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Abstract

This thesis presents an experimental study on the torsional-mechanical behaviours of laminated
structural glass beams. Glass structures are in increasing demand due to many favourable
characteristics such as high compressive strength, flexibility, aesthetics, sustainability, and their
positive effects on human mood and performance. However, monolithic glass is brittle in nature
and fails instantaneously so laminated glass building elements are preferred, which have complex
composite behaviours. An additional challenge is the lack of a finalised glass design code. This
PhD study takes aim specifically at laminated glass beams and their torsional mechanics, which are
crucial for supporting floor and roof plates, glass walls and other applications that enable fully

transparent structures to be realised.

A concise concept for quantifying the torsional stiffness of laminated glass beam elements
is introduced — the Equivalent-Sectional Shear Modulus (ESSM), which is directly measured from
the torque and sectional-rotation correlation in non-destructive torsion experiments. This method is
advantageous as it allows for the measurement of overall rotation to torque response of laminated
glass beams compositely rather than their individual components, resultantly decreasing the
uncertainties of commonly adopted analytical approximations. A tailor-made, non-contact
displacement measurement system based on the principles of binocular stereo-vision was
developed, tested, verified, and employed to the torsion test procedure to increase the accuracy of
photogrammetric measurements to be acquired. This incorporates the use of dense displacement
sample targets on the glass beam which are measured and extracted using basic machine vision

techniques, providing flexible, accurate, and non-intrusive measurements.

Experimental torsion studies were performed on multiple samples of monolithic, two-layer,
and three-layer polyvinyl butyral (PVB) and SentryGlas Plus (SGP) beams. The experimental
setup, equipment, and procedures were continually improved and refined in a step-wise process
throughout this work. The monolithic beams experimental ESSM results were validated against
theoretical calculations from their elastic moduli relationship. Furthermore, the experimental ESSM
results for two-layer and three-layer laminated beams were also compared with existing analytical
solutions based on sandwich theory. Further experimental studies were also performed to evaluate
the effects of ‘eccentric-torque’, where the effect of an eccentricated torsional load path on the
overall torsional rigidity of the beam is studied, and on the effect of lengthened load-durations for
SGP laminates. A variety of interesting and remarkable results were obtained regarding the
composite torsional-mechanical behaviours of laminated structural glass beams and the
optimisation of a first-of-its-kind glass beam torsion test approach. The results of this PhD thesis

may help to support the further development of structural glass design codes and practices.
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CHAPTER 1: INTRODUCTION

1. Introduction

1.1 Background and Motivation

Glass has been manufactured for thousands of years in many forms and for many purposes due to
its unique optical, physical, mechanical, and aesthetic properties. Glass is a unique material in the
sense that it is transparent, chemically inert, environmentally friendly, strong, readily available and
relatively cheap [1]. From its early uses in jewellery and hollow glass vessels, further glassmaking
knowledge led to clearer glasses being produced in high enough quantities to be developed into
windows during the Roman Empire. Due to the complexity of manufacture and installation process
at this time, it was considered that only a truly prestigious property owner would have glass

windows in their property [2, 3].

Advancements in structural engineering made larger window openings possible for all types
of buildings. This in turn drove the demand for glass science to produce larger and better quality
panes of glass [2]. Since the 19" century glass windows have been widely available in buildings
and the home of the average person, providing an interface of transparent protection between inner
and outer environments. In the modern era it is near impossible to find an occupied building where
glass does not play a significant role. Glass additionally finds widespread use today in automotive
and aeronautical industries, domestic appliances, the screens of electronic devices, nanotechnology
applications such as fibre optics and in renewable energy applications such as solar panels and wind

turbines [1].

Structural material use in buildings for frame elements has been largely dominated by steel
since the industrial revolution. Its relative strength-to-weight properties, durability and recyclability
allowed for large skyscrapers and other multi-storey buildings to be produced as it overtook cast
iron as the dominant building frame material. This could be seen as the ‘steel revolution’ in the
built environment. Initially, steel frames were thickly encased in concrete, with glass windows
being of moderate size. As knowledge progressed, a shift toward fully steel-framed multi-storey

structures took place. Glass, for most of this period, was still largely used in windows and within a
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framed steel structure. Despite this, glass openings were now expanding in size to fit larger frames,
resisting wind loads across a wider cross-sectional area and providing greater transparency in

structures.

It is only over the past thirty or so years that glass has seen more widespread use in the
building envelope. There has now been a noticeable shift in the view of glass in the built
environment from purely architectural to being considered as a structural, load-bearing material.
Innovative high strength glass has met with modern architectural desires to allow for primary
structural members to be comprised partly or exclusively of glass. In modern buildings, structural
glass members and components can perform almost every function that traditional construction
materials such as steel, concrete, timber, or masonry can perform, with their own unique and
appealing characteristics. Displayed in and are glass structures that showcase the use of glass as
facades, beams, columns, and roof plates. It may be the case that a ‘glass revolution’ is just
beginning, with a vast number of fully transparent and diverse glass structures set to appear in the
coming decades. Despite this, constructing buildings that are larger and highly structurally
demanding in glass exclusively remains a great challenge. Due to some of the mechanical
behaviours of glass, it remains particularly challenging to apply glass frame elements, such as
beams and columns to the structure. Overcoming this hurdle will require further progress and new
knowledge in glass and glass composites from a structural engineering, materials science, and

technological perspective.
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Figure 1-1: Apple Store entrance, New York -  Figure 1-2: Entrance to Daman Building, Dubai
(www.archilovers.com). - (www.malishevengineers.com).

Figure 1-3: Inland Steel Building, Chicago, Figure 1-4: Flatiron Building, New York,
constructed 1958 - constructed 1902 -
(www.skyscrapercenter.com). (www.skyscrapercenter.com).
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1.2  Structural Glass Beams

Structural glass beams are widely used in supporting floor and roof plates, glass walls and other
applications due to many favourable characteristics inherent in the material such as high
compressive strength, flexibility, aesthetics, and sustainability. With the growing demand for
greater transparency in structures, they are required to maintain redundancy in a full load bearing
manner as opposed to glass traditionally being limited to windows in buildings, only resisting wind
loads. Glass is brittle in nature and fails instantaneously with no plastic region of failure, so
monolithic glass beams pose risks as a structural member. Resultantly, most glass beams are of the
laminated type — with two or more layers of glass bonded by viscoelastic interlayers. In the case of
a shattered pane, fragments will adhere to the interlayer and maintain a level of redundancy post-
failure. Understanding the behaviour of such composite structures is significantly different to
monolithic members and poses new challenges in engineering design. Additionally, the absence of
a finalised glass design code poses further uncertainty to the engineer and can result in overdesign

to meet critical failure criteria.

The cross-section of a glass beam is normally thin and slender. One of the key design
considerations is in the lateral torsional buckling (LTB) phenomena, which combines bending and
shear deformations. Several researchers have focused studies on the LTB mode in glass beams, and
analytical models have been proposed in the pre-normative glass design code. One of the key
mechanical properties in modelling the structural behaviour of glass beams in lateral buckling
failure is the estimation of the shear modulus, GG, which is an important mechanical property when
determining the recovery torque in the governing equation for lateral stability. Theoretically, for

monolithic glass, the shear modulus can be determined in relation to two other elastic coefficients —

the Young’s Modulus, E, and the Poisson’s Ratio, V, — assuming a linear-elastic material response.

In a multi-ply laminated glass beam, modelling the composite effect is particularly
challenging as the interlayer rigidity is many times lower than the glass layers. The assessment of
this response is complicated by the viscoelastic, time and temperature dependent nature of the

interlayer which differs greatly from glass itself. Several experimental methods have attempted to
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physically determine the shear modulus in isotropic materials, such as tensile, compression,
bending, ultrasonic and resonance techniques. Unfortunately, these have several limitations in
recreating a similar stress scenario to the LTB mode in thin, slender glass beams. This results in
discrepancies between experimental results and existing models which leads to overdesigning glass
structures. Additionally, many of these tests are limited to the linear-elastic framework and
homogeneous materials, therefore they are inapplicable to composites such as laminated glass

beams.

The experimental method that induces the purest state of shear stress on a member is the
torsion test. This creates a more optimal stress scenario to evaluate the torsional component of the
LTB mode and thus the most ideal condition to determine the shear modulus. However, it is not as
commonly used or well understood as other methods. A torsion test method exists for structural
timber beams in the timber design code BS EN 408:2010. This has been studied and applied by
researchers in the area of timber and timber-composite beams that are slender in nature with
rectangular cross-sections. Shortcomings have also been identified with this method, particularly in
the inability to obtain the required angular displacement data direct from the torsion machine.
Traditional contact-based sensors such as inclinometers and linear variable differential transducers
(LVDTs) have been applied to try to capture the torque-rotation relationship experimentally.
However, these are also limited by their inability to measure in three-dimensions, limited in the
precision of reading that can be acquired and are easily damaged during testing. In the case of

structural glass and laminated glass beams, there is no evidence of a torsion test method to date.

1.3 Scope of the Research

1.3.1 Research Problems

In summary, the problems outlined above are as follows:
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» Transparent glass structures are in great demand due to their aesthetics and sustainability.
However, engineers are cautious when designing slender glass frame elements such as
beams to act in a full load-bearing manner due to the brittle and elastic nature of glass, the
increased complexity in analysing the mechanical behaviour of laminated glass, and lack of

standardised design procedures.

» Structural glass beams like other slender beam elements are most commonly subject to
failure by the LTB mode which is notoriously complex to model due to the combined
bending and torsional displacements. This complexity further increases in laminated glass

beams due to their composite nature.

» Experimental work in this area is required to enable existing models to be verified,

improved, and for standardised test methods to be developed.

» The most accurate way to determine the shear modulus — a key elastic property in laminated
structural glass beams under LTB which defines its torsional rigidity — is by torsion testing.
However, there is no standardised torsion test method for laminated structural glass beams

to date, nor any peer-reviewed experimental studies in this regard.

» Measuring the required angular displacements to determine the shear modulus cannot be
obtained directly from the torsion machine, as a relative rotational change between two
points on the beam is required. Existing sensory-based measurement devices are commonly

used but also have several limitations.

1.3.2 Research Questions

Three primary research questions were posed for this work:
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(1) How can the composite torsional stiffness of laminated structural glass beams be physically
quantified to evaluate the efficacy of existing analytical models that are based on

component properties?

(2) Can a non-destructive torsion test procedure for laminated glass beams be developed that
enables the torsional behaviour to be studied across a substantial area of the beam and is

applicable to Saint-Venants Torsion Theory?

(3) How can the required displacement data for the determination of torsional behaviours in
laminated glass beam torsion experiments be extracted in a manner that is accurate and

non-intrusive?

1.3.3 Research Methods

To attempt to resolve the problems and questions posed in this research, the following

methodologies were undertaken:

(1) Develop a non-contact displacement measurement system based on the principles of

binocular stereo-vision and digital photogrammetry.

(2) Develop a fully quantifiable experimental method to validate the measurement accuracy of

the photogrammetric system for the specific application and for each individual experiment.

(3) Develop a tailor-made, non-destructive torsion test experimental approach for structural-

sized laminated glass beams that considers their unique material properties.

(4) Develop a novel and verifiable approach to physically quantify the composite torsional

stiffness of laminated structural glass beams.

(5) Determine the torsional stiffness (Shear Modulus) of laminated glass beams experimentally

and compare the results to existing analytical models.
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1.3.4 Assumptions

The following assumptions were made for the undertaking of this research:

» That the composition, material properties, specification of all test samples used, including

interlayers, were as specified by the manufacturers/suppliers.

» There were no residual degrading effects of long-term loading or temperature present in any
of the laminated glass beam test samples induced prior to receiving the samples. The
temperature in the lab where they were stored throughout this research was checked by

thermometer to be kept constant at 20° C, which was assumed to be correct.

» Experimental equipment such as cameras and the torsion machine were of the same
specification as stated by the manufacturer and working correctly unless finding otherwise
through trial experiments. In this case equipment would be replaced and any erroneous data

would be discarded.

» Saint-Venants Torsion Theory for slender, rectangular cross-sectioned beam elements is

valid and true.

» All the inbuilt operations, algorithms, and equations in the machine vision software
HALCON that were used for calibration, image processing, and 3D coordinate extraction

were as stated in the reference guides and manuals.

1.3.5 Limitations

The scope of limitations for this research are defined as follows:

» Experimental facilities did not include any form of heating chamber therefore the effect of
high temperatures on laminated glass beam interlayers could not be studied during torsion

experiments.
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» Although an initial study on the effect of lengthened load durations on laminated glass
beams was performed in Chapter 7 it was not possible to study significantly lengthened
load durations. This is due to all experiments always requiring a researcher for image taking

at intervals and would require many hours to over a day of attention.

» Due to budget and time constraints, it was not possible to acquire a vast set of experimental
samples which could have given a broader insight into any variations present from sample
to sample in laminated glass beams. To make up for lesser samples to some degree, the

samples available were all tested several times each.

> As this research represents the first experimental torsion study on monolithic or laminated
glass beams there is a clear absence of previous studies, codes, or procedures in this regard.
This research therefore took some learnings from previous experimental torsion research

and codes of practice for timber beams.

1.4 Organisation of Thesis

This thesis is divided into eight chapters, which are schematically presented in Figure 1-5.
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Chapter 1
Introduction
1
v v
Chapter 2 Chapter 3
Review - Structural Glass Review - Theory and
Fundamentals Experimentation
l
¥
Chapter 4

Development, Optimisation,
Validation of the Measurement

System
; ; .
Chapter 5 Chapter 6 Chapter 7
Initial Torsion Study Extended Torsion Study Eccentric Torsion Study
| J
[’
Chapter 8

Conclusions and Recommendations

Figure 1-5: Organisation of the Thesis.

Chapter 2 introduces, in a non-exhaustive manner, the fundamental aspects of glass and
structural glass. This chapter covers topics such as formation, production, physical properties, high-
specification structural glass types and failure modes. While these were only basically covered,

they intend to provide the information necessary to understand subsequent chapters.

Chapter 3 provides a more comprehensive review of literature that addresses the key topics
and issues tackled in this research. This chapter begins by presenting the basic theories of linear and
non-linear elasticity with relevance to glass structures. A detailed review of current experimental
methods used to determine the relevant mechanical properties in glass and laminated glass elements
is then presented, including the most important underpinning theories and analytical models behind
these. The chapter also discusses the existing tools and methods for measuring stress-strain
displacements in experiments — a necessity for determining many mechanical properties in

structural members.
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Chapter 4 presents the full development, optimisation, and verification of the binocular
stereo-vision displacement measurement system that was employed in all subsequent experiments.
Technical considerations and optimised setup are provided with reference to the required
application. The methods and validation for calibrating the system using several metrics are
presented. Additionally, a tailor-made experiment to prove measurement accuracy for the specific

photogrammetric application is presented.

Chapter 5 presents the novel concept of the equivalent-sectional shear modulus (ESSM)
method, which is used to quantify the torsional stiffness of two-layer PVB and SGP laminated
structural glass beams through torsion experiments and digital photogrammetry. This chapter
explains the setup and theory of the binocular-stereo photogrammetric system, including calibration
and accuracy validation. Details of the materials and methods for the employed torsion test method
are presented. The image and data processing in HALCON software including key algorithms and
procedures are explained. Subsequently, the theory and torsional stiffness results of the ESSM
method are presented and compared with calculated theoretical shear modulus values from existing

models.

Continuing from the previous chapter, Chapter 6 presents an extended torsion study by
further applying the ESSM method to both additional two-layer, and three-layer laminated
structural glass beams. This chapter employs the optimised photogrammetric system and validation
methods described in Chapter 4, with several improvements to the experimental torsion approach
employed in Chapter S, such as enhanced equipment, precise methods of alignment for test
samples and setup, and the introduction of inclinometer sensors for further comparison with the
developed approach. A larger set of results are therefore presented in this chapter and subsequent

conclusions are drawn.

Chapter 7 presents the first-of-its-kind eccentric torque experimental study on laminated
structural glass beams. The term ‘eccentric torque’ in this study refers to the eccentric load path
enforced in torsion experiments by clamping beam samples off their central plane. The use of laser-

levelling and ruled markings on the clamping system detailed in Chapter 6 are employed to

11
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enforce the eccentric load path. Monolithic, two-, and three-layer laminated glass beams are
experimentally studied under eccentric torsional load. The ESSM method was employed to
determine the torsional stiffness of beam samples and compared to results from centrally loaded

torsion experiments.

Chapter 8 summarises the work undertaken, the primary findings and the most significant

conclusions. Finally, the key areas for further work are identified.

12
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2. Structural Glass Fundamentals

This chapter introduces, in a non-exhaustive manner, the fundamental aspects of
glass and structural glass. Topics such as formation, production, physical properties,
high-specification structural glass types and failure modes are presented. While
these are only basically covered, they intend to provide the information necessary to

understand subsequent chapters.

2.1 Production

2.1.1 Natural Formation and History

Natural glass has existed for millions of years. It is formed when rocks firstly melt due to
phenomena causing extremely high temperatures such as volcanic eruptions, lightning strikes, or
meteorite impacts, then cool and solidify quickly enough for the liquid-like structure to freeze in a
glassy state. This happens at a range of temperatures that depend on thermal history. Most natural
glasses are obsidian — an igneous rock with a high silica content. This is said to have existed on
earth for over 40 million years, demonstrating its resistance against devitrification and water

corrosion. Natural glasses may form under three conditions [2];

» Magmatic formation, where silicate melt is expelled by volcanic activity and cools at a rate

of 1°C per minute to 1°C per month.

» Metamorphic formation, where rapid (< 1°C per second) heating and cooling of rocks and

melts occur during impact, friction, or lightning strikes.

» Sedimentary formation, where accumulation of silica gel forms after drying over many

years.

13
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The earliest man-made objects using natural obsidian glass are documented back thousands of
years, and this has carried through to modern times. Obsidian itself has been used for hunting tools
such as blades and arrowheads, plates, and decorative objects. Examples can be observed in and .
Most ancient man-made glasses have been discovered in Egyptian tombs, with non-transparent
glass beads and other decorative objects thought to date back to 3500 BC. The first ancient glass
workshop and factory were in use by 1500 BC and 1250 BC, respectively, with both situated in
Egypt. The first glassmaking manual dates to around 650 BC [2, 3]. Glass foils were also produced

around this time which may have been used for early windows.

The glassblowing method was invented by 50 BC in Syria, which enabled the glassmaker to
control the thickness and shape of the glass and prevent thinning and rupture of uneven areas.
Advancements in glassblowing first came in the form of blowing inside moulds allowing for greater
variety of glass specimens. The first formation of flat glass came when long cylinders could be
produced by this method, which were annealed at a relevant temperature, placed on a rock slab and
flattened [2]. This method was used and improved over time until the 19" century and is still used
today to produce coloured stained glass. The Romans were the first to develop clear glass in large
enough quantities to be used in windows. Only highly prestigious property owners had these due to

manufacture and installation being complex at this time.

The first British glass industry dates to around 680 AD in Northwest England. Lead glass was
invented by George Ravenscroft in the 1670’s and the British Plate Glass Company formed in
1773. The first American glass pressing machine was patented in 1825 [3]. Advancements in
structural engineering proceeded to make larger window openings possible for all types of
buildings, as prior to this, large windows were mostly found in cathedrals. This was a driving force
for glass science to produce larger and better-quality panes of glass, where several methods and
machine-based advancements automated the glassmaking process for both curved and flat glass

panes over the 19" and 20" centuries.

14
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Figure 2-1: Native American Indian arrowhead Figure 2-2: Globular jar of King
(www.icollector.com). Merneferre Aya
(www.metmuseum.org).

(@ Blowpipe ®)

Gob

Blowing Cylinder preparation

(c)

Figure 2-3: Glassblowing method; (a) blowing, (b) cutting and (c) flattening [2].
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2.1.2 Flat Glass Production

The production of flat sheets of glass today is mostly performed using the float process, as
developed by the Pilkington Brothers in 1959. This resulted from the need for a more cost-effective
means to create flat glass for the automotive and architectural industries, as methods prior to this
created glass with irregular surfaces that required a significant amount of post-processing for such
applications [1, 4]. The float process came with significant advantages such as low cost, high
availability and much improved optical and shape qualities [5, 6]. Combined with glass
strengthening technologies and computer-based structural analysis methods, the float process has
been a key driver in the use of glass in buildings and structural members. Around 90% of today’s
flat glass production worldwide is made using the float process [5, 6], and 80 - 85% of that is used

in the construction industry [1].

In the float process, the chemical ingredients, which include silica sand, soda ash,
limestone, and salt cake, are blended with cullet (recycled broken glass) and heated in a furnace to
around 1500-1600°C to form molten glass. The molten glass is then fed onto the top of a molten tin
bath. While there, controlled heating allows the glass to flow and form a flat ribbon of uniform
thickness. At the end of the tin bath, the glass is slowly cooled and fed into the annealing lehr for
further controlled gradual cooling. Changing the speed at which the glass ribbon moves into the
annealing lehr varies the thickness of the flat glass sheets. To finish production, glass edges are
trimmed to give a constant width to the emerging sheet, which is usually cut into jumbo sheets of 3
x 6m [1, 3]. This creates the type of glass commonly referred to as annealed glass. The annealing
process induces an even stress distribution across the glass unit preventing any part of the glass

coming under tension, where it is weaker in nature.
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Figure 2-4: Float process [1].

Table 2-1: Stages of glass transition [2].

Temperature (°C) State Viscosity (Poiseuille — dPA s)
1500 Melting temperature 1-10

1040 Working point 103

720 Littleton softening point 1086

540 Annealing point 10t?

530 Glass transition 102 - 101%°

490 Strain point 10135

20 Room temperature 10%°

2.2  Material Properties
2.2.1 Classification and Chemical Composition

Glass is generally described as a liquid that has cooled to a rigid condition without
crystallising. It is not a super-cooled liquid, but an inorganic solid with an amorphous non-
crystalline structure. Glass therefore refers to all non-crystalline solids showing a glass transition
[2, 5, 6]. When studying engineering materials, a conventional method is to classify them into the

following six classes, with members of each class having similar properties and forming processes

[7]:
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> Metals

» Polymers

> Elastomers

» Ceramics

> Glasses

» Hybrids

In terms of material classification based on their inherent properties, glass is similarly placed to
ceramics [7] as several of their behaviours are similar. Like metals, glasses have high moduli. They
are unique however as the non-crystalline structure suppresses plasticity, meaning they are hard,
brittle, vulnerable to stress concentrations and do not yield thus have no plastic region of failure
(Figure 2-6). Hybrids (or composites) are engineered elements that combine two or more materials
to extract the beneficial properties of other material classes while mitigating some of their
downsides. This description relates to sandwich structures and is relevant for laminated glass,

which is described later in this chapter.

Structural glass is most commonly of the soda-lime silica type. This is the least expensive
type of glass, whilst having high workability and chemical stability. Great improvements in quality
were achieved by changes to the raw materials over time, until synthetic materials could be
produced [4]. For example, Saint Gobain’s addition of up to 6% of lime increased moisture
resistance, and Schott’s addition of a small percentage of alumina improved chemical and
devitrification resistance [2]. The fabrication and automated manufacture methods are highly
efficient therefore it is easily produced in high quantities and to very high quality. Another common
type of glass is borosilicate, which includes boron-oxide in its fabrication. The boron-oxide
addition provides high resistance to thermal shock and a lower coefficient of thermal expansion

compared to common soda-lime silica glasses. Borosilicate glass is more difficult and costly to
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manufacture than soda-lime silica glass, so it is reserved for some special structural applications
such as fire and heat-resistant glazing. Further uses include optical and curved glasses, aircraft
exterior lenses, chemical laboratory glassware and household cookware. The chemical constituents

of soda-lime silica and borosilicate glasses are presented in Table 2-2 for comparison.

Table 2-2: Magnitude of the proportions by mass of the constituents of soda-lime silica and
borosilicate glass (BS EN 572-1:2004, BS EN 1748-1-1:2004).

Constituent Soda-lime silica glass Borosilicate glass
Silica sand SiO; 69 — 74% 70 —87%
Lime (calcium oxide) CaO 5-14% -

Soda Na2O 10 - 16% 0-8%
Boron-oxide B.0O3 - 7—15%
Potassium oxide K20 - 0-8%
Magnesia MgO 0-6% -
Alumina Al,O3 0-3% 0-8%
others 0-5% 0-8%

O)
o C

Si.

(@) (®) (©

Figure 2-5: Si elemental tetrahedron (a), SiO- crystal structure (b), SiO2 glassy structure (c) [2].

Glass is also unique in its chemical bonding structure. The glass structure is out of
equilibrium as it is obtained when a liquid is cooled in a manner that when passing melting
temperature, freezing happens instead of crystallisation. The final temperature is so low that the
molecules or atoms move too slowly to rearrange into a stable crystalline structure [2]. In silica

glass the silicon (Si) bonds to four different oxygen atoms, forming the SiO, tetrahedral structure
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(Figure 2-5). Differences in glass chemical composition play a significant role in the viscosity,

melting temperature and coefficient of thermal expansion.

2.2.2 Physical Properties and Behaviour

Some of the relevant physical properties and characteristics of soda-lime silica glass are presented
in Table 2-3. Glass is one of the few solid materials that transmits visible light. The high
transparency due to optical properties have made glass a highly sought-after structural material by
architects and sustainable building designers. This brings benefits to the occupied structure
extending further than aesthetics, such as passive solar light and heat gain - the same principle as
the ‘greenhouse effect’. The average refractive index » measures a ray of light as it travels from one
medium to another, is determined by the ratio between the speed of light in a vacuum and the lower
velocity of light as it travels through the glass material. On average for soda lime silica glass n =

1.5 which results in roughly 4% reflection of visual light per surface, giving a total of 8% per pane
[5, 6]. This is determined by the ratio between the speed of light in a vacuum and the lower velocity
of light as it travels through the glass material. These properties can be modified and improved as
required by modifying the glass thickness, proportion of chemical constituents and the type of

coating used.

Table 2-3: Physical properties and characteristics of basic soda-lime silica glass (BS EN 572-1:2004).

Characteristic Symbol Unit and numerical
value
Density (at 18 °C) p 2500 kg/m?3
Hardness (Knoop) HKo,1/20 6 GPa
Young’s modulus E 70,000 MPa
Poisson’s ratio v 0.2-0.24
Coefficient of thermal expansion a 910%K?
Specific thermal capacity Co 720 J kgt K?
Thermal conductivity A 1WmtK?
Average refractive index n 1.5
Emissivity € 0.837
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Figure 2-6: Stress-strain behaviour of glass vs steel [8].

As per Orowans rupture criterion, soda-lime silica glasses have extremely high theoretical
strength (up to 21 GPa), when they are examined simply from the atomic bonding [9]:
EC

oth=,—, 2.1
lo

where Ot is the theoretical cleavage strength, E is the Young’s Modulus (70 GPa), ( is the
surface energy (0.4 - 1 Jm?) and r,is the interatomic spacing (0.15 nm). The practical strength
however is significantly lower than the theoretical strength. Glass is heavily affected by
microscopic factors such as surface defects, stress concentrations and its own structure, as well as
macroscopic factors such as panel size, load rate and surface condition, all of which lower the
practical strength. Experiments were carried out in accordance with BS EN 1288-2 on 740 identical
6mm annealed glass samples at nine European factories [3]. The breakage stress was on average
found to be roughly 0.5% of the theoretical strength. The results also revealed that the coefficient of
variation of strength is around 25% higher than that of more common structural materials such as

steel or concrete.
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The high variance and unpredictability of glass breakage stress is primarily due to the
propagation of surface cracks due to stress concentrations. The earliest study on stresses around
elliptical holes was performed by C.E. Inglis [10], where he derived a generally applicable linear-
elastic solution to determine these. The pioneering work of A. A Griftith [11] resulted from a
limitation in Inglis method — in the case of a perfectly sharp crack, stresses approach infinity at the
crack tip meaning materials would in theory have near zero strength even against very small loads.
Griffith postulated that low strengths were related to pre-existing defects which harboured stress
concentrations. He performed the first energy-based analysis of glass fracture in 1920 founding the
field of fracture mechanics. Many other materials exhibit some inherent resistance against crack
propagation through grain or fibre interactions, and crack tip shielding may occur by phase

transformation or micro-cracking. Glass, however, does not exhibit these behaviours.

With the presence of cracks and surface flaws on the glass surface there are several other
factors that can exacerbate the issue. The sample size of glass factors into the practical strength, as
in larger samples there is a higher chance of surface defects being present. It only requires tensile
stress to reach a critical value at one crack tip to cause full rupture of the entire sample. Strength in
glass is also affected by the load rate — with longer load durations incurring greater loss of strength
as surface flaws grow with time when loaded [11]. This can be explained by increased moisture
levels causing stress corrosion, as water vapour forms alkali solutions which attack the silica
network. Basically, water vapour initiates corrosion at crack tips, then the crack tips sharpen
leading to greater stress concentrations and thus greater chance of failure. The more time spent
under tensile stress, the more time available for stress corrosion to occur. The compressive strength
of glass is significantly greater than in tension, and compressive stress does not result in crack
propagation or failure. Glass structural members are mostly thin and slender in nature and fail due
to buckling (e.g., the lateral-torsional buckling mode explained in Chapter 3), where tensile stresses
develop, and the critical tensile load is reached much faster than the critical compressive load.

Another factor that may reduce the strength of glass is the presence of ceramic inks in printed
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glasses, which are weaker than unprinted glasses. This effect propagates if there are more than one

ink on top of each other.

These conditions pose challenges in the fabrication, delivery, handling, and erection of
structural glass members, as care must be taken to prevent any edge and surface damage that may
weaken the glass. The means of connecting glass members is also a core design component, as
engineers cannot ignore stress concentrations unlike when designing with steel. Point fixings are
widely applied in glass structures such as facade and roof panels, by means of drilled holes,
clamping, embedded connections or adhesive connections. In clamped systems, stress
concentrations are of concern as a local load is being applied. Bolt holes expectedly serve as
structural weak points. Thermal pre-stressing is also an issue at bore hole locations, the degree to
which depends on the level of pre-stress and the hole shape [8]. Point fixings are commonly made
of stainless steel, and all direct steel-to-glass contact must be avoided. Protection to the glass
surface from points of contact can be achieved to a certain degree through rubber, plastic, or
aluminium bushes. Adhesive bonding is an advantageous alternative method to holed connections,
as these limit damage to the glass and stress concentrations from drilling. The load is also spread
over a wider surface area, reducing localised stresses. There is still a hesitancy in use however, as
less information on the long-term performance and performance under different environmental
conditions of adhesive connections is available. Several studies [12-16] have begun to address this,
however. A modern innovative solution involving embedded systems within laminated glass beam
and fin interlayers brings many improvements to glass connectivity. Current systems incorporate
metallic fittings into laminated glass, improving the distribution of applied loading between
connected glass components and the laminate, which increases load bearing capacity and reduces
the thickness of glass required. At present, many of these solutions are highly specialised, patent
protected and come with high cost. Again, however, researchers are actively studying this area [17-

20].

Another important physical characteristic of glass is its high flexibility. This may be

advantageous in some ways; however, it is also something that must be carefully considered in a
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structural context. Although glass can elastically deform to a great degree without any permanent
change of shape, there are acceptable limits of deflection that structural glass members must adhere
to. A main reason for this is fear of the occupant — the average person does not take well to the idea
they are in a structure that visibly deforms. The pre-normative glass design document [8] and
existing glass design standards have limits for several scenarios of glass, mostly relating to how

they are supported. Some of these are presented in Table 2-4.

Table 2-4: Design limits for deflection of structural glass by code.

Document Deflection limit Condition
BS 6262 L/125 (single), Allowable deflections of edges
L/175 (insulated) for 4 edge full supported glass
BS 5516 Single, (52*1000)/180 or 2 edge supported glass, where
50mm (less of) S=span (m) between supports
BS 5516 IGU, (S?*1000)/540 or 20mm 2 edge supported glass, where
(less of) S=span (m) between supports
ASTM E-1300-04 19mm Deflection of supported edges
less than L/175, L=length
AS1288-94 L/60 Deflection of unframed

toughened glass, L=length

Figure 2-7: Glass point-fixing with modern Figure 2-8: Embedded laminated connection
adhesive [13]. [18].
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As previously noted, annealed glass is entirely elastic in nature, with no plastic region of
failure observed under applied stress before full rupture of the member. This means it can retain all
its properties when loading subsides, so long as the glass is not fractured. However, this poses a
significant issue in monolithic annealed glass structural members. Firstly, from their single-layered
nature they will fracture instantaneously without any warning or post-failure redundancy - a vital
characteristic when avoiding catastrophic failure in structures by repairing a visibly damaged
member. Secondly, in the case of annealed glass this fracture occurs in the form of large, sharp
shards, posing an additional danger in occupied structures (see Figure 2-9). This has traditionally
made the engineer hesitant and overly cautious when designing glass structures. For this reason,
monolithic annealed glass members are avoided in glass structures. Thankfully, innovations in glass

processing have yielded high-strength structural glass types with properties in this regard.

2.3  Glass Processing and Strengthening

2.3.1 Popular Processing Methods

Glass is a highly workable material. After the main fabrication of flat glass takes place there are
many secondary processing methods available that can modify and refine the glass unit for desired

applications and properties. Some of the most popular methods and glass types are as follows:

» Edge cutting and finishing to remove edge damage and produce the desired size and shape

of panels.
» Curving for applications such as curved glass structures.
» Drilling for connective holes.

» Coatings to modify glass properties such as transparency, heat and light transmission, and

others.

» Surface modification for decoration, shading/tinting, privacy.
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» Heat soaking to reduce the risk of nickel-sulphide failure (explained further in section

2.3.3).

» Thermal and chemical treatment to improve the strength and breakage characteristics, also

known toughening or tempering (explained further in sections 2.3.2, 2.3.3).

» Lamination to produce composite glass members with enhanced properties (explained

further in section 2.3.4).

» Insulating Glass Units (IGU’s) — a multi-pane window with an internal gap filled with a
noble gas, which can be configured to modify heat loss, solar gain and acoustic

performance.

The methods most relevant to this research are described in more detail in subsequent sections.
One glass type that is not covered in subsequent sections is chemically toughened glass. To briefly
describe this method, annealed glass is dipped into an electrolysis bath which causes an exchange
of sodium ions on the glass surface to potassium ions. This allows less deformation than thermal
toughening methods and thinner sheets may be produced. The downsides are that the resultant
panes are less robust, and the method is significantly more expensive than the methods covered.
Another glass type not covered is wired glass, where embedded wires aim to act as reinforcements.
These may provide some improved post-failure redundancy to the glass unit, but they also act as

stress concentrations and promote crack growth.

2.3.2 Heat-Strengthened Glass

Heat-strengthened soda lime silica glass, also referred to as partially toughened or semi-tempered,
is glass within which a permanent surface compressive stress, additionally to the basic mechanical
strength, has been induced by a controlled heating and cooling process in order to give it increased
resistance to mechanical and thermal stress and prescribed fracture characteristics [21, 22]. Basic

annealed glass is heated to approximately 620 °C, then reheated to the same temperature and
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quenched by jets of cooled air to cool and solidify the surface. As the interior cools it attempts to
shrink applying tensile stress within, and in response increased compressive stress is induced on the
surfaces, ranging from 30 N/mm? to 50N/mm? [8]. As the interior of glass does not contain flaws, it
is safe to be subjected to this increase in tensile stresses. By the nature of heat-strengthened glass, it
is not possible to obtain a glass pane as flat as with basic annealed glass. It is also not
recommended to perform any cutting, drilling, edge working or surface finishing after the heat-
strengthening process as the risk of breakage is increased and glass may be immediately destroyed
[21, 22]. In the event of breakage, heat-strengthened soda lime silica glass fractures in a similar
manner to annealed glass, therefore the same safety issues arise in structures using monolithic
members. Heat-strengthened glass is however less susceptible to nickel-sulphide failure than

toughened glass, and therefore it is unnecessary to perform heat soaking (section 2.3.3).

2.3.3 Toughened Glass

Toughened soda-lime silica glass may also be referred to as thermally toughened, tempered or fully
tempered glass and also termed as thermally-toughened safety glass [3, 23]. For convenience, the
term toughened glass will be used herein. The process, as described in BS EN 12150-1, is mostly
the same as that of heat-strengthened glass. The main difference between toughened and heat-
strengthened glass is that toughened glass is cooled more rapidly. This induces the same effect of
cooling and solidifying the glass interior which causes it to shrink creating a tensile layer, causing
the glass surface to be compressed and thus less likely to failure in tension. The induced stress
profiles of heat strengthened, and toughened glass are displayed in Figure 2-10. This is more
profound in toughened glass than heat-strengthened glass, however. In the UK and Europe surface
compressive stresses generally range from 80 N/mm? and 150 N/mm? [3, 8], with the minimum
requirement being at least 75 N/mm?. The minimum requirement in the United States of America
per ASTM C1048-18 is at least 69 N/mm?[24]. The characteristic bending strengths of basic

annealed, heat-strengthened, and toughened glasses are presented in Table 2-5.
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The glass toughening process may be done by either of three processes:

» The horizontal process, where glass is supported by horizontal rollers and

transported through the toughening furnace

» The vertical process, where the glass is suspended by tongs

» The air cushion process in which the glass is supported by an air cushion with or

without additional rollers.

The horizontal process is the most common method in current times, where previously the
vertical process was used. Contact between the glass and horizontal rollers used in the toughening
process can cause roller wave distortion to the glass pane [23], meaning that less ‘flatness’ in the

final unit is achieved. BS EN 12150 also describes methods to measure these distortions.

The increased strength in bending of toughened glass is an obvious benefit. Arguably an
even greater benefit is found in the fracture characteristics, which are directly related to the amount
of surface compression induced by the thermal toughening process. In the case of failure,
toughened glass fractures into numerous small pieces with blunt edges. This is due to a greater
release of thermally induced stresses causing the fatal crack to progress rapidly, which bifurcates
and causes complete and virtually instantaneous fragmentation. Provided any applied surface
tensile stresses do not exceed the induced residual compressive stress, there will be no crack growth
and thus no failure. Fragmentation tests to BS EN 12150-1 standard can determine whether the
glass breaks in the described manner, and the amount of residual surface compressive stress
present. These tests are impact based using a pointed steel tool which impacts an undrilled, holed or
notched toughened glass pane, which is laid flat and unrestrained on a table, until breakage occurs
[23]. Assessment of fragmentation is then performed where a minimum count, minimum size and
shape of glass fragments must be met, and this can be used to estimate the surface compressive
stress. A more precise approach for design purposes that is also used at the quality control stage is

differential stress refractometry [3, 25] (DSR), which measures the twist of polarised light from the
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thin surface of glass from which the surface stress can be determined. The fracture characteristics of
toughened glass translate to enhanced safety in occupied structures as opposed to the breakage
mode of annealed and heat-strengthened glasses. Measuring the residual surface compressive stress
in toughened glass before structural application is crucially important to prevent failure due to

variations between assumedly alike glass members.

One concern of toughened glass that is negligible in basic annealed and heat-strengthened
glasses is the effect of inclusions and impurities, most notably nickel sulphide. All glass can contain
these impurities; however, nickel sulphide inclusions expand in size when heated over a prolonged
period and may cause instantaneous fracture. It may be difficult to identify the cause of
instantaneous fracture as being from nickel sulphide inclusions [26]. When fracture occurs through
this mechanism it does so in large clumps, however upon impact with the ground these will
fragment as toughened glass usually does. This is still relatively uncommon in toughened glass,
however in certain applications such as in primary structural members or experimental settings

where results reliability is vital it can be of relevance.

A treatment known as heat-soaking can be applied to significantly reduce the risk of nickel-
sulphide failure. The heat-soaking process prematurely subjects the nickel sulphide inclusions to
expansion. If the inclusions are great enough to cause failure at any time, they are most likely to fail
at this stage, rather than failing when installed in a structure or during experimentation [3]. A risk

analysis may be used to decide if heat-soaking is required for any individual project.

Table 2-5: Characteristic bending strengths of main glass types

Glass type Characteristic bending strength (N/mm?)
Annealed 45
Heat-strengthened 70
Toughened 120
29
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Figure 2-9: Fracture of main glass types: annealed (left), tempered (centre), laminate (right)
(www.brennancorp.com).
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Figure 2-10: Induced stress profiles of heat strengthened glass (left) and toughened glass (right)
(www.qdneoglass.com).

2.3.4 Laminated Glass

As discussed, engineers must achieve safety in glass structures to support the demand for highly
transparent buildings. The instantaneous failure mechanism of annealed and toughened glass in
monolithic form means these members are insufficient alone to provide the required redundancy.

For this reason, the use of laminated glass is greatly preferred in load-bearing applications.

Laminating is the process in which two or more panes of glass are bonded by means of a
viscoelastic interlayer (). This is beneficial in structures as in the case of breakage the interlayer
serves to retain glass fragments, offering enhanced residual redundancy post failure and reducing
the risk of injury due to falling glass, cutting or piercing [7]. In the case of framed laminated glass

panels, however, there is a chance the broken panel may fall from the frame when mounted
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horizontally if all glass panes are of the toughened type. As the interlayer is viscoelastic in nature it
has both viscous and elastic characteristics. Shear flow and strain are resisted linearly when stress is
applied (viscous), while time-dependent strain is exhibited when the interlayer is stretched, then
returns to its original shape when loading subsides (elastic). The bonded glass panes making up the
laminated structure can be either basic annealed or of a toughened type, or a combination of both

depending on the application.

Understanding the behaviour of such composite glass-based structures is significantly
different to monolithic members due to the high degree of variance in behaviour between the
interlayer material and glass. There are seven established interlayer materials that are being used in

laminated glass at present, split by common lamination methods, sheet and resin:

Sheet laminates

» Poly vinyl butyral (PVB), including modern variants like Saflex DG41 produced from

plasticised PVB
» Ethyl vinyl acetate (EVA)
» Polyester (PET) when in a PVB-PET-PVB sandwich

» Tonoplast: most notably DuPont’s SentryGlas (SG) / SentryGlas Plus (SGP)

Resin laminates

» Thermoplastic polyurethan