. This approach, consequently, calculates
stresses that are higher than the actual stresses, understating the true
strength of large glass panes. It should be noted that using the simple bend-
ing theory allows for a quick and convenient way to calculate glass strength
for structural design purposes. This, however, comes at the cost of a subopti-
mal design, and this trade-off can be too expensive in applications where
glass is used extensively (e.g., modern cruise ships).

It is worth mentioning that the majority of glass used in buildings as well as
ships has a large surface area and a small thickness, meaning that they de-
velop a geometrically nonlinear behavior. Accordingly, accounting for geo-
metric nonlinearities has significant importance in designing more efficient
and sustainable glass structural elements. For this reason, a favored testing
method of glass strength should promote the development of geometric non-
linear behavior, and proper calculation methods should then be used to ac-
count for it.

In addition, to the knowledge of the author, there have been no experiments
made on fully tempered glass panes with a large surface area using the CDR
testing method. The lack of research on this subject matter leaves the behav-
ior of tempered glass not fully understood, which reflects on the design of
practical applications involving it. Accordingly, more research is needed in
this field to build a more solid understanding of tempered glass strength.

1.3 Scope and objectives

The main aim of this study is to develop and propose a novel technique for
testing glass strength that is simpler and more efficient than the current
standard testing methods. The proposed technique is a novel implementa-
tion of the CDR testing method. Biaxial strength testing is selected as a pre-
ferred testing method over uniaxial testing because it rules out the influence
of the direction of surface flaws, as well as being more reflective of real load-
ing scenarios. As well, studying the strength of annealed glass lies outside the
scope of this research, since tempered glass is more commonly used in



structural contexts. Towards the aim of this research, the focal objectives to
be achieved are:

® To employ the geometric nonlinear behaviour of glass favorably to put
forward a more representative picture of the strength of glass used in
practice.

® To provide new and valuable information on testing tempered glass
panes with a large test area, in particular, and the strength of brittle
materials in general.

® To refine and optimize a new technique for testing glass strength that
is mainly designed for, but not limited to, glass panes with large sur-
face area.

® To propose a novel technique for the CDR method that is simpler and
more efficient than the current standard testing methods.

1.4 Research methodology

To achieve the objectives of this research, an experimental program is con-
ducted using the CDR test method with a novel technique. A total of 21 large
fully tempered glass panes with nominal dimensions 1000x1000x6 mm are
be tested with a uniform pressure applied through water. The dimensions of
the test specimens will allow for having a large surface area under biaxial
flexural stress, which will increase the probability of having a dominant crack
present, thus providing a representative picture of glass defectiveness. Also,
large test specimens will allow for the development of geometric nonlinear-
ity. As the testing of the specimens progresses, refinements to the test setup
will be implemented as needed to improve functionality and achieve con-
sistency in results.

Displacement and pressure sensors are be used to record the central deflec-
tion and the water pressure during testing. In addition, Digital Image Corre-
lation (DIC) is utilized to record the strain and displacement within the whole
test area. This will allow for a comprehensive representation of the glass be-
haviour. However, DIC data require a large digital storage capacity, which
makes it challenging to use for all the tested specimens, and therefore it is
only used for a small subset of tests. As well, strain gauges are be utilized in
a limited number of tests to measure the in-plane strain in selected locations.
The strain gauges’ results will be examined alongside the results recorded by
the DIC for validation and comparison. Given the linear elastic behaviour of
glass, the in-plane principal stresses can be evaluated through simple calcu-
lations using the measured strain. In proper testing conditions, the fracture
should initiate inside the loaded area. Therefore, specimens with a fracture
initiated outside or along the periphery of the loading ring will constitute in-
valid tests.

10



1.5 Outline and structure

This thesis consists of five chapters plus the introductive chapter 1. The two
chapters following the introduction serve as a general background and a re-
view of the relevant literature. The fourth chapter introduces the experi-
mental program, the fifth chapter presents the relevant results and findings,
and the last chapter is dedicated to a discussion and the main conclusions of
the work. A more elaborate description of the thesis outline is presented be-
low. Additionally, a graphical overview of the thesis is shown in Figure 1.1.

Chapter 2 — This chapter starts with the chemical composition of glass. It
then goes over the most relevant production techniques of glass and finally
ends with a review of the most common applications of glass.

Chapter 3 — This chapter discusses the strength of glass. It aims to provide
a theoretical background on the underlying mechanics of glass elements. It
also goes over the statistical nature of glass strength and the relevant statis-
tical methods used to model it. Lastly, this chapter provides an overview of
the relevant testing methods for glass strength.

Chapter 4 — This chapter describes the proposed testing technique. It ex-
plains the test setup, the test specimens, the loading method, and the instru-
mentation used for acquiring the data. This chapter also discusses the
sources of random errors, and the techniques used to eliminate systematic
errors. Moreover, it goes over the most important modifications incorporated
into the test setup throughout the testing process.

Chapter 5 — This chapter presents the relevant results. Time history re-
sponse for load and deflection is presented. The load vs deflection relation-
ship for all the tested specimens is shown. The strain results obtained from
strain gauges, along with the corresponding stress calculated from them, are
shown. Additionally, principal strain and principal stress data obtained
through digital image correlation are presented.

Chapter 6 — This chapter provides a summary of the main results and find-
ings. A brief discussion is included, as well as the main conclusions of the
work. This chapter closes the thesis with recommendations for future re-
search.
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Figure 1.1 Graphical overview of the thesis.
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2 Glass: composition, production, and application

2.1 Chemical composition of glass

Glass is any amorphous solid lacking long-range order of atomic arrange-
ment that exhibits glass transition behaviour. That is, when a material is
heated above the glass transition temperature (the temperature at which
amorphous materials transform from a solid state to a viscous state), then
cooled below this temperature, a non-crystalline solid is formed without any
long-range, periodic atomic arrangement (see Figure 2.1). Virtually, any ma-
terial can be formed into glass, even metals and polymers [1]. Glass can be
organic, such as obsidian and fulgurite, which were used by humans since as
early as 5000 BC. However, most of the commercial glass in use currently is
artificial. There are various types of man-made glass depending on its chem-
ical composition.

Borosilicate glass, vitreous silica, and soda-lime-silica glass are the most
common commercially available types of glass. Borosilicate glass is charac-
terized by having improved thermal shock resistance, electrical resistance,
and chemical durability, and hence, they are commonly used in cookware,
laboratory equipment, and optical instruments. Vitreous silica glass is mainly
made from silicon dioxide (SiO-). It has an extremely low coefficient of ther-
mal expansion as well as a good optical transparency, which makes it suitable
for applications such as optical fibres for telecommunications, optical lenses
and prisms, and laboratory glassware.

Soda-lime-silica glass, on the other hand, is by far the most widely available
commercial glass. It is the most commonly used glass for building fenestra-
tion, ship windows, and other structural applications. Therefore, soda-lime-
silica glass will be the focus of this research. The main ingredient of soda-
lime-silica glass is silica (sodium dioxide). Soda (Sodium oxide; Na-) is added
to silica to lower its glass transition temperature, making it more workable.
Adding soda in massive amounts, however, leads to an inadequate chemical
durability. On that account, a portion of soda is replaced by lime (calcium
oxide; CaO) to maintain an acceptable level of chemical durability while rea-
sonably reducing the glass transition temperature [1, 14]. In addition to silica,
soda, and lime, there are other elements such as magnesium oxide (MgO),
ferric oxide (Fe203), and aluminum oxide that can be added to improve du-
rability [14].

At an atomic level, the silicon atom (Si), the primary element of the compo-
sition of soda-lime-silica glass, bonds with four oxygen atoms (O) with the Si
atom being in the center, forming an oxygen tetrahedron. Each oxygen tetra-
hedra pair is connected through the corners to create the atomic structure of
SiOs. Silicon dioxide network can have a long-term order with a repeating
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pattern, allowing for the prediction of the position of any atom in the net-
work, which characterizes it as a crystal (Figure 2.1a). Or it can be found in a
glass form, which lacks any long-term order, making the prediction of the
atomic arrangement within the network no longer possible (Figure 2.1b). The
addition of sodium oxide (Na2) modifies the structure in a way that decreases
the viscosity of the glass melt and thus lowers the glass transition tempera-
ture from as high as 1700°C to around 790°C [15]. The Na--modified network
is shown in Figure 2.1c. Calcium oxide is, then, added to the structure so that
the alkaline Ca+2 ions impede the easy migration of the alkali Na+ ions of Na-,
resulting in an improvement of the glass chemical durability [15].
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Figure 2.1 2D atomic network of silicone dioxide (SiO2): (a) crystalline form of SiO,
where long-term order exists; (b) glassy form of SiO; that lacks any long-term or-
der; (c) Naz-modified glassy form of SiOa.
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2.2 Production technology and processing of glass

Glass production involves four principal operations: batching, melting, fin-
ing, and forming. Batching is the first step of glass production; it is done by
selecting and mixing the raw materials based on characteristics such as pu-
rity and particle size. Batching is followed by the melting of the well-mixed
ingredients using either combustion or an electrical furnace. The next step is
fining, which helps in homogenising the melt and removing air bubbles. It
can be achieved through adding fining agents, such as arsenic and antimony,
to the mix during batching. The fining phase is critical as it can affect glass
forming. The final phase in glass production is glass forming. Numerous
forming techniques have been developed to serve different applications.

Blow-and-Blow and Press-and-Blow processes are two commonly used pro-
cesses to make glass bottles and containers. They involve shaping the molten
glass through moulds and blowing. Another common forming process is the
Fusion Draw process, which is especially effective in making very thin glass
that is used in applications like touch screens and display panels. The most
common glass-forming process, however, is the float process. It accounts for
the vast majority of the flat glass produced, and therefore it will be discussed
in detail in this section. Moreover, glass can be subjected to further pro-
cessing to improve its mechanical properties. Aside from the basic annealing
process, thermal tempering, which includes heat-strengthened and fully tem-
pered glass, and chemical tempering, are the most common methods to pro-
cess glass; these methods will be discussed in this section with an emphasis
on fully tempered glass, since it is used in the experiment conducted in this
research.

Being responsible for around 90% of the overall flat glass production, the
float process has been the most widely adopted technique for glass forming
since its inception in the 1950s. Figure 2.2 summarizes the main stages of the
float process. As it is implied by the name, the molten glass is poured to float
on top of a bath of molten tin after the batch is melted in a furnace at a tem-
perature of 1500°C. Due to its extensive temperature range in the liquid state,
as well as its low density that allows glass to float on top of it, tin makes the
perfect material for this application. The entering temperature of the molten

Raw
material Fire finishing ~ Cooling Glass
mix ribbon
Controlled
atmosphere | _ ! s
Molten glass ¢ ) o | oo e eoeo
Molten tin
Glass furnace Float bath Annealing Cutting

Figure 2.2 The float process [16].
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glass to the tin bath is 1100°C; the glass melt exists in the bath at 600°C as a
solidified ribbon [14]. The glass then passes on steel rollers that are water-
cooled to control its thickness: the higher the rotation speed of the rollers,
the thinner the glass sheet (see Figure 2.3). Glass sheets made through the
float process can be as thin as 2 mm. In case a lower thickness is needed,
other forming techniques are preferred (e.g., Fusion Draw process) [15]. Af-
ter the desired thickness is achieved, the glass sheet enters a long oven called
the lehr to impose a controlled slow cooling process from 600°C to room tem-
perature. This phase is called annealing, and it is crucial to prevent excessive
residual stresses from developing within the glass due to nonuniform cool-
ing. Glass sheets are inspected, and those with visible flaws are discarded to
be fed into the furnace again. As a final stage, glass sheets are cut into a stand-
ard size and then transferred to the storage section. This process proved to
be superior to all other flat glassmaking techniques as it offers a cost-effective
way for producing flat glass with an excellent optical quality without the need
for any further processing. Accordingly, it is used to produce most of the flat
glass worldwide. Glass produced through this process is called float glass,
and it can be subjected to further processing, such as tempering, to alter its
properties and increase its strength.
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The term tempering is generally used to indicate the strengthening of glass.
Thermal tempering is achieved by rapidly cooling the glass through air jets
after reaching its transition temperature to induce compression stresses into
the surface and tensile stresses into the interior part, forming a parabolic
stress profile shown in Figure 2.4. The compressive zone is about one-fifth of
the glass thickness (h) from each side [14]. Since glass has a much higher
compressive strength than tensile strength, this residual stress at the surface
is considered favourable as it counteracts tensile stresses induced by loading
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Figure 2 4 Stress profile of thermally tempered glass

events such as wind pressure or wave loading in the case of ship windows.
Figure 2.5 shows the main principle of glass tempering, illustrated by [17].
Also, the stored elastic energy within the glass makes it shatter into numer-
ous small, rounded pieces instead of large pieces with sharp edges (see Figure
2.7); this significantly improves the safety aspect of the material. Float glass
that is already formed can be tempered by heating the glass again near its
transition temperature and then performing the thermal tempering process
on it. Any cutting or modification in shape should, however, happen before
tempering; otherwise, the pre-stress system will be disturbed.

It follows that determining the residual compressive stresses due to temper-
ing is crucial for a controlled and more efficient production of tempered
glass. Several mathematical models were developed for precisely that pur-
pose. Starting with the freezing theory proposed in the 1920s [18], which as-
sumes that the stresses are fixed at the transition temperature and does not
account for the stress relaxation resulting from the viscoelastic behaviour of
glass. This was addressed later by the viscoelastic theory (described in [15]).

ANNEALED GLASS “ TEMPERED GLASS

Il ] h
I compressive residual stress
prevents opening of flaws

i
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I\ flawless material || I A I tensile stress [
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| 1l
flaws are closed 1 flaws are closed

el /CW
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by compressive stress I by compressive stress
1 ] I
1 . .
flaws open and grow due to tensile stress || residual stress prevents opening of flaws

hlgh compresswe strength, no failure
Il e |
1P A % e S . g AR
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I
w\ VLR PSN—
I
I
breakage 11 no tensile (flaw opening) stress on the surface

Figure 2.5 Working mechanism of tempered glass [17].
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This theory, however, produced results that were not representative of exper-
iments. This is because, along with viscoelastic relaxation, structural relaxa-
tion has to be accounted for as well. This was first addressed by Acloque in
1951, proposing a model accounting for both states of relaxation [19]. Finite
Element Method (FEM) software can now be used to accurately predict the
tempering-induced stresses in glass [20]. Typically, the residual compressive
stress at the surface ranges between 80 MPa and 150 MPa for fully tempered

glass [3,15].

Chemical tempering, also known as ion-exchange strengthening, can pro-
duce a surface compression up to four times that produced through thermal
tempering (300-400 MPa) [21,22]; the values used in practical design, how-
ever, are considerably smaller than that. Since the process of chemical tem-
pering is much more expensive compared to thermal tempering, it is only
used in applications where exceptional safety levels are required (e.g., aero-
planes, high-speed train windshields, and armour). The tempering is
achieved by the immersion of glass in a molten salt bath containing alkali
ions larger than those present in the glass. Ionic diffusion then takes place
between the alkali ions in the bath and the smaller ions in the glass. The ex-
istence of the larger ions that are squeezed into the glass surface creates a
local strain which, in turn, produces a compressive stress in the glass surface
[7,23]. Chemical tempering produces a stress profile, illustrated in Figure
2.6, that is very different from that shown in Figure 2.4, where the depth of
the compression zone is only 30-40 um and a very large tensile zone is much
closer to the surface [7].

Heat-strengthened glass is considered partially tempered, as the process of
producing it is similar to that of tempered glass but with a slower cooling rate.
Heat-strengthening generates a lower surface compressive stress compared
to fully tempered glass, and it is, therefore, weaker [15]. The stress profile in
heat-strengthened glass is similar to that in Figure 2.4. When broken, heat-
strengthened glass produces a fracture pattern that is intermediate between
the patterns created by annealed and fully tempered glass. That is, it pro-
duces a larger number of pieces that are smaller in size than those produced
by annealed glass, but much larger and sharper compared to tempered glass.
Figure 2.7 shows a comparison between the fracture patterns associated with
the three types of glass.

Z

\-A\I Tensile
>
| .

Compressive Chemical
tempering
Figure 2.6 Residual stress profile from chemical tempering [15].
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Figure 2.7 Fracture pattern of different glass types: (a) annealed glass; (b) heat-
strengthened glass; (c) fully tempered glass [17].

2.3 Applications of glass

Glass has been used in various applications across multiple industries. Its
optical properties, visual appeal, and mechanical properties make it suitable
for applications, such as containers, building glazing, ship and aircraft win-
dows, display and touch screens, and most recently as a load-bearing struc-
tural element in buildings (e.g., columns, beams, slabs). The applications of
glass in the current day are numerous, to the point that it is virtually impos-
sible to navigate simple daily activities without noticing it. The most relevant
applications to this work (i.e., applications of a structural nature) will be re-
viewed in this section.

Due to its transparency, thermal performance, and high aesthetic value, glass
has been a favoured material for architects in recent decades. Its transpar-
ency allows it to create a continuum of space between the indoor and outdoor.
The use of glass in architecture started with the Romans when they employed
transparent glass in window covering [24]. This architectural material, how-
ever, was available only to the wealthy individuals during that time. It was
only in the 19t century that less expensive processes of glassmaking were
invented to pave the way for glass to be one of the most remarkable materials
in architecture.

One of the most important features of glass is its ability to admit natural light
into spaces, which, in addition to contributing to a healthy wellbeing by evok-
ing positive emotions and increasing productivity [25], can lead to significant
energy savings during buildings’ operation [26]. Due to the increasing de-
mand for reducing energy use in the built environment, which heavily con-
tributes to the world’s carbon emissions, several types of energy-efficient
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glass, such as low-emissivity (low-e) glass, have emerged to produce windows
with improved insulating properties and better energy-loss control [27].

Glass panes used in building fagades and windows are usually laminated,
meaning they are formed by bonding two separate sheets using a polymer
interlayer, such as polyvinyl butyral (PVB) resin [15], which allows for the
glass pieces to remain in place when it is broken. Windows can also be con-
structed using insulating glass units (IGU), which are made up of at least two
glass panes separated by an inert gas. This improves the insulating properties
of the windows, creating a more energy-efficient envelope.

A glass facade is not considered a part of the building's structural framework;
that is, it is not a load-bearing element in the building design [28]. The struc-
tural design of glass facades is generally driven by wind load and its own
weight. In most cases, the imposed load on the glass is transferred to the
building's structural system through a system of aluminium curtain wall,
which is a frame consisting of vertical and horizontal components called tran-
soms and mullions, respectively. The frame is connected to the building’s
structural system through anchors. Figure 2.8 shows an example of a build-
ing facade made of glass.

L

]
Fie 2.8 Building glass facade in Espoo, Finland.

The use of glass in passenger ships has seen a rapid increase in recent years.
Most modern cruise ships have windows that allow the passengers to enjoy a
pleasant view as well as provide insulation for the interior to maintain a com-
fortable temperature. Figure 2.9 [29] shows an example of a modern cruise
ship with a large glass dome, which reflects the growing trend in creating
large glass facades in ships. Most of the glass used in ship windows is fully
tempered, and the windows are made of IGUs for improved insulation prop-
erties. The IGUs are either made of a combination of laminated glass and a
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Figure 2.9 Cruise ship with a big glass dome [29].

monolithic glass pane, or two laminated glass units [5]. The driving loads for
the structural design of ship windows are wind loads for windows in the up-
per decks and water pressure for those in the lower decks [5]. The primary
design value is the flexural strength of glass, which is used to determine the
thickness to ensure structural safety. The design of ship glass windows can
be carried out following different classifications, such as Bureau Veritas [30]
and Lloyd’s Register [31].

Recently, glass applications have expanded to include structural elements.
There has been hesitation in using glass as a load-bearing element in build-
ings due to the public perception that glass is fragile and dangerous. Never-
theless, efforts have been made by innovative designers to push the limits of
glass and utilize its remarkable mechanical properties by using it as a load-
bearing element in buildings and other structures. Glass can be used in build-
ings as columns, beams, slabs, staircases, or floors. An example of glass being
utilized as a beam element is seen in Eindhoven Central Railway Station in
the Netherlands (Figure 2.10 [32]). Laminated glass is often used for struc-
tural applications for safety reasons [6]. Glass can be used as a structural el-
ement either on its own or in combination with other materials such as steel
or wood for an improved structural performance. Another innovative appli-
cation of glass as aload-bearing element can be seen in the Zhangjiajie Bridge
in China (Figure 2.11), where the deck of the bridge is made of tempered
glass.
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Figure 2.10 Glass structural bems. in indhoven cntral
erlands [32].
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Figure 2.11 Pedestrian bridge with glass deck in Zhangjiajie, China [33].

3 Strength of glass

When glass fails under stress, it fails in a brittle, sudden manner. The Euro-
pean standard EN 5271-1 [34] tabulates the numerical values of all the rele-
vant mechanical properties of glass except its strength, which indicates that
glass strength is not as straightforward. Glass’s mechanical properties, such
as elastic modulus and hardness, are inherent to the material. Glass strength,
on the other hand, is dictated by environmental factors rather than intrinsic
bond strength between atoms. Glass can withstand much higher compres-
sion stresses than tensile stresses. In turn, tensile strength, particularly flex-
ural tensile strength, is of utmost importance for structural applications.

3.1 Theoretical versus practical strength

The minimum stress required to break the atomic bond of a material such
that two new surfaces are created is called the theoretical strength. If we con-
sider glass as a flawless material, then its strength would be directly related
to the energy required to separate two surfaces due to bond breakage. That
was first proposed by Orowan [35] by expressing the Orowan stress (o;,) as:

Om = | (2.1)

where E is Young’s modulus, y is the fracture surface energy, and 7, is the
equilibrium distance between atoms to maintain a bond. To an extent, none
of these terms is dependent on the glass composition; thus, the strength ob-
tained through this formula should be somewhat valid for all silicate glasses
regardless of their composition. Values of 70 GPa, 3.5 J/m2, and 0.2 nm are
commonly accepted for silicate glasses for E, y, and r,, respectively [14]. Sub-
stituting these values into Eq. 2.1 yields that glass strength should be as high
as 35 GPa.
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The strength of glass used in most practical applications is substantially
lower than that calculated from Eq. 2.1. The European standard EN 572-1
[34] quotes the strength of annealed soda-lime-silicate glass as 45 MPa,
which is almost eight hundred times lower than the theoretical strength. This
immense discrepancy is due to microscopic flaws in the glass surface, which
act as stress concentrators and cause the local stress to exceed the theoretical
strength [1].

The existence of flaws in glass is inevitable, and their distribution is random.
Hence, the strength of glass is statistical. Flaws are generally either in the
glass bulk, such as air bubbles that were left unremoved in the fining phase,
or surface flaws (i.e., microcracks) that are a result of normal handling of
glass. The type, distribution, and size of flaws are dictated by the treatment
and manufacturing methods used to produce it. Any contact with a material
that has a higher hardness than glass can cause flaws. Chemical attacks and
thermal shocks can also generate flaws in glass. This explains the difference
in strength usually recorded between the tin side and the air side surfaces of
glass through the float process [7,36]. As the two sides undergo different con-
tact scenarios, the distribution and size of flaws vary from each side, which
reflects on the fracture strength. Since the surface of freshly produced glass
has a particularly large coefficient of friction, it is very susceptible to flaw for-
mation through any contact, which makes the prevention of flaws virtually
impossible [1]. Contact-induced flaws, however, can be reduced by applying
a lubricant to the surface of freshly produced glass.

Glass strength is not constant as it ages. That is, during the service life of a
glass pane, different defectiveness scenarios take place, which cause its
strength to deteriorate. The continuous exposure of glass to the atmosphere,
as well as the continuous contact with other materials, can cause corrosion
and abrasion, which, in turn, leads to a significant strength loss over time

[7,14,15].
3.2 Fracture mechanics

The stresses in plates containing cracks were studied by Inglis back in 1913
[37]. He formulated an expression for determining the maximum stress (¢")
at the tip of an elliptical hole or flaw within a plate subjected to a uniform
tensile stress (0,), having a minor dimension 2b and a major dimension 2c,
as:

o' = g.[1+ (%)]. (3.1)

This expression indicates that when o,,, reaches the theoretical strength o,,,,

failure will occur. Griffith [38] built on the work of Inglis and, by utilizing the
principle of minimum potential energy, developed the foundational fracture
energy balance theory. According to the theory, there is a reduction in
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potential energy due to crack formation; this reduction is matched by an
equivalent increase in strain energy. Griffith energy balance theory is formu-
lated as:

2Ey

nc*

oF = , (3.2)
where 0 is the failure stress and c” is the critical crack length beyond which
it will propagate into fracture. This expression hints that fracture is largely
driven by the existence of flaws rather than inherent material properties like
E and y. Griffith argues that the fracture will happen due to the most domi-
nant flaw present, analogous to the weakest link in a chain. These flaws are
known as Griffith flaws or critical flaws.

Later, the work of Griffith was modified by Irwin [39], who proposed that
there are three distinguished displacement modes for crack surfaces relative
to each other (Figure 3.1). Mode I (opening mode) involves crack propagation

(a) (b) (c)

Figure 3.1 The three modes of crack propagation: (a) Mode I: opening; (b) Mode II:
sliding; (c) Mode llI: tearing [7].

through tensile stresses perpendicular to the crack plane, pulling the crack
faces apart. Mode II (sliding mode) involves a shearing action where the ap-
plied stress is parallel to the crack plane and thus producing a sliding move-
ment. Mode III (tearing mode) is an out-of-plane shearing mode, where the
applied stress is acting parallel to the crack front causing the crack faces to
slide over each other in opposite directions.

Irwin associated each crack extension mode with a quantity called stress in-
tensity factor (SIF), which relates to the stress intensity near the tip of a
crack. The stress intensity factors for mode I, mode II, and mode III are de-
noted as K1, Ki, and K1, respectively, and are defined as:

K, = Yo, (3.32)
K" = YO-Xy\/E, (3'3b)
K = YUzy\/E, (3.3¢)
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where Y is a shape factor depending on the shape of the crack (see Table 3.1)
and c is the crack depth. Cracks in glass are mostly semi-circular in shape
[40], and therefore the value of the shape factor (Y) is usually taken as 0.71
[17]. Failure occurs whenever one of the SIFs reaches a critical value Kie, Kire,
or K. Since crack propagation in glass happens primarily through mode I,
with the effects of mode II and mode III being negligible [15], Kic is consid-
ered the governing criterion and is known as the fracture toughness; accord-
ingly, here and in what follows, the quantities Ki, K¢, and oy,, will be referred
to as K, K¢, and o, respectively. Fracture toughness is a material property rep-
resenting the material’s ability to resist crack propagation. The fracture
toughness of soda-lime-silicate glass ranges between 0.72 MPavm to 0.82
MPa+v/m [17,41]. According to Eq. 3.3a, the critical crack depth c., and the
critical stress o, can be expressed explicitly as:

Cor = (2)%, (3.42)
_ _Kc b
Ocr = Y\/E. (34 )
Table 3.1 Shape factor-Y for commonly occurring cracks in glass [17].
Crack description Shape factor (Y)

Elliptical crack 0.637
Vickers indentation 0.666
Glass-on-glass scratching 0.564
Semi-circular 0.713
Surface crack on a semi-infinite specimen 1.120
Quarter-circle crack on the glass edge 0.722
Sandpaper scratching 0.999

Nonetheless, cracks in glass can propagate under an applied stress that is
much smaller than the critical limit predicted by Eq. 3.4b. This can be traced
to a phenomenon known as static fatigue or subcritical crack growth. This
phenomenon is time-dependent, and it occurs due to a chemical reaction be-
tween glass and the water in the surrounding environment. The effect of this
phenomenon reaches its maximum extent in environments where glass is
surrounded by water [9], and it can therefore be more pronounced in appli-
cations such as ship or submarine windows. This chemical reaction aggra-
vates crack growth. The rate and intensity of the reaction increase with stress;
thus, the reaction rate is highest near the crack tip, which implies a depend-
ence on the SIF. The relationship between crack growth rate and the SIF is
expressed as [42]:

L= Vo (£)n> (3.5)

dt Ke

where v, and n are crack velocity parameters depending on the test condi-
tions, temperature, relative humidity, and type of glass; the values of these
parameters are discussed in detail by Haldimann [17]. To take time
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dependency into account in Eq. 3.4a and Eq. 3.4b, the differential equation
3.5 is solved (the derivation is available in [17]), obtaining the crack depth
c(t) and the stress o (t) as:

2
2— —

c(t) = (ciTn + Z_Tnvokc_n(Y\/E)n fota(r)dt)z_n, (3.6a)

a(t) = ( 2 ) , (3.6b)
t(n=2)vok: (YAm)"c; 2

where ¢; is the initial crack depth, t is a specific point in time, and t is the
time variable. Failure occurs when the stress o(t) at the crack location
reaches a critical value o, as the crack depth c(t) reaches c.,.(t) at failure
time ty.

3.3 Statistical interpretations of glass strength

As a result of being driven by random variables, i.e., distribution, severity,
and orientation of flaws present on its surface, the strength values of seem-
ingly identical glass panes are highly scattered, which entails a statistical
analysis. Like any other continuous random variable, glass strength needs to
be described using a probability density function (PDF) for estimating the
probability of failure under a specific stress. Common probability distribu-
tions used to describe glass strength are Weibull, normal, and log-normal
distributions. Traditionally, the two-parameter Weibull distribution, de-
scribed in the European standard EN 12603 [43], is most commonly used to
model glass strength; however, the goodness-of-fit of the model to the
strength data is not always satisfactory. In such cases, another distribution
should then be considered for modelling the strength data.

Since its introduction in 1939 [44], the Weibull statistical model has been
used extensively to characterize the strength of brittle materials. The appeal
of the model stems from its high flexibility that allows it to take different
forms and shapes, its simple mathematical formula, and having a closed form
cumulative distribution function (CDF). The model holds that the material
will fail due to the most critical flaw present (weakest link concept). The use
of the Weibull model for analysing material strength requires the flaws being
randomly distributed without having a preferential orientation or location,
with individual flaws not affecting one another; these conditions can reason-
ably be assumed to be met in the case of glass [17].

The surface flaw distribution on a glass sheet of an area A can be statistically
described by a function f(c). For any infinitesimally small area dA, the prob-
ability of having a flaw of depth c or larger is f(c)-dA. If the area A is divided
into a number (n) of small areas A/n, it follows that there will be no flaws of
depth c or larger in area A in case none of the small areas A/n has any. Since
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the probability of a small area A/n having a flaw of depth c or larger is given

by f(c)-A/n, the probability of it not having that kind of flaw is, in turn, 1 -

flc)-A/n. For the entire area A with a large number of small areas, the prob-

ability of not having a flaw of depth c or larger is given as:

lim (1-f(©)2)" = e-47@), (3.7)
n

n—->0oo

Accordingly, the probability of the area A having a flaw of depth c or larger is
the complementary of Eq. 3.7. The distribution function f{c) has to be a pos-
itive, nondecreasing function, vanishing at a specific value xo; the simplest
(c—xq )ﬁ

function to satisfy these conditions is of the form , where 8, 6, and x,

are constants while c relates to the stress intensity factor K as described pre-
viously in Eq. 3.3a. Failure occurs when K reaches the fracture toughness K-
as the critical flaw depth ccris reached. The relationship between the critical
crack depth and the critical stress ., was described in Eq. 3.4a and Eq. 3.4b.
Following that, it can be said that the probability of failure (Ps) of a glass sheet
of area A under a stress o, (i.e., area A having a critical flaw) is expressed as:

Pr=1-exp [— (JCT—_XO)B] (3.8)

6

This function is the general CDF of the Weibull distribution; it is known as
the three-parameter Weibull function. The constants 8, 6, and x, are referred
to as the Weibull parameters: g is the shape parameter, 6 is the scale param-
eter, and x, is the location parameter of the distribution. It should be noted
that the area term A in Eq. 3.7 is implicitly accounted for as a part of the
parameter 6. The location parameter x, represents a specific stress threshold
below which the material cannot fail. If there is no clear lower bound for the
strength of brittle materials, the location parameter is conventionally as-
sumed to be zero for safety concerns, according to Trustrum and Jayatilaka
[45]. That being the case, the expression in Eq. 3.8 is reduced to represent
the two-parameter Weibull function:

Pr=1— exp [— (%)ﬁ] (3.9)

The goodness-of-fit of the model to the strength data is assessed by plotting
a linearized form of Eq. 3.9 against the glass strength data. The linearized
form is achieved by taking the natural logarithm twice on each side, yielding;:

1

In (ln (—f)) =fIno, —f1Inb. (3.10)

1-P

An example of a linear plot of the two-parameter Weibull distribution of glass
strength samples is shown in Figure 3.2, where In (ln (ﬁ)) is on the y-axis

and In o, is on the x-axis.
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Figure 3.2 Linearized two-parameter Weibull distribution of glass strength [46].

The Weibull parameters, f and 6, can be determined graphically from the
linear plot: The shape parameter beta represents the slope of the line, and
the intercept is - $-In6. The shape parameter S is a measure of the scatter of
the data around the line. The higher the value of this parameter, the less scat-
tered the data are. Values of 8 for soda-line-silicate glass typically range from
5 to 15 [46]; a too small value of # could imply that the distribution is not a
good descriptor of the data, and another distribution should be considered.
The scale parameter, 6, represents the stress level that would cause 63.2% of
the specimens to fail. That is, when the stress o, becomes equal to 6, the
failure probability reads Pr= 1-e* = 0.632.

While graphical estimation of the Weibull parameters can be simple and con-
venient, this method, however, does not provide the most accurate results.
Therefore, there exist in the literature various methods for estimating the
Weibull parameters. They can be categorized as either manual methods or
nonlinear computational methods. The most common manual methods are
the methods of least squares and weighted least squares regression, while the
most common computational methods are the method of moments and the
method of maximum likelihood estimation. Datsiou and Overend [46] made
a study comparing the efficacy of these methods for analysing glass strength
data. They concluded that the weighted least squares method provides the
best goodness-of-fit to the Weibull distribution, as well as being simpler to
implement compared to the nonlinear computational methods.

The described Weibull model assumes that there is only one population of
flaws that drives the glass failure. Nevertheless, if there are two distinct flaw
populations present that drive two independent failure mechanisms, then a
bimodal Weibull model, where the plot has two straight lines instead of one,
is used to analyse glass strength.

Pisano [7] mentions that glass, in fact, cannot fail under a certain stress limit.
This is a result of quality control measures done by glass manufacturers dur-
ing the float process that involve discarding any glass sheet that has a flaw
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exceeding certain dimensions. And since the strength is almost exclusively
controlled by flaw size, ensuring it has a maximum limit essentially sets a
lower bound for the strength. Hence, the three-parameter Weibull or the left-
truncated Weibull distributions represent more appropriate models to study
glass strength. The two models are similar to each other, with the most nota-
ble difference being the physical meaning behind the location parameter x,,.
In the three-parameter Weibull model, x, is an intrinsic property of the ma-
terial; on the other hand, in the left-truncated Weibull model, x, comes from
a selection process that rejects any specimen with a strength lower than that
specific limit. These bounded models work best for glass tested on its airside.
For tin side strength, Pisano suggests using a bimodal left-truncated Weibull
distribution.

Although many experiments available in the literature suggest that glass
strength data will likely fit into the Weibull distribution [3,10,47], Haldimann
[17] argues that the two-parameter Weibull distribution fits poorly to
strength data of as-received glass specimens obtained from tests conducted
under normal temperature, humidity, and atmospheric pressure (i.e., ambi-
ent conditions). The distribution, however, will perfectly describe strength
data obtained under inert conditions (i.e., in vacuum). He attributes that be-
haviour to the phenomenon of static fatigue, where he concludes that the
goodness-of-fit of the Weibull model deteriorates as the effect of the static
fatigue becomes more pronounced. Haldimann developed a lifetime predic-
tion model, based on fracture mechanics and the theory of probability, as an
alternative to the commonly used Weibull model. He suggests that this model
is more appropriate for describing the ambient strength of glass, as well as
for the cases with complex stress fields (e.g., tests performed on specimens
with large surface area, which involve nonlinear behaviour). The model can
be used to predict the time-dependent failure probability of glass elements
subjected to a given stress, or the maximum stress the glass can withstand
for a specific failure probability. Unlike the other available models used for
glass strength prediction, the lifetime prediction model considers all the fac-
tors that influence glass strength over its lifetime, including time-dependent
loading, static fatigue, non-uniform stress fields, and arbitrary geometries.
The generalized form of the model is formulated as:

1 Mo

(an(r,r‘.qx))"‘z + n-z
dAdy|, (4.11a)

— 12y e
Pr(t) =1—exp|—-[, 2 [z | max SN
U~60n_2 fO On (T’ r, <P) dT

_ 2k?
T (m=2)vY2rm’

where U (4.11b)

where Ao is a unit surface area, t is a point in time, o, (7,7, @) is the stress
component perpendicular to the crack orientation ¢ at point 7 (x, y) at time
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7, 6, and mo are the Weibull parameters representing the surface conditions,
U is a coefficient accounting for static fatigue, n and v, are the crack velocity
parameters, and Y is the geometry factor. This model combines all the pa-
rameters previously featured in separate equations from different contexts
(i.e., Eq. 3.4: fracture mechanics, Eq. 3.5: static fatigue & Eq. 3.8: Weibull
distribution). A detailed approach for the determination of the model param-
eters is available in [17]. The model can be further simplified for cases where
a uniform stress field can be assumed and for cases with constant loading.

3.4 Testing methods of glass strength

Flexural tensile strength is the main subject of interest in the context of glass
structural performance. Testing methods used to evaluate glass strength can
either produce a uniaxial stress or a biaxial stress on the glass tensile surface.
There are several testing methods used for determining glass strength, the
most common of which are the four-point bending test and the coaxial dou-
ble ring test. Tests can be conducted under ambient conditions (i.e., normal
temperature, humidity, and atmospheric pressure) or inert conditions (i.e.,
vacuum or a completely dry medium). Testing under inert conditions rules
out the effect of static fatigue, and the strength obtained from these tests is
called the inert strength. The effect of static fatigue can also be significantly
reduced under ambient conditions for dried specimens tested at a very rapid
loading rate (20 MPa/s) [17]. The bulk of glass tests, however, have been con-
ducted under ambient conditions. This is because achieving inert or near-
inert conditions can be difficult or expensive. Additionally, testing under am-
bient conditions is more reflective of service conditions of glass, and the re-
sults are therefore more representative of the material’s real structural per-
formance in practical applications.

Four-point bending test:

The four-point bending test (4PB) is a standardized test for testing glass
strength by the European standard EN 1288-3 [48]. A schematic representa-
tion of the test is illustrated in Figure 3.3. The test involves a uniaxial bending
of a simply supported rectangular glass specimen using two rollers pushed
down simultaneously by a controlled force. The standard dimensions of the
specimens are 1100 + 5 mm x 360 + 5 mm. There are four points of contact
in the test: two between the specimen and the load rollers and two between
the specimen and the supports. Rubber is placed at these points to minimize
stress concentration. The test is conducted under ambient conditions with a
temperature of 23 + 5 °C and a relative humidity between 40% and 70%. The
specimen is monotonically loaded with a constant bending stress rate of 2 +
0.4 MPa/s until failure.
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Figure 3.3 Four-point bending test; L, = 200 £ 1 mm and Ls = 1000 £ 1 mm, as per
the European standard EN 1288-3.

This test is preferred to the three-point bending test, which only involves one
load bearing at the center, because it creates a uniform maximum tensile
stress on the bottom surface of the specimen between the two load rollers,
which increases the surface area subjected to maximum stress, increasing the
probability of realizing a critical flaw. The 4PB test has been widely used by
researchers to evaluate glass strength [3,4]. However, it has the drawback of
including edge effects, which could significantly influence the glass failure
strength. That is, the configuration of the test warrants that both the edges
and the surface are subjected to maximum stress along the central span. The
edges are problematic because they are susceptible to additional flaws during
the cutting process. Hence, this test is only favoured when determining the
strength of glass in applications where the edge effects are important.

Coaxial double ring test:

The coaxial double ring (CDR) test, also known as the ring-on-ring test, is a
testing method with a rotationally symmetric setup that involves two concen-
tric rings acting as a supporting ring and a loading ring. Unlike the 4PB test,
the CDR test aims to produce an equibiaxial stress field inside the circular
area confined by the loading ring that is sufficiently far from the edges of the
specimen, thus ruling out the edge effects. In addition, the directionally in-
dependent stress state produced by this test ensures that all the flaws are
subjected to a maximum stress that is normal to the direction of the flaw
plane, which, in turn, increases the probability of catching the most critical
flaw present.

The test is standardized by the European standards EN 1288-2 [49] and EN
1288-4 [50] for glass elements with large test area and small test area, re-
spectively. For glass specimens with small test area, the test setup proposed
by EN 1288-4 involves placing a square or circular glass specimen on a sup-
porting ring of radius r; while applying a downward load F through a concen-
tric loading ring of radius r- (where r- < r1). Figure 3.4a shows a schematic
representation of the test configuration. The test is conducted under the same
ambient conditions specified for the 4pb test with the same bending stress
rate [50]. Since the stress should be maximum within the area delimited by
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the loading ring and subside moving towards the edges, failure should occur
within this area. That is, any failure happening at the periphery or outside of
the loading ring is either due to undesired stress concentration or an incor-
rect test setup. This test configuration has been used numerously to deter-
mine glass strength [10,51] as a result of being relatively easy and inexpensive
to perform. Nonetheless, the size of the test area specified for this test con-
figuration is rather too small to accurately represent the actual strength of
glass. Hence, this test often overestimates the strength of glass, as the prob-
ability of realizing critical flaws increases as the test area increases. On that
account, the standard EN 1288-2 proposes a test setup for testing specimens
with large test areas. The test setup is similar to that proposed in EN 1288-4,
except for an additional overpressure P that is applied in the same direction
as the loading (Figure 3.4b). This overpressure is supposed to be adjusted
with respect to the force F to compensate for the geometric nonlinear effects
that occur as plates undergo large deformations [7, 51]. That is, as the effects
of geometric nonlinearities become more significant, the equibiaxial stress
state is disturbed, and an undesired localized stress starts to develop along
the contact circle of the loading ring [8]. In this case, the stress calculation
using the simple bending theory is no longer accurate. Many researchers,
however, mentioned that this test setup is overly sophisticated and difficult
to perform [7,10,51], as well as not being able to fully compensate for the ge-
ometric nonlinear effects and maintain an equibiaxial stress state [11,12].
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Figure 3.4 Coaxial double ring test: (a) test setup for specimens with a small test
area; (b) test setup for specimens with a large test area.
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Effects of geometric nonlinearity:

Since the thickness of glass panes is small compared to the other dimensions,
they can be described by thin plate models. Whenever thin plates undergo
deflections (w) close to their thickness (h), a stretching action of the middle
surface, known as the membrane effect, starts to accompany the bending
stresses. As the deflection increases to exceed the plate thickness (w > h), the
membrane emerges as the predominant load-carrying mechanism of the
plate [13]; these plates are known as flexible plates. The relationship between
the strain and deflection then takes a nonlinear form, which is referred to as
geometric nonlinearity. Linear plate theories (e.g., Kirchhoff-Love plate the-
ory, Mindlin-Reissner plate theory, etc.) do not account for the membrane
action, assuming that the middle surface remains unstrained after bending,
and only consider the bending stresses [13]; therefore, they tend to overstate
the flexural stress in cases where plates are undergoing large deflections. Ge-
ometric nonlinearity is a favourable behaviour as it offers an additional re-
sistance to lateral loads; however, nonlinear analysis of plates tends to be
more complex. For plates undergoing small strains and moderate rotations
of the normal to the mid-surface (10° to 15°), the nonlinear relationship be-
tween strains (¢) and displacements can be described by including the Von
Karman strains (the nonlinear terms) into the classical Kirchhoff-Love equa-
tions. In Cartesian coordinates (where x and y are the in-plane directions and
z is the transverse direction), the strain-displacement relationship is ex-
pressed as [13]:

oy 1 (awo)z 32w,
€xx = 5y + 2\ 9x 252 (4.12)
vy . 1 (awo)z 82w,
= — —-|— —Z 1
€yy dy + 2\ dy ay2?’ (4 b)
1 auo 6170) 1 (6(00 6w0) azwo
= (224 22) 4o (=2 22) — 2 1
€xy 2 (6y + ox + 2\ dx dy doxody’ (4.10)

where u,, vo, and w, are the mid-surface displacement components in x-, y-,
and z-directions, respectively. The first two terms in the equations relate to
the membrane strains, while the last term (involving second derivatives) re-
lates to the bending strains. In the above equations, the in-plane strains are
coupled with the transverse displacement through the nonlinear terms,
meaning that the stretching (membrane) and bending problems cannot be
solved separately.

Since the CDR test configuration involves an axisymmetric circular loading,
and sometimes circular glass specimens, polar coordinates are used for mod-
elling such plates. Considering radial coordinates, the in-plane strain com-
ponents in the radial and tangential directions (€, and €, respectively) as well
as the mid-surface curvature in the radial and tangential directions (xr and y;

33



respectively) for axisymmetric bending of a circular plate of radius r are ex-
pressed as [13]:

du 1 [(dw\?
&=+5(5) (4.22)
& ==, (4.2b)
dZ
Xr = —d—rc—j ) (4.2¢)
_ _ldo
Xe= === (4.2d)

where u and w are the radial and normal displacements of the mid-surface.
The analytical solution for plates undergoing large deflections tends to be
very complex, and therefore numerical methods, such as the finite element
method, are often utilized to analyse such plates.

4 Experimental program

A set of laboratory tests is conducted on glass specimens using a novel setup
for the CDR test. The proposed setup is intended to be a simpler alternative
to that specified in EN 1288-2, where only a uniform water pressure is ap-
plied instead of a combination of water pressure and ring-loading. The test-
ing method aims to promote the development of geometric nonlinearity by
subjecting a large area to biaxial stress. The tests are conducted under ambi-
ent conditions to be more reflective of the glass's structural performance un-
der use conditions. 21 fully tempered glass specimens with identical nominal
dimensions are tested, and the results are recorded with the aim of develop-
ing the optimal test setup that is able to consistently produce valid tests for
the majority of trials. There are three main criteria for a test to be considered
valid:

— The location of the failure origin should be within the loaded area.

— Minimal to no water leakage should take place in the system.

— Theload-displacement relationship is consistent with the general pat-
tern exhibited by the majority of the specimens.

4.1 Test setup

The main components of the test apparatus are two concentric steel rings of
equal diameter, between which the specimen is placed, and a water pressure
control system. The rings are 800 mm in diameter. Figure 4.1 shows a sche-
matic representation of the test.
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Figure 4.1 Schematic of the test setup (dimensions in mm).

The glass specimen is placed so that it is concentric with the two rings. The
concentricity of the rings is achieved through steel angles. This method en-
sures that the eccentricity stays within 2 mm, which was proven acceptable
through iterations. In addition, geometry scans of the test setup were per-
formed for multiple tests to verify that the eccentricity is within an acceptable
range.

The stress is induced into the specimen only through a uniform water pres-
sure applied upwards on the bottom surface. The water pressure increases
linearly until the glass fails. An adhesive safety film is placed on the compres-
sion (lower) surface of the specimen to keep the glass in place after failure.
Two rubber rings with varying stiffnesses are placed between the glass and
the steel rings. This configuration is chosen based on several trials and errors.
More information about the specifications of the rubbers is provided in Sec-
tion 4.7. The lower rubbers are secured in place by being screwed to the bot-
tom steel plate. A lubricant (petroleum jelly) is applied between the rubber
and the glass to reduce friction; these measures are meant to minimize local-
ized contact stresses. The lower cavity, delimited by the glass specimen and
the lower ring, is filled with water. The water pressure is managed through a
proportional-integral-derivative (PID) controller. A tank placed next to the
test setup serves as the water source. The tank is connected to a valve fitted
to an opening in the lower ring, as shown in Figure 4.1. The PID system is
tuned so that the pressure increases linearly until it reaches a target point
below which the failure is expected to occur. A picture of the test setup is
shown in Figure 4.2.
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Figure 4.2 Test setup.
4.2 Test specimens and preparations

A total of 21 specimens with nominal dimensions 1000 x 1000 x 6 mm are
tested. The specimens are made of soda-lime-silicate glass and are fully tem-
pered. The size of the specimens is large enough so that the effect of geomet-
ric nonlinearity is significant when undergoing biaxial bending. The speci-
mens were produced by the Finnish supplier Jaakko-Tuote Oy. All specimens
were subjected to the same manufacturing processes, treatment, and storage
conditions. Figure 4.3 shows the test specimens stored at ambient conditions
(relative humidity between 25% and 50% and temperature around 20 °C) in
the laboratory where the testing is taking place. The specimens are stored
vertically with cork separators in between them to minimize scratching and
avoid introducing additional surface flaws. Specimen preparations include
assigning a specimen identifier, measuring the thickness using a digital glass
thickness meter device, drawing center lines to serve as X- and Y-local axes
for reference, and installing a membrane film on the specimens’ compression
side.

Eiik in : A
Figure 4.3 Test specimens
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Since, as discussed in Section 3.1, glass tends to show different strengths de-
pending on which side it is being tested, all the 21 specimens are tested on
their tin side for consistency. A tin-side detection device (Aoptek model
TS580) is used to identify the tin side of each glass pane by exposing it to a
short-wave UV light. When the device is facing the tin side, a white, milky
background is visible in the device screen; this white background is absent
when the device is in contact with the air side. Figure 4.4 shows the device in
operation. The tin side detection test is done before each specimen is tested.

L -
Figure 4.4 Tin side detection test: (a) tin side of the glass with a white background;
(b) air side of the glass with no white background.

4.3 Pressure control system

The water pressure is managed through a PID controller. The goal is to in-
crease the pressure linearly until it reaches a specified target pressure. Based
on multiple tests and refinements, a target pressure of 2.4 bar was found to
be suitable, as nearly all the specimens failed below this limit.

Controlling the system involves three different software: Arduino IDE for de-
veloping and compiling the PID control code, QTSerialMonitor for control-
ling the PID coefficients, specifying the pressure target point, and monitoring
the real-time pressure response, and finally, Catman Data Acquisition soft-
ware is used for recording and saving the data. The source code implemented
in Arduino IDE is available in Appendix B.

The PID parameters are tuned to achieve a smooth, linear transition in water
pressure from 0 to 2.4 bar. Three coefficients in the PID algorithm can be
adjusted with respect to each other to achieve the best response for a specific
system. The three coefficients are the proportional (kp), Integral (ki), and de-
rivative (kd). kp and ki are the only relevant coefficients for tuning this exper-
iment, and therefore ka will be kept at 0. Different combinations for kp and ki
were evaluated for a ramping time of 200 seconds. With trial and error, it
became evident that the combination kp=1400 and ki=800 provided the most
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stable response with the least fluctuations. However, to avoid having a steep
jump in pressure at the initial part of the response, the response is divided
into two phases. The first phase is meant to stabilize the system, where a rel-
atively low target pressure of 0.1 bar is specified. After the water pressure
reaches the contrived target point and becomes stable, the actual desired tar-
get pressure of 2.4 bar is specified. This strategy ensures a smoother and
more stable response throughout the loading period.

4.4 Data acquisition

The main variables of interest in this experiment are the water pressure, time
to failure, central displacement, and in-plane strains. For the majority of the
tests, only the central displacement and the water pressure are recorded. In
a subset of tests, however, strain gauges (SG) and Digital image correlation
(DIC) are utilized. WIKA pressure sensor of model A-10 is used to monitor
the water pressure. The sensor measures pressure from 0 bar up to 2.5 bar
with an error range between 0.1% and 0.2%. HBM inductive displacement
sensor model WA/50mm is used to measure the central deflection of the
glass specimen. The pressure sensor and the displacement sensor are con-
nected to QuantumX MX410B universal amplifier to ensure a precise real-
time data acquisition.

Strain gauges:

In addition to measuring the water pressure and the central displacement,
one test features strain gauges, two tests use DIC, and one test combines
both. The simultaneous use of the DIC and strain gauges is for the sake of
validation and comparison of results. Strain gauges are used in pairs, where
they are placed in opposite quadrants at an angle of 45°, at 23 cm radial dis-
tance (see Figure 4.5). Ideally, the location of a strain gauge should be as close
as possible to the failure origin. Accordingly, based on tracking failure origin
for multiple valid tests, this placement configuration was opted for. The used
strain gauges are the so-called 3-grid rosette from HBM, where each strain
gauge has three measuring grids: two at a 90° angle that are placed parallel
to the X- and Y- axes assigned to the specimen, and one in the middle at 45°.
Each grid measures the in-plane strain in its direction. The three strains are
designated as €, €b, and ec. These strains are used to determine the major and
minor principal stresses (o; and o, respectively) using the following expres-
sions:

_ E  eatec E ] — > — 5
1= 15772 +,/z(1+u) ‘/(’Sa ep)? + (& — &)7, (5.1a)
— L . Eatéc —_ E . — 2 _ 2
2= 1572 J2(1+v) V(ea — )2 + (gc — &), (5.1b)

where E is the young’s modulus and v is the Poisson’s ratio of glass. o, repre-
sents the maximum normal stress within the specimen, where the shear
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Figure 4.5 Test_specimen showing the placement of strain gauges.

stresses vanish. And since the failure is expected to happen when a critical
flaw is present in an area where the stress is at its peak, the parameter o; is
of utmost importance in this experiment. Since it will be only possible to di-
rectly determine the value of g, in tests where strain gauges or DIC were used,
its value will be deduced for the rest of the tests, given a similar load-deflec-
tion relationship. This is justified by the linear-elastic behavior of glass and
the consistency of the boundary and loading conditions.

Digital Image Correlation (DIC):

The DIC system involves two cameras mounted on a tripod, each camera is
horizontally rotated 25° inwards. The cameras are of model Basler boA5328-
100cm. The cameras were equipped with Schneider-Kreuznach JADE 2.8/16
C lenses. VIC-Snap software by Correlated Solutions is used for the system
calibration as well as image acquisition, while VIC-3D software is used for
image processing and strain analysis. The DIC calibration is carried out using
laser-marked calibration targets. In order to utilize the DIC system, speckle
pattern of size 2.54 mm is applied to the specimen surface using ink and a
roller. The surface was sprayed with a white scanning spray beforehand to
ensure sufficient contrast between the speckle and the surface. This was the
case for the first two specimens tested with DIC. For the last specimen, how-
ever, fluorescent speckle pattern with speckle size of 1.27 mm was used in-
stead of ink speckle to improve contrast and image resolution. Suitable band-
pass filters were used for the cameras to capture only the fluorescent emis-
sion and suppress ambient light. The ink speckle pattern was also applied to
top surface of the steel frame, so as to allow for inspecting potential rigid body
motion that could influence the specimen behavior. Figure 4.6 shows a com-
parison between the ink and the fluorescent speckle pattern. It can also be
seen that two strain gauges were installed for that test. Blue-X-Focus LED
light source, mounted in between the two cameras, was used to illuminate
the surface of the specimen during testing. For the last test, A white spectrum
high-power 500W LED light source was used for obtaining calibration im-
ages when the bandpass filters were used for the fluorescent pattern.
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Figure 4.6 peckle pattern applied on the specimen surface: (a) ink speckle; (b)
fluorescent speckle.

4.5 Locating the failure origin

Identifying the location of the failure origin is crucial not only for assessing
the validity of the test, but also to track any potential patterns or preferential
locations for the failure. Failure must originate from within the loaded area,
not along the contact circle, for a test to be considered valid. As discussed in
Chapter 3, failure typically happens due to tensile stresses that are concen-
trated at a critical flaw, which manifests as the failure origin. Upon fracture,
tempered glass produces a multitude of small individual pieces due to the
internal compressive stresses stored within its surface.

Identifying the origin of failure can sometimes be challenging. If, however,
the specimen has remained in place with the majority of the fragments main-
tained their original position, it can be a fairly simple task with visual inspec-
tion. The membrane film adhered to the compression surface of the specimen
is critical for that purpose. The failure origin can be identified by observing
the fracture pattern. Typically, the fracture pattern involves radial cracks that
propagate from the failure origin. Figure 4.7a shows an example fracture pat-
tern where the origin is easily detectable.

(a) (b)

Figure 4.7 Fracture pattern of glass: (a) radial fracture pattern; (b) fracture pattern
associated with ring failures.
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Nonetheless, the radial failure pattern shown in Figure 4.7a only occurs when
the specimen fails from within the loaded area; that is, in essence, when the
failure is primarily driven by a somewhat uniformly distributed in-plane
stress. in case of contact failure, though, where there is an intense stress con-
centration along the contact circle, it was observed that the fracture pattern
takes a circular form along the fracture surface, forming a shape close to a

“stretched x” around the fracture origin. Figure 4.7b shows the fracture pat-
tern of a specimen that failed along the contact circle. This kind of failure
origin is relatively more challenging to locate in the beginning, but it is still a
manageable task for an engineer or a material scientist with some amount of
experience.

It is not always the case that identifying the location of the failure origin is as
straightforward, for example, due to a large part around the origin location
being ejected due to the sudden release of stress. Therefore, high-speed pho-
tography was utilized to capture the glass failure for the sake of verifying the
failure origin location in such cases. As soda-lime-silicate glass can have a
terminal velocity reaching 1500 m/s [52], high-speed cameras capable of
filming with a frame rate of 20000 frames per second (fps) should be reason-
ably sufficient to capture where the crack originates and its propagation. For
most of the tests, two Mikrotron EoSens 2.0CXP2 cameras were used jointly.
Triggering of cameras was done with an in-house National Instruments com-
pactRIO based TTL triggering system, operating at 40 MHz clock rate for
high precision. Each camera can film with a frame rate of 10000 fps in oppo-
site phase; this results in an effective frame rate of 20000 fps from the two
cameras, albeit from slightly different perspectives. The glass was illumi-
nated by three Blue-X focus LED light sources, and later on by a white spec-
trum high-power 500W LED light source to provide sufficient illumination.
Due to power limitations of the blue-x focus in pulsed mode, an exposure
time of 17 us was used which underexposed the images, while 50 us was used
with the high-power light source, enabling the use of the sensor’s full dy-
namic range.

For a few tests, a more sophisticated ultra-high-speed camera (Phantom
V2012) was used. The camera was able to record glass failure at a frame rate
of 55000 fps, which was more than adequate for capturing crack initiation
and propagation. The high-power LED light source was used with the Phan-
tom camera. Figure 4.8 shows the crack propagation captured by the Phan-
tom V2012 camera, where the time difference between individual images b-
e is approximately 18 ps. The software provided by the manufacturer was
used for saving and post-processing the images from the camera.
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Figure 4.8 Crack propagation captured by the Phantom V2012 camera: (a) speci-
men before fracture; (b) first frame (crack initiation); (c) second frame of the crack
propagation; (d) third frame of crack propagation; (e) fourth frame of crack
propagation; (f) specimen in its post-fracture state.

4.6 Error minimization measures

Experimental tests inherently involve some degree of error. The influence of
errors that occur systematically can be minimised or somewhat eliminated.
It should be noted, however, that deliberate modifications or refinements to
the test setup are not considered errors, but rather are part of the test devel-
opment. Whilst these refinements might have altered the results in some
ways, they did not introduce a clear systematic bias. Adding to that, the way
in which a specific modification on the test setup affects the glass behaviour
might not be completely clear; the main refinements implemented on the test
setup are discussed in section 4.7. Further, a discussion about how sources
of error might have influenced the results is present in chapter 6.

In this experiment, efforts were made to reduce systematic errors by proper
calibration of devices, controlled environmental conditions, and having a
clear test procedure that is followed for every test. On the other hand, random
errors, while can be reduced, are virtually impossible to eliminate. The main
measures taken to minimise sources of random errors relevant to this work
are listed below:

e Eccentricity between the upper and lower rings was controlled using
steel angles. Additionally, geometry scans are done for several test as-
semblies to validate the accuracy of the steel angles (refer to Section
4.7 for more details).
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e Off-centered placement of glass specimens was minimized by aligning
the center lines marked on the specimen’s surface during preparation
with the center lines of the lower plate.

e The verticality of the displacement sensor was maintained using a wa-
ter level device. The same procedure was replicated for all test speci-
mens to minimize measurement error.

e The magnitude of the tightening of the bolts connecting the upper and
lower rings was controlled by placing markers on each bolt to indicate
a standard magnitude that is followed in every test.

e The installation of strain gauges was done according to a fixed set of
sequential procedures that are followed for every test to minimize hu-
man error.

4.7 Challenges and adaptations in the experimental setup

Unpredictability comes hand in hand with experimental testing, especially if
the testing method is novel or there is limited literature about it. Plenty of
unforeseen challenges have been encountered during the process of develop-
ing this test setup as functioning and reliable, which led to considerable de-
lays compared to the initial timeline of progress. Pointing out and addressing
issues in the test setup is considered one of the main contributions of this
work. The main practical challenges faced during this experimental work are
discussed below.

Challenge 1: Ejection of the rubber ring placed between the lower
steel ring and the glass.

Description: because the rubber ring was only secured in place by means
of friction, it could not hold its place against high water pressures, causing it
to be explosively evicted from its position, as shown in Figure 4.9. This al-
lowed water leakage and invalidated the test.

Adaptation: wider rubber ring with an inner diameter of 915 mm and an
outer diameter of 585 mm was used instead of the narrower ring used ini-
tially. An attempt was made to glue the rubber to the steel ring using ethyl
cyanoacrylate, but that was not enough to secure it in place under high water
pressures. Ultimately, the idea of screwing the rubber ring to the lower steel
plate arose as a practical and effective solution (see Figure 4.10). This tactic
successfully maintained the lower rubber ring in place during testing.

T

Figure 4.9 Displéce rubber ring due to high water pressure.
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Figure 4.10 Method of securing the lower rubber ring in place: (a) rubber profile
used initially; (b) rubber ring screwed to the lower steel plate.

Challenge 2: Stress concentration along the contact circle.

Description: the ideal stress state in the glass specimen is uniform, biaxial
flexural stresses within the circle bounded by the steel rings, diminishing to-
wards the edges. Areas of stress concentration are undesirable and can cause
ring failures, rendering a test invalid. Stress concentration can happen due
to several causes. Excessive compression exerted by the steel rings on the
glass (due to tightening), boundary conditions where in-plane movement is
totally restricted, and misalignment between the upper and lower rings that
can generate internal bending moment in the glass are some of the main driv-
ing factors of stress concentration.

Adaptation: since the issue of stress concentration involves multiple fac-
tors, it is addressed through a series of adjustments to the test setup rather
than a single solution. The main adjustments implemented to tackle this
challenge are:

— Changing the type of lubricant applied between the rubber ring and
the glass from Polytetrafluoroethylene (Teflon oil), which is recom-
mended by the ASTM 1499-8 standard [53], to petroleum jelly, which
proved more efficient.

— Marking the bolts connecting the upper and lower rings as a gauge for
the desired amount of tightening, as excessive tightening results in
stress concentration and insufficient tightening results in water leak-
age.

- Using two rubber rings instead of one, each with a different hardness,
in between the steel rings and the glass. Linatex rubber (red color)
with a shore A hardness of 38 and thickness of 5 mm is placed in con-
tact with the glass, while Neoprene rubber with a shore A hardness of
50 and thickness of 3 mm is in contact with the steel ring.
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Challenge 3: water leakage.

Description: as water is pressurized to high pressures, up to 2.4 bar, leak-
age is a major issue as it would result in a pressure drop. Water leakage pri-
marily happed due to insufficient or unstable sealing. Nonlinear pressure
buildup or sudden spikes in pressure is also a contributing factor to water
leakage. During the initial tests, the system could only reach pressures
around 1.4 bar before leaking starts to happen.

Adaptation: at first, a sealant material (Sikasil WS-605) was applied along
the lower steel ring. However, while this approach slightly improved the seal-
ing properties of the test setup, it was not sufficient to reach the desired pres-
sure without leakage. It then became apparent that a combination of proper
tightening, where the bolts connecting the two rings are tightened to an ideal
point that is tight enough to prevent leaking but not overly tight to cause in-
tense stress concentration, and the tuning of the PID controller to maintain
a linear pressure buildup and eliminate any sudden rise of pressure in an ef-
fective strategy to reach the desires pressures without leakage. Also, as men-
tioned before, the use of a wide rubber ring that is secured in place favorably
improved the sealing and prevented water leakage.

Challenge 4: excessive eccentricity between the upper and the
lower ring.

Description: eccentricity between the two rings can cause internal bending
moment within the glass plate at the area of contact, which can cause unde-
sired failure; Figure 4.11 presents a visual illustration of this behaviour. The
upper and lower rings are identical in shape and dimensions, as it was veri-
fied by geometric scanning. Therefore, measuring eccentricity is done
through measuring the horizontal offset between the edges of the plates.
Through practice, it was deemed that an acceptable limit of eccentricity is 2
mm.

Adaptation: a proposal of using metal rods to maintain concentricity was
adopted at first. That is, since the upper and lower steel plates have ethe same
shape and dimensions, connecting their four corners with low-tolerance ver-
tical metal rods that go through holes in both plates seemed like an effective

e upper ring

a2

additional bending moment glass specimen
lower ring

Figure 4.11 Schematic representation of a cross-section of the test setup, showing
the effect of eccentricity (e).
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solution by intuition. However, the idea proved inefficient due to imperfect
flatness of the steel rings at the edges. Thus, metal steel angles were used to
maintain concentricity by vertically aligning the four edges of the two plates.
In addition, geometry scans were performed on the test setup before testing
as a method of verification to ensure the eccentricity does not exceed the al-
lowable limit. The scans are done using Atos Compact Scan 3D scanner, and
the data analysis is performed using the accompanying software named GOM
Inspect. The geometric scan of one of the tests is presented in Figure 4.12,
where the edge of the upper plate is used as reference vertical plan and the
horizontal deviation of the lower plate is indicated in mm.

Figure 4.12 Geometry scan of the test setup, showing the misalignment between
the upper and lower plates.
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5 Results

The relevant results and findings are presented in this section. A certain
number of tests were considered invalid either due to improper failure origin
location or inconsistent behaviour compared to the general pattern exhibited
by the majority of the specimens. The data from these invalid tests still, how-
ever, considered valuable to build an understanding of the influencing factors
on the test setup. The load and deflection data are recorded for every test,
while strain data and DIC data are only available for few tests. Each specimen
is designated a unique identifier from 1 to 21, consecutively. The specimen
identifier also serves as the test number, indicating the chronological order
of testing. Table 5.1 presents an overview of the status of the tests, showing
the radial distance from the center of the specimen to the failure origin. Out
of the 21 tests conducted, 13 tests are considered valid, while 8 are invalid.

Table 5.1 Overview of the status of the tests showing the radial distance from the
failure origin to the center of the specimen for each test.

Test num- Radial distance

Status Notes
ber (mm)
1 Invalid Ring failure 400
2 Valid — 202
3 Invalid Ring failure 400
4 Valid — 235
5 Valid — 234
6 Valid — 116
7 Invalid Ring failure 400
8 Invalid Ring failure 400
9 Invalid Inconsistent behaviour 107
10 Invalid Inconsistent behaviour 114
11 Valid — 201
12 Valid — 192
13 Valid — 29
14 Valid — 115
15 Valid — 34
16 Valid — 158
17 Valid — 192
18 Valid — 219
19 Invalid Ring failure 400
20 Valid — 206
21 Invalid Ring failure 400
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5.1 Time history response

To provide an overview of the testing process, time histories of the load and
deflection are presented. Load refers to the uniform pressure acting on the
specimen’s circular area bounded by the upper and lower rings, while deflec-
tion refers to the central displacement exhibited by the specimen as it is
loaded. Since the time history response for all specimens is very similar, it is
presented only for an example specimen (specimen 14). Figure 5.1 shows the
load vs time as well as the deflection vs time relationship for that specimen.
As shown in the figure, the response is divided into two phases. The first
phase can be referred to as a pre-loading phase, as its main purpose is to sta-
bilize PID controller, after which the actual loading phase begins (refer to
section 4.3 for more details). During the loading phase, the load increases
approximately linearly until the specimen fails, while the corresponding de-
flection increases nonlinearly with respect to the load.

load and deflection vs time
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Figure 5.1 Time history response for load and deflection.
5.2 Load-deflection relationship

The load-deflection relationship for all 21 performed tests is presented in Fig-
ure 5.2, where deflection is in mm and pressure is in kPa, with vertical lines
indicating the failure pressure for each specimen. The strength variability
discussed in Chapter 3 manifests itself clearly in the Figure. The relationship
between load and deflection is a nonlinear curve, where the specimen shows
a softer behaviour initially, followed by a gradual stiffening as the load in-
creases. As it is clear in Figure 5.2, there is a general pattern followed for the
majority of the tests where most curves are condensed. Significant deviation
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Figure 5.2 Load-deflection curve for all specimens.

from that pattern, as in specimen 10, would render a test invalid, as it poten-
tially marks a procedural mistake that went unnoticed. To make an objective
measure of what is considered too much deviation from the average, the
mean value of the deflection at a specific load point of 160 kPa is calculated,
and specimens that show a variation beyond 5% of the mean are discarded.
The fixed load point was chosen as the highest load that is common to all
specimens. Based on that approach, the mean is calculated as 18.3 mm, and
specimens with deflection values outside the range of 17.4 mm and 19.2 mm
do not constitute a valid test. For specimen 9, although it follows that general
pattern, the test is considered invalid because there has been a water leakage
during the test. This resulted in the test being halted midway before failure
to unload the specimen and lower the pressure, then load it again, which
might have altered the standard test conditions somehow, since the specimen
failed at a lower load compared to what it has already reached during the first
loading. It can also be observed that most of the curves of the specimens that
had a ring failure follow the general pattern, but because these specimens did
not fail due to a uniform flexural stress, they are considered invalid tests. Fig-
ure 5.3 shows the load-deflection curves of only the valid tests.

30 pressure vs deflection

—oz|
04
05

deflection (mm)

1
|
|
|
|
!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Ll

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0 1 1 I 111
0 50 100 150 200

pressure (KPa)

Figure 5.3 Load-deflection curve for valid specimens only.
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5.3 Strain gauges results

Strain data are available for specimen 6 and specimen 21. Strain data at two
different locations (see Figure 4.5) are recorded for each specimen. As ex-
plained in section 4.4, strain is measured along three different directions;
these strain components are then used to calculate the principal stress. The
relationship between the load and the strain, in each of the three directions,
for specimens 6 and 21 is presented in Figure 5.4. For both of the specimens,
the two strain gauges show remarkably similar results, which suggests that
the strain within the specimen, and in turn the stress, is somewhat uniform
for the points having the same radial distance from the center. Moreover, it
can be seen that the strain in the radial direction (b channel) is maximum
compared to the other two channels which are parallel to the X- and Y-axis
of the specimen; this behavior aligns with the theoretical expectations for the
glass mechanical behavior, assuming a thin plate model.
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Figure 5.4 Strain results for specimen 6 and specimen 21.

Eq. 5.1a is used to calculate the major principal stress at the location of the
strain gauges, with E = 70000 MPa and v = 0.23. The relationship between
the load and the major principal stress at the locations of the strain gauges is
presented in Figure 5.5. Both specimens showed highly similar stress results
at the two locations where the strain was measured. Notably, the two speci-
mens failed at a very similar pressure of 2 bar and 2.1 bar for specimen 6 and
specimen 8, respectively. This is reflected in Figure 5.5 as specimen 21 sus-
tained slightly higher pressure than specimen 6. Further, the failure origin of
specimen 6 was only 110 mm away from the location of strain gauge 1 (SG1),
while specimen 21 failed at the contact ring.
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Figure 5.5 Relationship between load in kPa and the major principal stress in MPa
for specimen 6 and specimen 21.

5.4 DIC results

DIC was utilized for specimens 12, 13, and 21, with a different type of speckle
pattern being used for specimen 21 (refer to section 4.4 for more details).
Since DIC results can contain loads of output data, only the most relevant to
the scope of this work is presented in this section. The main output data from
the DIC include the out-of-plane displacement field, the in-plane strain field,
and the major principal stress field. All the presented DIC results are for the
last frame before failure, where the stresses and strains are maximum, unless
otherwise stated. The vertical displacement field of the three specimens is
almost identical, and therefore it will only be presented for specimen 12 to
avoid repetition. Moreover, some parts along the specimen surface might be
interrupted by physical obstacles (e.g., displacement sensor) or affected by
poor speckle pattern quality (e.g., along the edges); those areas are elimi-
nated from the results.

Specimen 12:
Vertical displacement:

The vertical displacement of the specimen is shown in Figure 5.6. The dis-
placement filed is continuous, peaking at the central area with around 26
mm. It can be observed that there is some vertical rigid body motion happen-
ing within the test setup where the entire upper steel plate moves. In turn,
the beam on which the displacement sensor is mounted moves as well, which
leads to the central deflection not being consistent with the displacement
sensor data from Figure 5.3. Therefore, the DIC measurement is absolute
where the displacement sensor measurement is relative to the whole setup.
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Figure 5.6 Vertical displacement field of specimen 12.

Principal strain:

The maximum in-plan strain field is shown in Figure 5.7. The Figure shows
that the strain is relatively uniform within the specimen’s surface, ranging
between 0.17% and 0.2%.
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Figure 5.7 Principal strain field of specimen 12 just before failure.

Principal stress:

The principal stress is directly calculated by defining glass as a material
model. Since glass is a linear elastic material, a uniform strain field directly
translates into a uniform stress field, as shown in Figure 5.8. The stress
ranges between 140 MPa and 180 MPa.
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Figure 5.8 Principal stress field of specimen 12 just before failure.

Specimen 13:
Principal strain:

The principal strain field is presented in Figure 5.9. The specimen is under-
going less strain compared to specimen 12. The strain field, however, is still
considered relatively uniform, ranging from 0.12% to 0.18%.
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Figure 5.9 Principal strain field of specimen 13 just before failure.

Principal stress:

Figure 5.10 shows the principal stress field. For most of the specimen’s sur-
face, the stress ranges between 120 MPa and 150 MPa, with one location
showing significant stress concentration near the contact ring. The localised
stress, however, was not high enough to cause a ring failure.
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Figure 5.10 Principal stress field of specimen 13 just before failure.

Specimen 21
Initial condition:

Deliberate change to the orientation of the upper plate was made by rotating
it 90° compared to the typical orientation to assess the influence on align-
ment. Figure 5.11 presents the out-of-plane special coordinates of the speci-
men before starting the test. The Figure reveals that the change in the plate’s
orientation led to significant deformations between -1 mm and +0.6 mm in
the pre-testing condition compared to about + 0.2 mm for specimens 12 and
13. As discussed in section 4.7, this misalignment could result in pre-stress-
ing the specimen, leading to a nonuniform stress field during testing and,
potentially, areas of stress concentration.

Figure 5.11 Out-of-plane spatial coordinates of the specimen surface in the pre-
testing state: (a) 2D contour; (b) scaled side profile of the 3D contour.

Principal strain:

The principal strain field of the specimen is presented in Figure 5.12. The
strain is less uniform compared to specimens 12 and 13. One region is seen
to have extremely high strain.
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Figure 5.12 Principal strain field of specimen 21 just before failure.

Principal stress:

As the principal stress is directly related to the principal strain, a non-uni-
form stress field is expected to occur within the specimen, as shown in Figure
5.13. The stress gradient is continuous, transitioning from a relatively high
stress area of about 220 MPa to diminish gradually as it reaches the edges. A
significant stress concentration can be seen on one spot along the contact
ring; this spot marks the location of the failure origin. This stress nonuni-
formity and the intense stress concentration are likely caused by the misa-
lignment between the two rings.

o1 [MP3]

Figure 5.13 Principal stress field of specimen 21 just before failure.

Comparison between strain gauges and DIC:

Since both strain gauges and DIC were used in this test, a comparison be-
tween their results is possible. The major principal stress will be used as the
comparison variable. Nonetheless, the comparison is essentially restricted by
the fact that the DIC cannot measure any data at the locations occupied by
strain gauges; therefore, an interpolation of values around those locations is
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necessary to infer the stress results at the desired spots. It should be noted
that the DIC measures full-field strains. In contrast, strain gauges measure
strain over an extremely small area; thus, perfect consistency is not expected,
but rather a reasonable agreement between the results. Moreover, previously
presented DIC strain results were calculated using a moderately large filter
size of 50 to smooth out the results and eliminate unnecessary noise. Some
details, however, might be lost with such a high filter size, and therefore a
lower filter size of 20 is used for this comparison for a more accurate strain
calculation over smaller areas. That said, Figure 5.14 presents the principal
stress results from the DIC around the locations of the two strain gauges, with
inspection points showing the stress values at different spots. This is the
stress in the frame just before failure; the corresponding stress calculated
through strain gauges is 163 MPa and 161 MPa for SG1 and SG2, respectively
(refer to Figure 5.5). The DIC results show that the stress around SG1 ranges
between 157 MPa and 135 MPa, which is reasonably consistent with SG1 re-
sults, yet it shows a considerably higher stress ranging from 182 MPa to 225
MPa around SG2. It is not possible to deduce the stress at the location of the
strain gauge, as the stress around it is considerably nonuniform, but the sur-
rounding stress values are highly suggestive that there is an inconsistency
with the strain gauge.
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6 Discussion and conclusions

6.1 Main findings

This research aimed to propose a novel testing technique for glass strength
utilizing the CDR method to offer a simpler, more efficient alternative to the
current standard testing methods. After a continuous process of iterative re-
finement of the test setup, 21 specimens with identical nominal dimensions
were tested, out of which 13 are considered valid, where the majority of the
invalid tests occurred during the early stages of testing.

The valid specimens demonstrated a consistent pattern in terms of the load-
deflection relationship. The average maximum deflection was about 20 mm.
For all specimens, the deflection rate with respect to load was significantly
higher during the early stages of loading, then it gradually declines as the
deflection increases. This behaviour marks the emergence of the membrane
effect discussed in section 3.4, indicating that the specimens are well into the
geometrically nonlinear region. There was a considerable strength variation
between the specimens, ranging from 160 kPa to 220 kPa. This is due to the
inherent surface flaws existing in the glass, which largely control its strength.
Given a large enough dataset, the strength values could potentially be ana-
lysed using a suitable statistical model to arrive at a characteristic strength,
but this lies outside the scope of this work.

Strain gauges were used in two different tests, and their results showed
highly consistent strain and, in turn, highly consistent stress in two different
locations along the specimens’ surface; not only that, but the strain results
from the two specimens were very close to each other. Furthermore, DIC re-
sults from two different specimens showed that the stress field along the sur-
face is uniform to a great degree. The maximum stress calculated through
strain gauges was around 163 MPa, while DIC images showed a stress range
of around 120 MPa to 180 MPa in the frame just before failure. These results
are somewhat consistent with the strength values for tempered glass availa-
ble in the literature.

For one specimen, however, the stress field was non-uniform, where there
was a localised region of higher stress that diminished towards the edges.
This specimen also showed an area of significant stress concentration that
ultimately led to its failure. For this same specimen, a comparison between
strain gauges and DIC was possible as both were utilized, although highly
compromised since the locations of the strain gauges are excluded from the
DIC results. In terms of major principal stress, one strain gauge (SG1)
showed good agreement with the DIC results, while the other strain gauge
(SG2) was potentially inconsistent with the DIC. The reason behind this in-
consistency is not exactly clear. It should be emphasized, however, that there
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was an unusual misalignment in the test setup of this specimen due to an
experimental change to the upper plate’s orientation, which might have dis-
turbed the uniformity of the stress field.

6.2 Discussion of results

Compared to the standardized CDR method, the proposed testing technique
provides significant advantages with respect to simplicity of conducting the
test, the uniformity of the stress field, as well as utilizing the stretching of the
mid-surface as the primary load-carrying mechanism instead of bending. The
results essentially extend the state of the art by demonstrating that maintain-
ing a uniform stress field is viable while having large deflections, and thus
presenting a more efficient alternative to the testing methods currently in
use.

While the proposed test setup has undergone significant improvements dur-
ing the process of its development, there could still be some minor refine-
ments to be made to improve the consistency of the results. It should be
noted, however, that occasional invalid tests (e.g., 1in 10 tests) do not under-
mine the reliability of the test setup but are rather expected as a natural as-
pect of experimental testing.

Since all the specimens are virtually identical and are tested under similar
test conditions, the results for all the specimens should ideally be aligned.
However, the results showed that there is some degree of inconsistency be-
tween specimens in terms load-deflection relationship as well as the stress
field created within the loaded area. This inconsistency can be attributed to
several sources of random error that have potentially influenced the results,
although the extent of this influence might not be fully clear. The main
sources of error introduced in this experiment are listed below:

e Eccentricity between the lower and the upper ring — there exists an
inevitable deviation from the ideal concentricity between the two
rings, which could change in magnitude and direction for each test as-
sembly, which could influence the stress field.

e Vertical misalignment of the displacement sensor — slight deviation
from verticality, which varies in magnitude and direction, is expected
each time. This error can result in a small underestimation of the true
central deflection of the glass specimen.

e Uneven tightening of the bolts connecting the lower and upper rings
— the magnitude of the tightening of the connecting bolts is not exactly
the same for each test. Overly tight bolts can cause stress concentra-
tion along the contact region, while under-tightened bolts can cause
water leakage at higher pressures.
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Differing amounts of lubricant between the glass and rubber — petro-
leum jelly (commonly known as Vaseline) is used as a lubricant. As
the lubricant is applied manually, its amount can vary from test to
test, which can affect the boundary conditions.

Manual installation of strain gauges — misalignment of the strain
gauge measuring grids with the specimen’s axes and uneven adhesion
between the strain gauge and the glass surface are potential random
errors that can occur while installing strain gauges, which can affect
the accuracy of the strain measurement.

Non-uniform speckle pattern for DIC imaging — speckle pattern is
applied manually using a roller and ink, which results in some areas
being denser than others. This can affect the image resolution and
strain measurement accuracy.

6.3 Conclusions and future work

Based on the results obtained from this work, the following conclusions can
be drawn:

The proposed test setup proved capable of reproducing the same
boundary and loading conditions; this is indicated through the con-
sistency of the load-deflection relationship among all the valid speci-
mens.

The location of the failure origin appeared to be random. That is, it did
not show any preferential radial distance nor angle along the speci-
men’s surface.

The test setup underwent various refinements and modifications to
improve its functionality. A big part of the efforts was directed towards
reducing stress concentration along the contact circle to prevent un-
desired failures, and it seemed that modifying the boundary condi-
tions to allow, to a certain degree, for horizontal movement was cru-
cial for achieving this goal.

The proposed testing technique is capable of creating a somewhat uni-
form stress field within the test area while having large deflections; as
well, it is capable of producing a similar, repeatable stress field across
different specimens. This can be seen from the principal stress results
obtained from strain gauges, as well as the DIC images.

Specimens develop geometrically nonlinear behaviour beyond a cer-
tain point. This is marked by a stiffening of the specimen where the
rate of change of deflection with respect to load declines as the plate
exhibits larger deflections. This indicates a transition of the load-
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carrying mechanism of the plate from bending to stretching of the
middle surface (membrane effect).

e The proposed test setup has the potential to offer a significant ad-
vantage over the current standard testing methods as it is simpler to
perform, able to create a uniform stress field, and efficient in utilizing
geometric nonlinearity.

To build upon the findings of this work, future research that includes a larger
number of specimens is needed to further validate the test setup as well as
enable a statistical evaluation of the data. For that, continuation of the exper-
imental program is planned to happen with 29 more specimens, which will
allow for statistically modelling the data and determining a characteristic
strength value for tempered glass. Other future research that builds upon this
work could include testing circular specimens to investigate the influence of
the specimen’s shape on the results. Besides, a comparison with numerical
simulation, where geometric nonlinearity is considered, could provide valu-
able information for further validation of the experimental findings, as well
as for evaluating the influence of different parameters (e.g., specimen’s thick-
ness, radius of the rings, etc.) on the mechanical response of glass.
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Appendix B: source code for the PID controller

This appendix presents the code implemented in Arduino IDE software to maintain
a linear water pressure buildup through a PID controller. The code was developed
by Mohammad Izadi and modified by the author of this thesis to suit the specific
requirements of this application.

#include <PID_v1.h>

I/ Pin configuration

const int outputPin = 9;

// PID variables

double Setpoint = 0.0, CurrentSetpoint = 0.0, InitialSetpoint = 0.0, Input, Output;
double Kp = 1400, Ki = 800, Kd = 0;

PID myPID(&Input, &Output, &CurrentSetpoint, Kp, Ki, Kd, DIRECT);

/l Timing variables
unsigned long previousPrintTime = 0;
unsigned long rampStartTime = 0;

unsigned long rampDuration = 220000; // Ramp duration in milliseconds

/I Safety limits

const float pressureMax = 2.6; // Maximum safe pressure

void setup() {
/I Initialize serial communication
Serial.begin(115200);

/I ConFigure output pin

pinMode(outputPin, OUTPUT);
digitalWrite(outputPin, LOW);
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/I Initialize PID
myPID.SetMode(AUTOMATIC);
myPID.SetOutputLimits(0, 255); // Constrain output to valid PWM range

/I Print instructions for live tuning and setpoint adjustment
Serial.printin("Live PID Tuning and Linear Ramp for Setpoint Adjustment:");
Serial.printin("Enter new values in the format:");

Serial.printin(" - 'Kp=x.x' to set proportional gain");

(
(
Serial.printin(" - 'Ki=x.x' to set integral gain");
(
(

Serial.printin(" - 'Kd=x.x' to set derivative gain");

Serial.printin(" - 'P=x.X' to set a new target pressure (in bar) with a ramp.");
}
void loop() {

/I Update CurrentSetpoint to ramp smoothly to Setpoint
updateRamp();

/l Read pressure
Input = readP1();

/I Safety check
if (Input > pressureMax) {
digitalWrite(outputPin, LOW);
Serial.printin("Error: Pressure exceeded limit! Pump stopped.");

return;

}

// Compute PID output
myPID.Compute();

/I Apply the PID output
analogWrite(outputPin, constrain(Output, 0, 255));
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/I Output pressure data periodically

unsigned long currentMillis = millis();

if (currentMillis - previousPrintTime >= 1) { // Adjust interval as needed
previousPrintTime = currentMillis;
Serial.print("t ");
Serial.print(currentMillis);
Serial.print("\tP ");
Serial.print(Input, 3);
Serial.print("\tSP ");
Serial.print(Setpoint, 3);
Serial.print("\tCSP ");
Serial.print(CurrentSetpoint, 3);
Serial.print("\tKp ");
Serial.print(Kp);
Serial.print("\tKi ");
Serial.print(Ki);

Serial.print("\tkd ");

Serial.printin(Kd);

/I Check for new PID values or Setpoint from Serial Monitor

readNewValues();

}

float readP1() {

unsigned long sum = 0;

/I Average over 100 samples for a stable reading
for (inti=0;i<100; i++) {
sum += analogRead(A2);

}

/I Calculate voltage
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float voltage = (float(sum) / 100) * (5.0 / 1023.0);

/I Convert voltage to pressure (linear relationship)
float pressure = 4 * voltage - 2; // Bar

return (pressure >= 0 && pressure <= 5) ? pressure : 0; // Clamp invalid values

}

void readNewValues() {
if (Serial.available()) {
String input = Serial.readStringUntil("\n'); // Read input until newline character

input.trim(); // Remove extra spaces or newlines

/I Check for Kp, Ki, Kd, or Setpoint input
if (input.startsWith("Kp=")) {
Kp = input.substring(3).toFloat();
myPID.SetTunings(Kp, Ki, Kd);
} else if (input.startsWith("Ki=")) {
Ki = input.substring(3).toFloat();
myPID.SetTunings(Kp, Ki, Kd);
} else if (input.startsWith("Kd=")) {
Kd = input.substring(3).toFloat();
myPID.SetTunings(Kp, Ki, Kd);
} else if (input.startsWith("P=")) { // Setpoint adjustment with ramp
double newSetpoint = input.substring(2).toDouble();
if (newSetpoint >= 0 && newSetpoint <= pressureMax) { // Validate range
Setpoint = newSetpoint;
InitialSetpoint = CurrentSetpoint; // Save current setpoint as the initial setpoint
rampStartTime = millis(); // Reset ramp start time
} else {
Serial.printin("Invalid Setpoint. Must be between 0 and max pressure.");
}
} else {

Serial.printin("Invalid input. Use 'Kp=x.X', 'Ki=x.x', 'Kd=x.x", or 'P=x.x");
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void updateRamp() {
if (CurrentSetpoint != Setpoint) {

unsigned long elapsedTime = millis() - rampStartTime;

if (elapsedTime >= rampDuration) {
CurrentSetpoint = Setpoint; // Ramp complete

} else {
/I Direct linear interpolation formula
double rampProgress = double(elapsedTime) / rampDuration;
CurrentSetpoint = InitialSetpoint + rampProgress * (Setpoint - InitialSetpoint);

}

}
}
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