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ABSTRACT

Glass is a material that is used in many different industries 
nowadays, including digitalisation, telecommunications, 
transportation, and architecture. Despite being widely 
used, the manufacture of flat glass presents serious 
environmental issues because to its energy-intensive 
methods, such as the Float method. 

Glass recycling and reuse have been explored to mitigate 
these environmental impacts. Incorporating cullet, or 
recycled glass, into manufacturing processes has shown 
substantial reductions in energy consumption and CO2 
emissions (Bristogianni & Oikonomopoulou, 2023a). 
However, challenges such as financial, infrastructural, 
and technical limitations hinder the increased use 
of cullet, especially from post-consumer sources. 
(Bergmann, 2020).

Creative thinking is essential to overcome these 
challenges. In line with the EU’s zero C&D waste goals, 
researchers aim to maximise the use of recycled 
glass in building construction through experimental 
testing and analysis (Geboes et al, 2023). Various 
approaches to reusing waste glass in construction 
are under investigation by research organisations like 
Delft University of Technology (Inano et al., 2023). 
Methods such as casting allow for volumetric designs 
and can accommodate higher levels of impurities and 
contaminants. Since Float glass typically breaks due to 
surface imperfections and flaws, enhancing surface 
quality is crucial while the bulk can tolerate lower quality. 
This concept has led to the development of composite 
panels, where the surface contains higher purity cullet 
and the bulk contains lower purity cullet (Bristogianni 
& Oikonomopoulou, 2023a). Composite constructions 
enhance structural performance by integrating purer 
pre-consumer glass on the surface with post-consumer 
glass in the bulk (Matskidou, 2022).

Despite these advancements, there is still a significant 
gap in understanding the optimal ratio between 
the surface and bulk layers to achieve the best 
structural performance while maximising recyclability. 
Furthermore, the specific material compositions for both 
the surface and bulk layers remain unknown. Current 
research aims to address this gap by investigating 
the impact of various factors, including glass material 
composition and the thickness of both surface and bulk 
layers, on the performance of composite glass panels. 
(Bristogianni & Oikonomopoulou, 2023a). 

Research on glass casting and recycling is essential for 
sustainable development since it presents viable answers 
to environmental problems facing the building industry. 
This study focuses on experimental methods that are 
essential to the advancement of casting and glass 
recycling. 

The research aims to increase glass recycling operations 
through investigations into experimental variables using 
cast glass recycled beams, conducting mechanical and 
microscopic tests, and optimising mechanical behaviour. To 
better understand structural behaviour, the experimental 
methodology includes testing both homogeneous and 
composite glass beams. In order to maximise surface-to-
bulk ratios, various material compositions of surface and 
bulk and layering techniques are investigated. Techniques 
for both mechanical and microscopic validation are used 
to assess beam performance and to understand variables 
affecting structural integrity.

Recycled Composite Cast Glass Panels made of C&D waste 
are an example of a new solution for sustainable building 
applications that can be produced by improving beam 
configurations and understanding material behaviour. 
This helps the building construction industry make the 
shift to a circular economy.

In conclusion, recycling and reusing glass are essential 
steps toward building a sustainable future. The industry 
can overcome current obstacles and maximise the 
potential of recycled glass to mitigate environmental 
impacts and promote circularity in glass production 
and consumption through innovative technologies and 
research initiatives such as recycled cast glass composites. 
(Oikonomopoulou et al., 2023).
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Composite glass beams

Circular economy

Innovative recycled building application
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01 | INTRODUCTION TO THE RESEARCH

1.1 Background
Glass, an essential component of contemporary life, 
is widely used in many different industries, including 
digitalisation, telecommunications, transportation, 
and architecture. It benefits both high-tech uses and 
reasonably priced mass-produced goods. Designating 
2022 as the ‘International Year of Glass’, the UN 
recognised the significance of glass and its role in a 
sustainable future (Oikonomopoulou et al, 2023).

According to Hubert (2019), in “Industrial Glass Processing 
and Fabrication,” the output of flat glass worldwide 
reached 44 million tonnes in 2007, with architectural 
flat glass accounting for 70% of this total. Lendager 
and Pederson (2020) draw attention to the tendency 
of replacing end-of-life glazing with contemporary IGUs 
in order to comply with energy regulations. This has 
resulted in a notable rise in the amount of glass used in 
each window. (Geboes et al, 2023).

A GWP of 1.13 kg CO2-eq is produced during the 
manufacturing of flat glass, particularly through the 
energy-intensive Float process, which uses 1.2 kg of raw 
materials for every kilogramme of glass produced. The 
complex production process and the large supply of raw 
materials are to blame for this significant environmental 
effect. Adding cullet to the melting batch, however, 
greatly lessens this effect. Cullet usage maintains 
natural resources and lowers energy use and emissions 
at production facilities by saving 1.2 tonnes of raw 
materials and 0.3 tonnes of CO2 emissions per tonne 
utilised (Bristogianni & Oikonomopoulou, 2023a; Glass 
for Europe, 2013). Moreover, 3% less energy might be 
used during the melting process if 10% cullet is added 
(Bergmann, 2020; Geboes et al., 2023).

According to Hartwell et al. (2023), using cullet in place 
of all primary raw materials in the manufacture of flat 
glass might result in a 27% overall energy savings and a 
41% decrease in emissions, from the procurement of raw 
materials to the manufacturing of uncoated flat glass. But 
at the moment, just a third of the batch used to produce 
flat glass is made up of secondary raw materials, mostly 
leftover from internal manufacturing. (Geboes et al, 
2023).

Even though glass is highly recyclable, in the Netherlands, 
only 9.3% of collected Float glass is successfully recycled 
back into the original product. This draws attention to 
a big problem: Glass waste  from consumers is still a 
significant problem that has to be addressed. (Vlakglas 
Recycling Nederland, 2022). 

Glass is 100% recyclable in reality, although recycling 
rates are actually far lower (Figure 04). The majority of 
glass items, such as glass used in architecture, are either 
recycled or end up in landfills. In the Float glass business, 
closed-loop recycling is mostly restricted to pre-consumer 
cullet. The chances of recycling glass back into glass grow 
more difficult after it is sold to consumers. When a glass 
approaches the end of its lifespan, it usually ends up in 
a container (Figure 05). (Oikonomopoulou et al., 2023).

Glass companies have set goals to become carbon 
neutral by 2050 (Rijksoverheid, 2023a, 2023b; 
Schuttelaar & Partners, 2018). However, obstacles like 
limited infrastructure, different glass compositions, 
and degradation of thin-walled glass products during 
recycling still need to be addressed (Bristogianni & 

Oikonomopoulou, 2010). It is clear that circularity is 
essential to the manufacture of glass. Reusing glass 
that has been used previously, especially if it has a good 
surface quality, seems like a potential (Rota et al.,2023). 
Investigating the world of reuse options becomes 
more crucial given the complex difficulties involved in 
recycling glass. As a result, well-known organisations like 
Delft University of Technology are taking action early. 
To determine whether various waste glass types—from 
borosilicate to soda-lime silica—are viable as building 
materials, they are closely analysing them. (Inano et al., 
2023)

Glass is completely recyclable in theory, but its 
widespread usage for building purposes is limited by 
difficult disassembly processes and adhesive and coating 
contamination. Furthermore, most facilities only handle 
container glass, leaving Float glass in need of proper 
facilities for collection and treatment. Although glass 
may be recycled indefinitely in theory without losing 
quality, this is not always the case in practice. Recyclers 
mostly come from specialised businesses and only very 
little gets recycled. Because cast glass units can handle 
larger impurities and use waste glass as a raw material, 
they’re offering a solution. (Bristogianni et al., 2019).

A interesting possibility for local recycling is casting, 
which enables small-scale glass casting businesses to get 
involved without having to make major changes to their 
current setup. This strategy takes care of CO2 emissions, 
waste collection, transportation, and related expenses. 
(Bristogianni & Oikonomopoulou, 2023a).

Effective recycling and reuse are severely weakened by 
the glass’s linear lifespan, which includes difficulties with 
contamination and difficulties returning components to 
their original location. Findings by Datsiou and Overend 
(2017), which point to a decline in old glass’s strength 
that is specifically connected to surface degradation, 
intensify this condition even more. Furthermore, studies 
by Rodichev and Veer (2010) and Afolabi et al. (2016) 
delve further into the relationship between weathering 
and glass strength, demonstrating a significant variation 
across various types of glass. While these studies provide 
insight into the nuance of glass degradation, differences 
in sample quantities and testing protocols might make 
direct comparisons difficult. (Rota et al, 2023).

Together, these components highlight how difficult 
it is to recycle and reuse glass in an effective way. This 
circumstance highlights the need for comprehensive 
strategies to address these complex issues and highlights 
the need for creative and comprehensive solutions in the 
area of glass recycling and reuse. (Bristogianni, 2022)
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Fig. 1 Illustration of the
production and recycling of
glass cullet in EU28 in 2017
based on approximate
numbers as provided by
(Rose and Nothacker 2019;
Hestin et al. 2016)

However, despite the common notion that glass is
100% recyclable, at present, only the container glass
industry, accounting for ≈ 62%/22 Mt of the EU28
glass production (Harder 2018), implements successful
closed-loop glass recycling with an average recycling
rate of 76% within the EU28 (FEVE 2016, 2019).1 For
the remaining types of glass waste (≈38%/13.5 Mt of
the total glass production within EU28 (Harder 2018)),
the closed-loop or glass-to-glass recycling rate is, at
present, remarkably less (see Fig. 1). Specifically, in
the flat glass industry (≈ 10.2–10.8 Mt annual pro-
duction), which includes the Construction & Demoli-
tion (C&D) and automotive sector, end-of-life, post-
consumer, glass is seldom recycled back into flat glass
products; instead it is moderately down-cycled to glass
bottles, processed into low-value products or land-
filled (Hestin et al. 2016). Even in the Netherlands,
where, through the establishment of the nationwide
Foundation “Vlakglas Recycling Nederland” (VRN),
the highest percentage of recycling C&D glass (80%)
is achieved, the majority of the collected glass is either
down-cycled into bottles (42.8%), or processed into
aggregates and insulation products such as glass wool
(41.2%). Only 7.5% of the collected float glass is recy-
cled back into the same product in the Netherlands
(Vlakglas Recycling Nederland 2020).

Other glass products result mostly in glass waste,
either because they follow different compositions than
soda-lime or because they present a high degree of
contamination. These include household utensils and

1 According to (FEVE 2020) glass is the most recycled closed-
loop packaging material in Europe.

appliances (e.g. tableware, ovenware, mirrors), build-
ing waste (eg. glass tiles), electronic waste (e.g. light
bulbs/tubes, mobile phone screens, Liquid Crystal Dis-
plays, solar panels, Cathode Ray Tubes) and indus-
trial/laboratory waste, to name a few (see Table 1).
The systematic recovery and recycling of such glass
products in a closed-loop manner is seldom observed.
With the exemption of a few successful cases, such as
the energy-saving lamp recycling in NL by Stichting
LightRec and Wecycle, the recycling percentage of this
vast variety of glass products back to glass is close to
zero. In essence, glass waste, particularly originating
from the post-consumer phase, remains a significant
and unresolved problem.

3.2 Principal challenges in recycling glass (other
than containers)

The limited closed-loop recycling of non-packaging
glass can be attributed to several factors that can be
grouped under (i) the supply-chain barrier and (ii) the
technical barrier.

3.2.1 Supply-chain barrier

The supply-chain barrier concerns the logistics and leg-
islation involved in collecting, treating and recycling
glass products; accordingly, it mainly refers to external
glass cullet. To this end, the main challenges revolve
around the widely variable legislations, recycling man-
dates and waste management plans per country and the
lack of a recycling-back-to-glass provision and prop-
erly organized collection, sorting, treatment & recy-
cling schemes for glass other than (soda-lime glass)
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(a) (b)

Figure 05: (a), (b) Glass waste from Octatube was being placed in a container

Figure 04: Illustration of the production and glass cullet in EU28 in 2017 (Bristogianni & Oikonomopoulou, 2023)
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1.2 Problem statement
Building material production in the construction sector 
uses a lot of energy and raw materials, which has a big 
impact on the environment and produces a lot of CO2 
emissions. According the European Commission, Graeme 
DeBrincat (2023) highlights the environmental and 
waste management problems faced by the C&D sector 
by pointing out that it is one of the largest and most 
voluminous waste streams in the EU.

In response to environmental issues, mainly the need 
to cut CO2 emissions, the EU is moving closer to a 
closed-loop economy and a zero-waste building sector. 
Significant legal changes are taking place in parts of 
Belgium, such as Flanders, with the goal of moving 
away from traditional waste management and towards 
sustainable material utilisation by 2025. According to 
Geboes et al. (2023), the building industry accounts for 
20–30% of all waste produced in Europe, making it a 
key player in this transformation. In accordance to the 
European Commission, this change is in line with the 
EU’s goal of becoming carbon neutral by 2050 and the 
European Green Deal. The significance of Bristogianni 
& Oikonomopoulou (2023a) and Rijksoverheid (2023a) 
efforts for sustainable growth in the building sector is 
highlighted.

Glass is becoming a crucial component in the EU’s efforts 
to create a closed-loop economy and a zero-waste 
construction sector. The material’s potential stems from 
its predicted ability to be recycled indefinitely into new 
glass products with no material loss and substantial 
energy benefits (Oikonomopoulou et al., 2023). Using 
cullet, or recycled glass, results in significant cost savings 
since less energy and raw materials are required:

Using cullet reduces the amount of waste that 
accumulates and the requirement to extract 
new raw materials. Remarkably, 1.2 tonnes of 
raw materials are saved for every tonne of cullet 
utilised, including 850 kg of sand (DeBrincat & 
Babic, 2023; Surgenor et al., 2018).

The energy consumption for glass production 
drops by 2.5–3% for each 10% addition of cullet 
incorporated into the melting batch. Additionally, 
the CO2 emissions associated with melting the 
glass are reduced by 300 kg for every tonne of 
cullet used (Hartwell et al, 2023).

Because the batch is less corrosive and requires 
lower melting temperatures, glass melting furnace 
lifespans can be increased by up to 30%. This 
increases the furnace’s durability and efficiency. 

These advantages demonstrate glass’s value and 
sustainability (Bristogianni & Oikonomopoulou, 2023a). 

There are many obstacles facing the glass recycling 
industry today, especially in the flat glass sector that 
includes automotive and architectural glass. Once on the 
market, architectural glass is rarely recycled into other 
items of a comparable nature. Rather, it’s frequently 
disposed away in a landfill or down-cycled into less 
valuable materials (Oikonomopoulou et al., 2023). An 
explanation of this problem is provided in paragraph 4.2, 
“Glass recyclability.”

Only 10–25% of cullet, mainly internal or pre-consumer, is 
usually used by flat glass makers in the UK; post-consumer 
flat glass accounts for less than 1% of new output. Flat glass 
recycling needs to be free of contaminants; DeBrincat et 
al. (2018) and Geboes et al., (2023) have drawn attention 

to this difficulty, pointing out that even little amounts 
of contamination can result in large production losses. 
According to Bergmann (2020), recycling is more difficult 
when coatings or lamination are used, even though 
production waste can be readily reintroduced.

These difficulties are increased by coated glass, which 
is recyclable, and laminated glass, which needs the 
layers to be separated for recycling. As noted by Graeme 
DeBrincat (2023), glass is currently kept out of the 
recycling loop by ceramic frits. Additionally, problems 
with glass waste management are made worse by public 
ignorance of recyclable glass products.

Cullet utilisation in flat glass production is limited by 
technical, infrastructural, and financial constraints 
because just a small percentage is recycled back into the 
production of flat glass, suggesting a considerable gap in 
completing a closed-loop system. Sustainable recycling 
is made more difficult by the industry’s unwillingness 
to use external, post-consumer glass cullet, primarily 
because of strict quality criteria. Bergmann (2020) 
highlights that in order to guarantee sustainability and 
environmental considerations from the beginning, an 
end-of-life strategy must be implemented throughout 
the product development stage.

The difficulties in recycling glass that have been brought 
to light underscore the need for creative, worldwide 
appropriate solutions that can handle compositional 
changes and increased contamination levels. The 
utilisation of glass waste as a main component for final 
products is essential to this. This endeavour is led by TU 
Delft’s research on volumetric glass components cast 
from waste glass (Figure 06). This adaptable method 
works well for recycling post-consumer glass, providing 

thick-walled, solid, or durable components even in cases 
when contamination levels are higher. It uses glass that 
has been recycled “as-is” from consumer products, saving 
labour and energy in the process of treating it or removing 
unnecessary materials. (Bristogianni, 2022; Bristogianni 
& Oikonomopoulou, 2023a; Bristogianni et al., 2018). 

Significant benefits of the casting technique are 
its adaptability, its ability to include various glass 
compositions, and its higher failure tolerance. The Four-
point bending test is a technique used in TU Delft’s 
research to provide a thorough understanding of the 
flexural behaviour of different glass specimens. It entails 
investigating cast glass’s advantages in terms of both 
structure and aesthetics. Figures 06 and 07 show how it 
is configured. (Bristogianni et al., 2021). Although kiln-
casting post-consumer glass yields lesser quality, it can be 
improved by using composite techniques (see “TU Delft 
casting research” in Chapter 5, which goes into additional 
depth). (Bristogianni & Oikonomopoulou, 2023a).

Matskidou (2022) suggests casting C&D glass waste into 
composite glass components as a way to use it. These 
parts are intended to be composed of a higher-quality 
glass surface and a core made of lower-grade post-
consumer glass waste. Remarkably, there is a noticeable 
difference in bulk between the outside and inside of every 
single glass fragment. The bulk acts as a kinetic barrier 
to prevent crystal formation since it has a high viscosity 
and generally stays cooler. On the other hand, the outside 
heats up more quickly, which causes a decrease in 
viscosity that makes fusion with nearby shards easier. The 
observed crystallisation in these places can be explained 
by the fact that the reduced viscosity facilitates the 
production of crystals. (Bristogianni et al., 2018)
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Fig. 29 Wide range of kiln-cast glasses evolved from the recycling of various different glass waste streams. Systematic validation is
required to identify the mechanical properties and quality grade of each recycled cast glass and provide the industry with design data

Fig. 30 Structural cast glass components out of different glass
waste streams, to be used in an interlocking wall system

glass compositions and can tolerate a higher rate of
contamination, especially in their bulk.

Experimental exploration of the feasibility of this
alternative recycling route involved the kiln-casting at
relatively low forming temperatures (750–1200 °C) of
a variety of commercial glass compositions, includ-
ing soda lime silica, borosilicate, aluminosilicate and
lead/barium glasses, containing different levels of cul-
let contamination, of embedded (e.g. frit, wire) or exter-
nal (e.g. stones, glass ceramics) character. The glass
cullet types were assessed based on their recycling ease,
and on the strength and defects of the glass that would
result from their kiln-casting at a temperature just above

their liquidus point. A broad range of material qualities
resulted from this experimental investigation.

Lower viscosity glasses, such as lead silicates, Ba/Sr
silicates and C-Fiber glass facilitated the most the
recycling process, followed by the float soda lime sil-
ica glass family. Glasses with low alkali content (e.g.
borosilicates) or a high content of aluminium oxide
(e.g. Aluminosilicates, E-fibers) required higher tem-
peratures for their recycling back to glass, imposing
challenges to the kiln-casting process, such as mould
corrosion or increased energy demands. The chem-
ical composition also played a role on the strength
of the recycled components, with lead silicate glass
showing the lowest flexural strength (35.5 MPa) -
among fairly homogeneous glass specimens produced
from pre-consumer cullet, and C-fiber glass the highest
(73.4 MPa). Pre-consumer float soda lime silica glass
ranged from 45.7 MPa to 63.3 MPa according to com-
positional variations. The strength of glass was reduced
in the case of post-consumer glass waste recycling.
As an indication, automotive glass presented a flexural
strength of 30.1 MPa. In fact, catastrophic or highly
weakening contaminants such as glass ceramics, for-
eign glass compositions of lower CTE, and CSP, were
all found to be of external character and encountered
in the post-consumer glass waste streams. Embedded
contamination (e.g. coatings, fritting) resulted mainly
in tolerable or negligible defects of gaseous or glassy
character, with the exception of metal wiring (in wired
glass) and dark-frit. Although the latter two did not
impact the integrity of the component, degradation
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Fig. 27 Composite kiln-cast component consisting of a clear soda lime silica zone and a heavily contaminated zone from a poorer
quality post-consumer soda lime silica powder (b). The layering of the glass component is achieved by structuring the different glass
sources inside the investment mould based on their viscosity and size (a). c Close-up of the pure to contaminated glass transition; high
population of crystals is detected in the contaminated zone that are tolerable if situated in the bulk

Fig. 28 Composite kiln-cast components showing abrupt and gradient transitions between opaque or dark tinted and clear glass

recycling into a challenging and economically non-
attractive process. The refusal of glass producers to
accept recycled cullet reinforces the problem. From a
technical perspective, contaminants in the cullet can
cause stress concentrations or optical blemishes in thin-
walled, highly homogeneous glass products that render
them unsuitable for use. Removing these contaminants
is often infeasible (e.g. adhesives, lamination, fritting,
colour) or technically strenuous (e.g. coatings, metal

frames), diminishing the environmental and financial
benefits of recycling cullet. In addition, further con-
tamination occurs (e.g. metal, CSP, glass ceramics) as a
result of the disposal and sorting process of glass waste,
which downgrades the quality of the cullet. Many of the
above obstacles can be circumvented if an alternative
recycling path is adopted, which involves the recycling
“as is” of glass waste into voluminous cast glass com-
ponents. Such components can be cast from different
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Figure 06: Wide range of kiln-cast glasses evolved from the recycling of various different glass waste streams. 
(Bristogianni & Oikonomopoulou, 2023)

Figure 07: Composite kiln-cast components showing abrupt and gradient transitions between opaque or dark tinted and 
clear glass. (Bristogianni & Oikonomopoulou, 2023)



21.20. Recycled Composite Cast Glass Panels made of C&D waste, Assessing the Structural Performance Master thesis_TU Delft_ Architecture, Urbanism and Building Sciences_Building Technology

1.3 Research question

1. 

2. 

3. 

4. 

5. 

1.3.1 Main research question

1.3.2 Sub questions
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6. 

7. 

8. 

9. 

10. 

Shelby (2005) pointed out that glasses’ fracture strengths 
usually fall short of their theoretical values. It is more 
helpful to think of fracture strength as a distribution 
function as opposed to a single characteristic value 
for a given glass composition. The primary cause of 
this decrease in strength is surface imperfections that 
seriously jeopardise the glass’s integrity.

Matskidou’s research (Figure 08) looks at different 
waste combinations, sizes and types of cullet, mould 
technologies, and firing schedules. According to the 
studies, these composite panels need impact testing 
is advised to learn more about their mechanical 
characteristics (Matskidou, 2022). While this strategy 
seems promising, there is still a lack of comprehensive 
knowledge on how it affects structural performance, 
especially when it comes to the geometry and the 
material compositions. The ratio between the surface, 
which has a higher purity of cullet, and the bulk, which 
has a lower purity of cullet, is unknown. Additionally, the 
material composition of both the surface material and 
the bulk material is unknown.

The structural performance of composite glass panels 
generated from C&D glass waste has been found to 
be poorly understood. This study attempts to fill this 
knowledge gap by focusing on the impact of geometrical 
parameters, such as layer thickness, and material 
compositional parameters in the core and at the surface. 
According to Matskidou (2022), this field is important but 
has not received enough attention, particularly in view of 
the EU’s zero-waste building objectives. This study uses a 
Four-point bending machine for mechanical testing in an 
effort to improve the strength of recycled post-consumer 
glass that is kiln-cast. To test the structural performance, 
multiple cast beams of C&D waste will be produced. 
In order to assess the impact of these variables on the 
mechanical properties of the beams, the experimental 
approach described in Chapter 6.1: Experimental 
variables, will primarily focus on varying the ratio of post-
consumer to pre-consumer glass and layer thicknesses. 
The work of Bristogianni and Oikonomopoulou (2023a) is 
incorporated into this study.
 

The primary goal of this thesis is to advance a sustainable 
building construction application that is in line with the 
EU’s circular economy and zero waste aims. This study 
intends to investigate the feasibility and effectiveness of 
implementing C&D waste glass in the manufacturing of 
structural glass panels (to test the structural performance, 
beams will be used) given the underutilised potential of 
recycled glass, especially from flat glass used in building. 
In order to comply with the circularity requirements 
of the EU and aid in the decrease of CO2 emissions 
and energy usage, the following research issue will be 
investigated in this study:

“What is the effect of the different parameters in respect 
to the geometry and glass composition of composite 
cast glass beams to their overall structural performance 
made out of C&D flat glass waste?”

Sub-questions that explore into the different aspects of 
recycling flat glass for building construction usage will be 
investigated in order to fully address the thesis’s main 
research question:

What are the main practical implications and 
limitations of recycling C&D glass elements?

How can casting be utilised in the manufacturing 
of glass panels for built environment applications, 
specifically in transforming C&D glass waste into 
reusable cast glass products for facade envelopes, 
and what are the advantages and limitations of this 
method?

Which glass composition family group is the most 
promising in the creation of recycled glass beams?

How do variations in geometrical parameters, 
specifically the surface-bulk thickness, affect the 
structural performance of recycled composite C&D 
cast beams?

How does temperature affect the homogeneity 
and structure of the composite panel, particularly 
regarding the viscosity of molten glass, the cooling 
process, and the annealing schedule?

How do different flaws/defects in glass, such as 
inclusions, crystallization, infolds and machining 
manifest in the beams created from recycled 
glass, and how do they impact the structural 
performance?

What information does the crack pattern provide 
about the properties of the glass beam?

How can recycled C&D waste beams be optimised 
using experimental research?

Is there an optimum balance between class B and 
C waste for achieving structural performance while 
maximising material recyclability? 

How should a created panel be reintegrated into the 
building market after its production from recycled 
materials?

The purpose of these sub questions is to provide insight 
into the complicated workings of glass recycling in the 
building industry with a focus on structural, practical, and 
environmental factors.

1.4 Objective and boundary conditions
1.4.1 Boundary conditions

This thesis examines the structural performance of a 
novel recycled cast glass panel that is made entirely of 
C&D (float) glass waste and is designed to be used in 
load-bearing façades. The main goal of this research is 
to make closed-loop recycling possible. The study will 
take place at the Stevin Lab II glass lab facilities, where 
many C&D (float) glass waste beams will be produced and 
put through a series of tests in order to assess structural 
performance criteria.

1. 

2. 

1.4.2 Design objectives

Creation of recycled glass panel: 

Focusing on the possibility of closed-loop 
recycling, develop and produce recycled cast 
glass beams from C&D (float) glass waste.

Testing parameters: 

Perform comprehensive Four-point bending tests 
on the produced C&D glass cast beams in order 
to:

Evaluate the structural equilibrium between 
minimising material degrading to landfills and 
performance.

Examine the differences in structural performance 
between a homogeneous cast beam and a 
composite beam.

How does a composite C&D beam compare with a 
homogeneous C&D beam of similar external glass 
quality in terms of structural performance?

11. 
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03|	EXPERIMENTAL	FINDINGS	CONCLUSION	
	
The	main	objectives	of	the	current	experimental	research	are	first	to	point	out	the	different	combinations	that	
can	create	a	composite	panel	fully	made	by	C&D	glass	waste,	as	a	cast	glass	element	for	building	applications,	
and	secondly	utilizing	tools	and	methods	to	evaluate	and	verify	the	product’s	performance.	An	overall	approach,	
which	intends	to	highlight	the	promising	latent	qualities	of	rejected	flat	glass	waste	in	new	the	same	product.	A	
material	that	is	proved	through	the	experiments	valuable	but	is	still	considered	as	waste	and	almost	consistently	
is	kept	out	of	the	recycling	loop	of	glassmaking.	
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FIGURE	03.32	|		
Produced	samples	during	the	experimental	research.	

(a)	Samples	collection,	(b)	process	evolution	findings	for	the	production	of	the	composite	tile	with	CSP	mixed	cullet,		
and	(c)	Side	view	on	the	a	post-processed	composite	panel.	

	
Various	attempts	have	been	implemented	to	point	out	the	potentialities	of	float	glass	waste,	establishing	a	
direction	for	future	research	and	experimentation.	The	approach	was	achieved	through	numerous	firing	test	
results	in	relatively	low	temperatures	compared	to	the	float	glass	industry,	varying	from	1000	to	1120°C	as	a	
more	sustainable	and	efficient	strategy.	The	outputs	were	evaluated,	firstly,	according	to	their	viscosity,	and	
fluidity	of	the	individual	streams	with	cullet	of	all	the	different	purity	grades,	coming	from	the	recycling	facilities	
of	glass,	and	then	on	their	compatibility	of	the	combination	of	cullet	classes	on	the	composite	samples.	The	
obtained	experimental	results	are	influenced	in	particular	by	specific	factors	related	to	the	recycled	cullet	
composition	and	contamination	conditions,	the	given	particle's	size	of	the	used	cullet,	and	the	undivided	effects	
resulting	from	the	established	firing	settings,	while	limitations	are	observed	from	the	utilized	molds	as	an	
interaction	incidence	with	some	powder	samples	that	may	arouse	glass	contamination.	All	and	each	of	the	
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(a)	Samples	collection,	(b)	process	evolution	findings	for	the	production	of	the	composite	tile	with	CSP	mixed	cullet,		
and	(c)	Side	view	on	the	a	post-processed	composite	panel.	

	
Various	attempts	have	been	implemented	to	point	out	the	potentialities	of	float	glass	waste,	establishing	a	
direction	for	future	research	and	experimentation.	The	approach	was	achieved	through	numerous	firing	test	
results	in	relatively	low	temperatures	compared	to	the	float	glass	industry,	varying	from	1000	to	1120°C	as	a	
more	sustainable	and	efficient	strategy.	The	outputs	were	evaluated,	firstly,	according	to	their	viscosity,	and	
fluidity	of	the	individual	streams	with	cullet	of	all	the	different	purity	grades,	coming	from	the	recycling	facilities	
of	glass,	and	then	on	their	compatibility	of	the	combination	of	cullet	classes	on	the	composite	samples.	The	
obtained	experimental	results	are	influenced	in	particular	by	specific	factors	related	to	the	recycled	cullet	
composition	and	contamination	conditions,	the	given	particle's	size	of	the	used	cullet,	and	the	undivided	effects	
resulting	from	the	established	firing	settings,	while	limitations	are	observed	from	the	utilized	molds	as	an	
interaction	incidence	with	some	powder	samples	that	may	arouse	glass	contamination.	All	and	each	of	the	

(a)

(b) (c)

Figure 08: Tiles made of C&D waste during the thesis of Isidora Matskidou (Matskidou, 2022)
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5. 

1.4.3 Overall goal
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3. Examine the effects of changing geometrical 
parameters between the different glass grades 
(B and C) in the composite beam, such as the 
bulk-surface ratio.

Assess how the structural integrity of the recycled 
glass material is affected by intrinsic flaws.

Examine how the structural performance is 
affected by a different temperature schedule.

Examine the feasibility and advantages of 
incorporating larger amounts of class C cullets 
into newly manufactured cast glass panels in 
order to support a more circular economy in 
glass recycling methods.

Mechanical and microscopic evaluation: 

Examine structural variations using a four-point 
bending machine to understand the structural 
performance differences between beams of 
homogeneous and composite cast glass, and then 
subject them to the cast glass at a microscopic 
level.

This study’s main goals are to identify the mechanical 
and microscopic differences in structural behaviour and 
to thoroughly assess how composite cast glass beams 
affect structural performance. The goal of this research is 
to promote a more sustainable and circular economy in 
(float) glass recycling procedures while offering insights 
into how to improve the acceptability of recycled cast 
glass panels for loadbearing façade applications.

1.5 Methodology
In order to accomplish its main goals and respond to the 
research questions identified, this thesis uses a mixed-
methods methodology. The approach is divided into five 
main stages, each of which is vital to the direction of the 
investigation. The coming sections go into detail about 
these stages. In addition, the overall research framework 
is depicted in Figure 10.

1.5.1 Part 1 Introduction 

An thorough summary of the research is given in this 
part, starting with the background information on glass 
recycling. It presents the problem statement, emphasising 
the obstacles that still need to be overcome before glass 
may be fully recycled. This is used to identify the research 

gap, which then helps to formulate the main research 
question and any related sub-questions. After that, the 
study’s goals and limitations are outlined. A thorough 
description of the technique that outlines the sequential 
processes needed for the research follows here. This is 
followed by an overview on how the research is planned. 
The study’s societal and scientific importance is finally 
discussed.

1.5.2 Part 2 Theoretical framework

A thorough explanation of glass is given in this 
part, covering its common types, behaviours, and 
manufacturing techniques. After that, the topic of glass’s 
mechanical characteristics is covered. The discussion 
next turns to the glass units’ service life and end-of-life 
issues, and then it looks into the possibility of recycling 
glass. After highlighting the situation of glass recycling 
at the moment, the treatment procedures for C&D glass 
waste are looked at. There is additional information on 
the uses and possibilities of glass cullet.

This section’s last chapter examines how casting 
techniques might improve glass’s capacity to be recycled. 
This contains a summary of the casting projects that TU 
Delft has completed thus far. The benefits of use casting 
to recycle C&D glass waste are then discussed. The 
potential of composite cast glass is finally highlighted, 
underscoring its importance in relation to glass recycling.

1.5.3 Part 3 Design and experimental validation of cast 
glass made of C&D waste

The experimental methodology is presented in this 
section, along with a thorough explanation of the 
variables used in the study, the fabrication of the moulds 
and usage of the cullets, fire round schedules, and the 
protocols used in the Stevin Lab II glass lab facilities. 
Class B and C cullets, each containing specific pollutants, 
are used in the research. The paper will go into further 
detail about these classes’ distinctions later on.

The process involves producing the required prototypes 
and assessing the beams according to structural feasibility 
standards such compatibility, transparency, and absence 
of visible fractures. It should be mentioned that the 
beams’ results are unpredictable; therefore, depending 
on the oven’s output, the feasibility standards could 
need to be adjusted. The study then involves mechanical 
testing of the beams using a four-point bending machine 
and data analysis. The study also includes microscopic 
analysis of beam cracks to identify material impurities.

This section will conclude with an explanation of an 
experimental study that aims to optimise the mechanical 
behaviour of glass waste beams through a combination of 
prior findings and experimental work. The material type, 
the temperature schedule, and the ratio of surface to bulk 
material are the main optimisation factors.

1.5.4 Part 4 Design Application

1.5.5 Part 5 Integrated discussion of the research 
results

This section examines the potential uses of cast glazed 
panels made from C&D glass cullet. Connection details 
are explained to showcase the simplicity of integrating 
this system. Case studies using plastic panels and concrete 
panels are included to demonstrate how these new cast 
glass panels can be used. The importance of recycled cast 
glass panels will also be elaborated upon.

An in-depth evaluation of the study and experimentation 
is provided in the last part. It contains the study’s 
conclusions, thoughts on the design and manufacture 
of recycled glass panels cast from recycled glass, and 
an evaluation of the structural performance. There are 
suggestions for more research at the end of this section.

1.6 Planning
Table 01 provides a detailed overview of this thesis’s 
planning, which is systematically divided into the same 
five parts as outlined in the methodology section. Table 
01 can be found at Appendix A.

1.7 Relation to Building Technology
The MSc AUBS program’s Building Technology Master track 
combines engineering and architectural design to address 
interdisciplinary problems and promote creative solutions. 
Its concentration is on a broad variety of technical and 
architectural skills that are essential for the development 
of innovative and sustainable building components that 
are incorporated into the built environment, as well as 
future sustainable design practices.

In this thesis, façade, product, and structural design are 
integrated with building technology. With a focus on 
circular building products, the goal is to do to a material 
research and to produce a novel building envelope and 
project.

By lowering waste and CO2 emissions, the study 
intends to investigate how cast glass made of C&D 
waste could support sustainable development. Studying 

Integration of class C cullet: (a)

(d)

(b)

(e)

(c)

(f)

Figure 09: Design objectives: (a) creation of recycled glass panel, 
(b) Four-point bending tests on the manufactured C&D glass cast 
beams, (c) contributing to a more circular economy in glass recycling 
practices,  (d) mechanical evaluation of the bending strength, (e)
microscopic evaluation and (f) Overall goal, optimisation of the 
structural performance. 
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1.8 Societal relevance and scientific relevance
1.8.1 Social relevance

1.8.2 Professional and scientific relevance

01 | INTRODUCTION TO THE RESEARCH

glass’s mechanical characteristics, examining (float) 
glass recycling procedures, carrying out independent 
experimental research, and improving techniques 
through mechanical testing are all part of this. The 
objective is to create a closed-loop recycling system, 
develop recycled cast glass panels from C&D glass waste, 
and assess the panels’ suitability for load-bearing façade 
applications by researching the structural performance 
of the cast C&D waste beams.

In order to maximise structural performance and 
minimise materials that end up in landfills, the study 
involves the production and optimisation of multiple cast 
beams created from C&D debris, with a preference for 
constructing a closed-loop system.

Glass’s expanding social significance is reflected in the 
structural designs that use it more and more. Glass 
was formerly thought to be brittle and opaque, but 
thanks to its special combination of transparency and 
high compressive strength, it has become a material 
that is optically clear, and strong in structure. This 
development emphasises glass as a pioneering material 
in the construction sector and signals a dramatic 
change in architectural and structural applications. It 
is the perfect material to use for making translucent 
structural elements because of its capacity to promote 
light transmittance. Compared to other materials, glass 
is relatively new in structural contexts, yet it provides 
revolutionary possibilities that could completely change 
how the building industry, architectural engineering, and 
structural engineering approach their work in the future.

One of the biggest problems nowadays is glass waste, 
especially Float glass from the C&D industry. Glass cullet 
frequently ends its career in landfills because to a lack of 
an efficient recycling mechanism for this kind of waste, 
which is intensified by quality standard failures brought on 
by contamination from coatings, lamination, adhesives, 
or recipe incompatibilities. Because it investigates the 
possibility of recycling C&D glass, this study has a great 
deal of scientific value. This thesis attempts to increase 
trust among engineers, architects, designers, and the 
general public in both cast glass as a structural material 
and glass casting as a feasible production technology 
by examining the viability of employing cast glass in 
architectural applications. The study offers crucial 
information that can direct the industry in the recycling-

by-casting process, such as the kinds of waste glass that 
can be used, the amounts to be used, and the required 
fire schedules. Additionally, TU Delft’s research on waste 
streams and the potential for (float) flat glass recycling 
emphasises the need for more investigation in this field, 
especially with regard to the repurposing of Float glass 
waste in structural cast glass applications, about which 
there is currently an absence of thorough information.

Assessing the structural performance of 
C&D glass waste

1. Introduction to the research

2. Background of glass 3. Mechanical properties 
of glass

4. Glass recycling

5. TU Delft 
casting research

6. Experimental 
methodology
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8. Microscopic validation

9. Mechanical behaviour 
optimisation
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Figure 10: Illustrution of the research framework, the framework is devided into 5 parts
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Graph 01: Effect of temperature on the enthalpy of glass forming melt 
(Shelby, 2005)
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2.1 Glass definition

Si O

2.2 Glass families

Glass is a material that we use on a daily basis and is 
present in many facets of our life. Glass is everywhere: in 
our buildings’ windows, in the glasses we drink from, and 
in the oven doors we look through while our food cooks. 
Its growing use in a variety of disciplines emphasises how 
important technology is to modern life. However, what 
exactly is glass?

According to Shelby, there are two basic characteristics 
shared by all known glasses. First off, none exhibit 
a constant, organised atomic structure. Second, as 
Graph 01 (2005) illustrates, all varieties of glass exhibit 
time-dependent changes. These changes usually occur 
within a temperature range referred to as the glass 
transformation zone. 

According to scientific definitions, glass is an inorganic 
solid substance that is characterised by hardness, 
brittleness, transparency or translucence, and resistance 
to environmental factors. It is created by quickly cooling 
molten substances, such as silica sand, so that no visible 
crystals can form (Britannica, 2023). Silicon dioxide 
(SiO2), or silica, is a common element in nature and the 
foundation of most commercially significant glasses. It is 
particularly found in quartz and beach sands. Vitreous 
silica or silica glass is made entirely of silica. On the other 
hand, the commonly used “soda-lime” glasses are mostly 
made of lime (calcium oxide, CaO) and soda (sodium 
oxide, Na2O). 

According to Varshneya (2016), glass is a solid material 
with a liquid atomic structure. This is the understanding 

of modern science. Structured solids called crystals are 
made up of molecules arranged in a repeating organised 
pattern. Glasses, on the other hand, are amorphous, or 
extremely disorganised materials that lack long-range 
molecular organisation (Ortiz, 2007). Figure 11 provides 
an illustration of this variation. 

Glass’s atomic structure and chemical composition greatly 
influence its characteristics, with the exception of its solid 
state’s elastic and strength behaviour (Varshneya, 2016). 
A few essential elements are vital to the production of 
glass. The quality of glass can be drastically changed 
by contamination, either during the melting process or 
from the materials used. The homogeneity and internal 
tension of the glass are influenced by the thermal 
history, specifically the firing schedule. The final qualities 
of the glass are also influenced by the casting process.
(Bristogianni, 2022).

Every type of glass is a member of a particular family with 
distinctive compositions, each having advantages and 
limitations specific to the purposes for which it is designed. 
The six primary families of commercial glass are: 96% 
silicate, soda-lime, borosilicate, lead, aluminosilicate, and 
fused silica (quartz) glass. Oikonomopoulou (2019) goes 
into detail on this classification. 

The chemical composition of glass affects its properties. In 
its purest form, glass is made up of a molecular structure 
made completely of silica oxide. Its attributes can change 
when further elements are added. Temperature-related 
characteristics such as viscosity, thermal expansion, and 
operating temperature are significantly influenced by 
composition (Oikonomopoulou, 2019).

Among them, automated blown, mouth-blown, and Float 
glass are the three divisions based on the manufacturing 
process for soda-lime silica glass, which is particularly 
used in the building industry. According to Bristogianni 
(2022), these subdivisions are essential since the 
production process has a big impact on the basic soda-
lime silica composition.

Table 02 illustrates that soda-lime glass is the most 
cost-efficient option and that it is frequently utilised in 
the building industry because of its affordability and 
durability. However, borosilicate glass, which has at least 
5% boric oxide, shows less thermal expansion, improving 
its resistance to thermal shock and requiring less time to 
anneal (Oikonomopoulou, 2019). A thorough summary 
of the physical characteristics of the materials mentioned 

in Table 02 is given in Table 03. But soda lime needs a 
longer annealing period than other glass compositions, 
such as borosilicate glass, and is less able to withstand 
rapid temperature swings that could result in thermal 
shock.

Because soda-lime silica glass is widely used in the 
building industry and is reasonably priced, it was chosen 
for prototype manufacture in this study. It is utilised in 
C&D waste. Soda-lime glass is more cost-effective than 
borosilicate glass because it has a lower melting point, 
which lowers production energy costs, as well as higher 
demand and greater availability (Oikonomopoulou, 2019). 
Furthermore, it is possible to forecast the mechanical, 
optical, and thermal properties of the finished goods 
using the information in Table 03 (Bristogianni, 2022). 

Temperature

En
th

al
py

Liq
uid

Liq
uid

Crystal

Glass Transition 

Range

Slow Cooled Glass
Fast Cooled Glass

TmTf FastTf Slow

Glass type Approximate
Composition

Soda-lime
(window glass)

Observations Typical applications

Borosilicate

Lead silicate

Aluminosilicate

Fused-silica

96% silica

73% SiO2
17% Na2O
5% CaO
4% MgO
1% Al2O3

80% SiO2
13% B2O3
4% Na2O
2.3% Al2O3
0.1% K2O

63% SiO2
21% PbO
7.6% Na2O
6% K2O
0.3% CaO
0.2% MgO
0.2% B2O3
0.6% Al2O3

57% SiO2
20.5% Al2O3
12% MgO
1% Na2O
5.5% CaO

99.5% SiO2

96% SiO2
3% B2O3

Durable. Least expensive type of 
glass. Poor thermal resistance. 
Poor resistance to strong alkalis  
e.g. wet cement)

Good thermal shock and chemical 
resistance. More expensive than  
sodalime and lead glass.

Second least expensive type of 
glass. Softer glass compared to 
other types. Easy to cold-work.  
Poor thermal properties. Good 
electrical insulating properties.

Very good thermal shock and 
chemical resistance. High 
manufacturing cost.

Highest thermal shock and 
chemical resistance. Comparatively 
high melting point. Difficult to 
work with. High production cost.

Very good thermal shock and  
chemical resistance. Meticulous 
manufacturing process and high 
production cost.

Window panes
Bottles
Façade glass

Laboratory glassware
Household ovenware
Lightbulbs
Telescope mirrors

Artistic ware
Neon-sign tubes
TV screens (CRT)
Absorption of X-rays (when PbO % is
high)

Mobile phone screens 
Fiber glass
High temperature thermometers
Combustion tubes

Outer windows on space vehicles 
Telescope mirrors

Very good thermal shock and chemical 
resistance. Meticulous manufacturing 
process and high production cost.

Figure 11: Two molecule structures, left Crystalline SiO2 (Quartz), 
right Amorphous SiO2 (Glass) (Ortiz, 2007)

Table 02: Approximate chemical compositions and typical applications of the different glass types (Shand,Armistead 1958; 
Oikonomopoulou, 2019)
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2.3 Production techniques

02 | BACKGROUND OF GLASS

2.3.1 Glass manufacturing process overview

Nowadays, there are many different ways to produce 
glass, each suited to a particular purpose depending 
on the intended use, ideal shape, and raw material 
composition. Drawing, blowing, pressing, floating, 
casting, and extraction are some of these techniques. 
Various combinations of these techniques can give the 
finished glass product unique qualities. The two biggest 
segments of the global glass industry, accounting for 
roughly 45–50% and 30% of the weight produced, 
respectively, are container and flat glass (Hubert, 2019).

The selection and preparation of raw materials, batch 
preparation, melting, batch to melt conversion, fining 
of the melt, conditioning, shaping, annealing, and post-
processing including inspection are some of the crucial 
phases in the manufacturing of glass (Hubert, 2019). 
The process of batching includes choosing the raw 
materials, figuring out how much of each ingredient to 
use, weighing, blending, and occasionally adding liquids. 
In batch melting, the raw components are broken down 
to start the melting process, and the temperature and air 
quality are controlled during the liquid formation process 
(Shelby, 2005).

Glass can be formed into solid, extruded, or flat parts 
for use in the construction sector. Of these techniques, 
Float glass (to create flat glass) is the most widely used 
in the construction sector, and 3D printing is an emerging 

Float glass production technique

2.3.2 Float line 

Initial production steps Annealing and final processing

technique in the context of research (Oikonomopoulou, 
2019). An overview of several glass production techniques 
is shown in Figure 12, along with information on the 
processing steps and the products that can be made with 
these procedures.

Products go through an automated quality inspection 
process at the end of the glass production line. Currently, 
15% or more of flat glass could be found to be deficient, 
mostly because of intolerable optical flaws. These broken 
glass fragments, also known as internal cullet, may be 
recycled and used to make new glass products (Hartwell 
et al., 2022).

Over 90% of flat glass produced worldwide is currently 
produced using the Float glass method, a revolutionary 
invention by Pilkington Brothers in 1959. This process is 
highly regarded because to its affordability, capacity to 
create glass with exceptional optical quality, ability to 
make big panels, and general accessibility (Luible et al., 
2008). A thorough description of the ‘Floating’ production 
method is shown in Figure 13. This diagram shows in 
detail how molten glass is formed into flat sheets by 
floating it on top of a bed of molten tin. This process is 
known for yielding smooth, even sheets of glass.

Edgar (2008) provides a full description of the method, 
which starts with feeding a mixture of recycled glass and 
raw materials into a furnace that reaches temperatures 
of 1,600°C. The combination is melted by this extreme 
heat, turning it into a fluid state appropriate for additional 
processing.

Formation of glass panel

After melting, the glass is gently poured over a tin bath 
that has also melted. The glass’s thickness can be adjusted 
using top rollers, enabling conventional thickness ranges 
of 2 to 25 mm. This stage is crucial for the production of 
the glass panel (Oikonomopoulou, 2019). The production 
of a continuous panel with unusually smooth surfaces is 
made possible by the smooth surface of the molten tin 
and the difference in density between glass and tin. This 
procedure guarantees excellent quality and consistent 
thickness (Hubert, 2019).

The glass panel needs to be annealed before it can be used 
after formation. More information about the annealing 
process will be provided in the next paragraph, 2.3.3 
Annealing. This step, which is critical for reducing internal 
temperature-related tensions, entails progressively 
chilling the glass panel in a regulated setting. This step 
is crucial, as noted by Edgar (2008) and Bricknell (2009). 
It entails warming the glass and closely monitoring 
its cooling cycle. By preventing residual stresses from 
developing, this regulated cooling maintains the safety 
and structural integrity of the glass.

The viscosity of the glass at its melting temperature 
and working point, its shape, its mass distribution, and 
the unique features of the annealing temperature, 
among other factors, are critical in determining how 
effective this process is (Martlew, 2005). When the 
glass is annealed, it is then put through an automated 
quality control inspection process. Finally, it is cut to 
final sizes using precise instruments like diamond wheels 
(Oikonomopoulou, 2019)

Glass type Mean melting
Point at 10
Pa.s*

Soda-lime
(window glass)

Softening
Point

Borosilicate

Lead silicate

Aluminosilicate

Fused-silica

96% silica

Annealing 
Point

Strain
Point

Density Coefficient
of Expansion
0°C - 300°C

Young’s
Modulus
0°C - 300°C

[°C] [°C] [°C] [°C] Kg/m3 10-6/°C [°C]

1350-1400 730 548 505 2460 8.5 69

1450-1550 780 525 480 2230 3.4 63

1200-1300 626 435 395 2850 9.1 62

1500-1600 915 715 670 2530 4.2 87

>>2000 1667 1140 1070 2200 0.55 69

>>2000 1500 910 820 2180 0.8 67

Natural 
ingredients 

(80%)
Melting Cullet                     

(20%)

Pr
od

uc
tio

n
Pr

oc
es

sin
g

Pr
od

uc
ts

Drawing

Cooling

Printing

Glass tubes, 
optical glass, 

fibre

Blowing

Cooling

Grinding, 
drilling, coating 

polishing, 
colouring, 

acid etching, 
melting, 

engraving

Hollow glass 
ware, drinking 
glasses, lamps, 

laboratory 
glasses

Pressing

Cooling

Grinding, 
drilling, coating 

polishing, 
colouring, 

acid etching, 
melting, 

engraving

Glasses,  
lenses, glass 

blocks, screens

Floating

Cooling

Grinding, 
drilling, coating, 

printing, bending, 
laminating, 
tempering, 

sand blasting, 
mirroring, acid 

etching

Window and 
facade glasses, 

structural  
glass, mirrors, 

furniture

Casting, rolling

Cooling

Grinding, 
drilling,  
coating, 
printing, 
bending

Flat glass, cast 
glass, glass 

blocks, cooking 
fields

Extraction, 
defibration

Cooling

Hardening, 
compressing, 

shaping

Glass wool, 
textile glass 
fibres, stone 

wool

Table 03: Approximate properties of the different glass types of Table 02 based on (Shand, Armistead 1958)*. Mean Melting Point at 10 
Pa.s as stated by (Martlew 2005).

*These values are only given as a guideline of the differences between the various glass types. In practice, for each glass type there are numerous of 
different recipes resulting into different properties.

Figure 12:  Glass production techniques. (Luible et al., 2008)
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Graph 02: Typical curve for viscosity as a function 
temperature for a soda-lime-silica (Shelby, 2005)

Graph 03: Typical annealing scheme for commercial soda-lime glasses. 
(Oikonomopoulou, 2019)
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2.3.3 Annealing

As previously mentioned, an important step in the 
production of glass is annealing, which guarantees the 
material’s safety and structural integrity. The goal of this 
procedure is to reduce internal tensions brought on by 
abrupt temperature variations that occur during the 
forming process. Glass items can break or split if they 
are not properly annealed, especially when they are 
subjected to mechanical stress or temperature changes. 
Glass must be kept melted within a specific temperature 
range (Graph 02) during the annealing process in order 
to remove strain and avoid residual tension from forming 
when the element cools down further. (Oikonomopoulou, 
2019). A recommended annealing schedule is shown in 
Graph 03 and Table 04.

Process details

cooling phase, also known as quenching. The object’s 
weight and thickness are two parameters that affect this 
process (Oikonomopoulou, 2019). Any produced thermal 
stress can quickly relax to a tolerable level because of 
the glass’s comparatively low viscosity during quenching 
(Shelby, 2005).

Anneal Soak (B): Internal stresses are successfully 
decreased by keeping the glass at a particular temperature 
between its annealing and strain points. By allowing 
internal tensions to release, this procedure stabilises the 
glass (Hubert, 2019). As soon as the glass melt reaches the 
softening point, the annealing process starts. The glass’s 
enough viscosity at this temperature allows for molecular 
rearrangement, which reduces stress inside the element 
(Oikonomopoulou, 2019). Float glass is annealed in an 
annealing lehr, a specialised chamber, to relieve these 
stresses. The glass must be cooled progressively during 
this operation from 600°C to 60°C (Hartwell et al., 2022).

Quenching (A): To stop the production of a crystallisation, 
it is essential to make sure that the temperature of the 
glass drops below its softening point during this quick 

Initial Cooling (C): According to Oikonomopoulou (2019), 
this stage usually entails cooling the glass just below its 
softening point, which is the essential point at which 
the glass begins to distort under its own weight. Faster 
cooling is feasible as the element’s temperature falls 
below the strain point, but it must still be done slowly 
enough to reduce the chance of thermal shock.

2nd Cooling (D): After the first cooling, the glass is 
cooled under regulated conditions so that internal 
strains can gradually release. The glass’s viscosity at this 
point, which must be both fluid to allow for molecular 
rearrangements and solid to preserve its shape, is taken 
into consideration while regulating the rate of cooling 
(Martlew, 2005; Shelby, 2005).

Final Cooling (E): During this stage, the glass is cooled to 
room temperature.

Annealing time

The annealing time required increases exponentially 
with the component’s size. As an example, an identical 
piece of flat glass placed on a kiln shelf with one side 
exposed requires twice as much annealing time as the 
same piece placed on the shelf with both sides exposed 
(Oikonomopoulou, 2019).

Choosing the right annealing time for a glass object is 
a difficult process that depends on a lot of variables 
(Oikonomopoulou et al., 2018). The annealing process 
is affected by a number of factors, including the mass 
distribution and model shape, the surface area exposed 
to cooling, the presence of other thermal masses in the 

oven, and the characteristics of the oven itself. Although 
extant literature endeavours to furnish exact directives for 
annealing, those materials frequently depend on implicit 
presumptions and particular situations that might not be 
broadly relevant (Watson, 1999). 

2.3.4 Casting 

On the other hand, one can make entirely transparent 
structures with almost infinite form freedom using cast 
glass (Oikonomopoulou, 2019). The material is heated to a 
liquid state first, and then it is poured into a mould to take 
on the desired shape. The substance is then allowed to 
cool and solidify inside the mould before being removed 
(Hubert, 2019). 

Glass casting is an old craft; evidence of its application by 
Roman glassmakers dates to the first century AD. These 
ancient craftsmen made flat glass panels and containers 
by casting molten glass onto slabs of flat stone. This 
ancient method, which was attested to by discoveries in 
Pompeii and Herculaneum, usually generated glass that 
was translucent because of its large thickness (Hubert, 
2019). 

Projects like the Atocha Memorial, the Optical House, 
the Crystal Houses façade, and the Crown Fountain have 
demonstrated its possibilities.

raw material

1550 °C 1000 °C 600 °C 500 °C 100 °C

melter �n bath annealing lehr
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and include unclear assumptions (Watson 1999). Thus, even though in theory the 
desired heat transfer can be calculated, in practice, due all the above mentioned 
parameters, the annealing schedule of large 3-dimensional cast units is often 
empirical, based on practical experience (Cummings 2001; Watson 1999).
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FIG. 2.20 Typical annealing scheme for commercial soda-lime glasses.

Table 2.4 Typical annealing scheme for commercial soda-lime glass based on Fig. 2.20, adapted from (Shand, Armistead 1958).

Expan-
sion  
Coef.
of Glass 
per °C

Glass
Thick-
ness
[mm]

Cooling on one side Cooling on two sides

A B C D A B C D

Anneal 
soak

Initial cooling 
(annealing)

2nd 
cooling

Final 
cooling

Anneal 
soak

Initial cooling 
(annealing)

2nd 
cooling

Final 
cooling

Time 
[min]

Temp.
[°C]

Cool 
rate
[°C/
min]

Cool 
rate
[°C/
min]

Cool 
rate
[°C/
min]

Time 
[min]

Temp.
[°C]

Cool 
rate
[°C/
min]

Cool 
rate
[°C/
min]

Cool 
rate
[°C/
min]

33*10-7 3.2 5 5 12 24 130 5 5 39 78 400

6.3 15 10 3 6 30 15 10 12 24 130

12.7 30 20 0.8 1.6 8 30 20 3 6 30

50*10-7 3.2 5 5 8 16 85 5 5 26 52 260

6.3 15 10 2 4 21 15 10 8 16 85

12.7 30 20 0.5 1 5 30 20 2 4 21

90*10-7 3.2 5 5 4 8 50 5 5 14 28 140

6.3 15 10 1 2 11 15 10 4 8 50

12.7 30 20 0.3 0.6 3 30 20 1 2 11
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Figure 13: Production process for Float glass.(Luible et al., 2008)

Table 04:  Typical annealing scheme for commercial soda-lime glass (Oikonomopoulou, 2019)
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Contemporary casting methods 

Mould types

Primary casting: In this process, raw ingredients are 
melted to create molten glass. The glass is poured into a 
mould while it is still liquid (Figure 14). Several sizes and 
shapes can be produced with this method, all of which 
are customised to meet certain design specifications. 
Large, solid glass components with sizable cross-sections 
are best created using the main casting technique, 
which offers some design and application flexibility 
(Oikonomopoulou, 2019).

Secondary casting: This technique, on the other hand, 
entails remelting cullet—previously created solid glass 
shards (Figure 15). Usually by kiln-casting, the cullet is 
heated to a temperature at which it becomes flexible 
and may be moulded into the required shape. Compared 
to primary casting, this process requires lower operating 
temperatures, which makes it generally more energy-
efficient. In secondary casting, a single kiln is used for 
both melting and annealing. The glass pieces are placed 
in a holder so that, when heated sufficiently, the molten 
glass can pour into the moulds. When using pre-existing 
solid parts, lower temperatures are required. It is the 
recommended procedure for customised components 

because of this and the need for only one furnace 
(Oikonomopoulou, 2019).

In order to prevent surface irregularities or structural 
weaknesses in the finished product caused by the 
temperature differential between the molten glass and 
the mould, both processes require precise temperature 
management and specific mould preparation (Bristogianni 
et al., 2018; Oikonomopoulou, 2019). It is noteworthy 
that the surface that is exposed to the top air cools 
considerably faster than the surfaces that are in contact 
with the mould (Oikonomopoulou, 2019). A comparison 
of some of the key distinctions between the Float line 
and casting processes is shown in Table 05.

As was previously said, the selection of a mould is 
essential for all casting processes, including kiln-casting 
and hot-forming. This selection is greatly influenced by a 
number of factors, including the volume of production, 
the desired precision of the glass product, and time and 
cost restrictions. (Oikonomopoulou, 2019). Figure 16 
shows an overview of the mould types. Table 06 shows 
the characteristics per mould type. 

Permanent moulds

Permanent moulds composed of steel or graphite are 
the preferable material for circumstances when serial 
production is required. When it comes to pressed 
moulds, permanent moulds—especially those made of 
graphite—can greatly improve dimensional accuracy. 
Only steel moulds can achieve the crucial requirement 
of keeping the mould in place throughout the annealing 
process in order to preserve dimensional stability. For the 
glass components to release easily from the steel mould, 
a release agent coating is essential.  As long as the moulds 
are properly heated prior to casting, items made from 
permanent moulds often have smooth, shiny surfaces 
and require little post-processing. (Oikonomopoulou, 
2019).

Disposable moulds 

Because disposable moulds are less expensive than 
permanent moulds, they are better suited for single 
components or small batch castings. The highest melting 
temperatures and degrees of precision offered by these 
moulds vary. For example, low-cost silica-plaster moulds 
are appropriate for castings at temperatures lower than 
1,000 °C, and milled alumina-silica fibre ceramics provide 
the best results. But no matter what kind of material is 
used, glass surfaces that come into touch with disposable 
moulds often take on a translucent, coarse texture that 
requires post-processing to achieve a transparent finish. 
They are frequently utilised in kiln-casting applications 
because of their brittle character, which makes cooling 
using disposable moulds problematic (Oikonomopoulou, 
2019).
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 2.4 Casting and annealing process

 2.4.1 Prevailing casting processes

According to the starting state of glass, glass casting can be divided into primary 
and secondary casting. In primary casting, glass is founded as a hot liquid from its 
raw ingredients, whereas in secondary casting, glass already formulated in solid 
pieces (i.e. sheet, rods, marbles, grains, powder) is re-heated until it can flow and be 
shaped as desired (Cummings 2002). Thus, the secondary process requires lower 
operating temperatures compared to those for founding glass.

The main process of primary casting is hot-forming (melt-quenching) and of 
secondary casting is kiln-casting (Fig. 2.16). The principal difference between the 
two methods, besides the initial state of glass, is the required infrastructure. Kiln-
casting employs a single kiln for the melting of the (already formed) glass into the 
moulds and for the subsequent annealing process (Bristogianni et al. 2017). In 
contrast, in hot-forming, molten glass from a furnace is poured into a mould and is 
then placed in another, second furnace for annealing.

FIG. 2.16 Left: Primary casting method (hot-forming). Right: Secondary casting method (kiln-casting).
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Characteristics Mould type

Production 
method

Manufacturing 
costs
Top temperature

Glass annealing 
method

Release method

Level of precision

Disposable Permanent

Silica Plaster Alumina-silica fiber Graphite

- - Adjustable

Finishing surface

Post-processing
requirements

Applicability

Reusability

Material

Adjustability Adjustable Fixed Pressed Fixed

Investment casting/
lostwax technique

Milling Milling/cutting and welding Milling/ grinding

Moderate/ 
High

High Very high Moderate/ 
High

High

Low High Moderate to high High

900 - 1.000 °C ≈ 1.650 °C ≈ 1.200 °C/1.260 °C unknown unknown

Mould not removed for annealing Mould usually removed for 
annealing but can also remain
if high accuracy is required

Mould removed for 
annealing

Immerse in water Water pressure Release coating necessary 
(ex. Boron Nitride)

Release coating 
necessary

Low/moderate High

Glossy. Surface chills may 
appear if the mould is not
properly pre-heated

Glossy with surface 
chills

Translucent/ rough Translucent/ rough

Minimum or none post-
processing required

Minimum to moderate 
post-processing
required

Grinding and polishing required to restore
transparency and increase accuracy

High volume production High volume 
production

Single component/low volume production

Steel/ Stainless steel

Glass process Optical
Characteristics

Float

Main type of
glass applied

Cast

Standard size
[mm]

Thickness
[mm]

Smooth   
Transparent

Soda-lime 3210 x 6000a 2-25 

Smooth   
Transparent

Soda-lime 
Borosilicate 
Lead

currently up to 
20000 kgb

n/a 

a. The max. panel size is continuously stretching. At present, up to 20 m long panels have been produced.                                                                   
b Weight of the Hale Telescope monolithic glass blank. 

Table 06: Characteristics of prevailing mould types for glass casting (Oikonomopoulou, 2019)

Figure 14: Casting of soda-lime glass blocks at Poesia Factory in Italy. 
(Oikonomopoulou, 2019)

Figure 15: Kiln-casting (Oikonomopoulou, 2019)

Table 05: Overview of existing glass fabrication methods for building components and their current size 
limitations. (Oikonomopoulou, 2019)

Figure 16: Illustration of the most common mould types (Oikonomopoulou, 2019)



Graph 04: Stress-strain behaviour of glass, steel and aluminium alloy 
(Buildings Department, 2018)
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3.1 Structural usage of glass in buildings

3.2 Brittleness and fracture behaviour

3.3 Structural properties
3.3.1  The theoretical strength of glass

3.3.1 The theore�cal strength of glass 
 
The theore�cal strength of glass can be assessed using Orowan’s stress formula, es�mated to range 
between 6000 and 10000 MPa (Luible, Haldimann, & Overend, 2008). Essen�ally, the strength of glass 
can be delineated by the interatomic bond forces. Based on Orowan’s stress formula, the failure stress 
σm of a material is given by: 
 

σm =  �
Eγ
r0

 

 
where: 
E = Young’s modulus   
γ = fracture surface energy 
r0 = equilibrium spacing of the atoms 
 
Compressive strength of glass 
 
The material exhibits notable compressive strength. While theore�cally, a typical silicate glass could 
atain a strength of 32 GPa (Shelby, 2005) based on Orowan's equa�on from 1934, prac�cal strength 
values range between 14-70 MPa for common glass products, with a maximum of 2.1 GPa for freshly 
drawn glass fibres (Varshneya, 2013). In essence, typical commercial glass tends to fail under tension 
at significantly lower stress values than 1000 MPa. Thus, the term "high compressive strength" denotes 
a mainly compressive loading condi�on that prevents bond breakage and network opening. Under 
minimal tensile forces, high (compressive) strength can be assumed (Bristogianni, 2022). 
 
However, achieving this strength is seldom realized due to material flaws and geometric irregulari�es, 
which introduce stress concentra�ons, greatly diminishing glass's structural performance. As glass 
lacks plas�c deforma�on capability, these stress concentra�ons cannot be mi�gated by dispersion 
throughout the material. These localized peak stresses can exceed the theore�cal strength of glass, 
leading to its fracture (Oikonomopoulou, 2019). These flaws will be further elucidated in paragraph 
3.6. Specific chemical composi�ons conducive to performance are highlighted, along with cri�cal flaws 
responsible for a significant strength decrease, up to 75% (Bristogianni, Oikonomopoulou, Yu, Veer, & 
Nijsse, 2020). Table 06 provides a detailed list of various mechanical proper�es and their 
corresponding values. 
 
Tensile strength of glass 
 
Consequently, the tensile strength of glass is not fixed but con�ngent upon several factors such as 
surface condi�on, size of the glass element, loading history (both intensity and dura�on), residual 
stress amount, and environmental condi�ons. Hence, higher loads, longer dura�ons, deeper ini�al 
surface flaws, or adverse environmental condi�ons reduce the effec�ve tensile strength (Luible et al., 
2008). As flaws do not propagate or fail under purely compressive stress, glass's compressive strength 
surpasses its tensile strength significantly. However, the compressive strength does not primarily 
dictate glass's structural applica�ons; instead, glass typically fails due to local tensile stresses exceeding 
limits. Even under compression loading, peak tensile stresses emerge due to buckling or Poisson's ra�o 
effect long before reaching compressive strength (Oikonomopoulou, 2019). 
 

Because of its translucency, high compressive strength, 
longevity, and weather resistance, glass is frequently 
used in architecture. It is completely elastic, isotropic, 
and brittle, which sets it apart from traditional building 
materials like steel and wood (Kozłowski, 2019). When 
it comes to building construction, glass is a material 
of choice for both practical and aesthetic applications 
(Figure 17). It is capable of supporting large weights due 
to its remarkable compressive strength. Many examples 
demonstrate its structural feasibility, most notably 
the creative glass structures designed by Eckersley 
O’Callaghan (EOC). 

Glass has a strong compressive strength, but its structural 
applications are limited by its poor tensile strength. The 
primary cause of this constraint is the intrinsic brittleness 
of the material. When glass reaches its tensile limitations, 
it tends to fracture abruptly, in contrast to ductile 
materials that flex before failing. Surface imperfections 
are the cause of the difference in its theoretical and 
practical tensile strength (Kozłowski, 2019). These 
defects, which might be the result of environmental 
damage or manufacturing errors, concentrate stress and 
greatly lower the strength of the glass under tension. 
Expanding the use of glass in structural applications 
requires an understanding of these faults.

According to Shelby (2005), one of the most well-known 
characteristics of glass is its brittleness, which is greatly 
influenced by surface and edge treatment and the 
surrounding chemical environment. These components 
have a significant effect on the bond strength inside the 
vitreous network of glass, which in turn affects the glass’s 
fracture strength. For example, the surface treatment of 
glass can have a major impact on the strength of these 
connections under stress, strengthening or weakening 
the glass structure. Likewise, the chemical environment 
surrounding the glass may influence its structural 
integrity on a microscopic level.

As was covered in paragraph 2.1, “Glass definition,” glass 
is an amorphous substance, which means that it lacks a 
crystalline structure at the molecular level. Because of 
its amorphous structure, glass is not flexible. resulting 
in a brittle substance that will abruptly give way without 
exhibiting plastic behaviour. Moreover, glass cannot 
lessen local peak pressures because it lacks malleable 
behaviour (Oikonomopoulou, 2019).

In addition, glass has a distinct behaviour under 
tension that sets it apart from materials like steel and 
aluminium alloy. Graph 04 provides an illustration of 
this phenomenon by showing the relationship between 
tensile strain and tensile stress as a graph. Because of 
its imperfect and asymmetrical atomic structure, glass is 
especially prone to the spread of cracks. Its stress-strain 
behaviour makes this clear; glass lacks the yield point and 
large deformation capability of ductile materials, which 
allow for significant deformation before breakdown. 
Glass fails suddenly because it cannot withstand the 
growth of preexisting faults when it is under tension. 
This conduct emphasises how crucial it is to comprehend 
and take these material features into consideration 
in applications where glass is employed (Buildings 
Department, 2018).

Orowan’s stress formula can be used to determine the 
theoretical strength of glass, which is believed to be 
between 6000 and 10000 MPa (Haldimann et al., 2008). 
In essence, the interatomic binding forces define the 
strength of glass. Utilising Orowan’s stress formula, the 
material’s failure stress σm can be determined as follows

E = Young’s modulus  
γ = fracture surface energy
r0 = equilibrium spacing of the atoms

Formula 1: Orowan’s stress

Compressive strength of glass

Tensile strength of glass

The material’s compressive strength is remarkable. 
Although Orowan’s equation from 1934 suggests that 
typical silica glass may potentially reach a strength of 32 
GPa (Shelby, 2005), practical strength values for common 
glass products range from 14 to 70 MPa, with glass fibres 
reaching a maximum of 2.1 GPa (Varshneya, 2013). To 
put it straightforwardly, ordinary commercial glass breaks 
under tension at much lower stress values than 1000 
MPa. Therefore, a primarily compressive loading state 
that inhibits bond breakdown and network opening is 
indicated by the term “high compressive strength”. It is 
reasonable to anticipate high (compressive) strength 
under low tensile stresses (Bristogianni, 2022).

However, because of structural flaws and material 
imperfections that cause stress concentrations and 
significantly reduce glass’s structural performance, 
obtaining this strength is rarely realised. (Oikonomopoulou, 
2019). Paragraph 3.6: Flaw categories will go into additional 
detail about these weaknesses. In addition to significant 
defects that cause a considerable strength drop of up to 
75%, specific chemical compositions that are useful to 
performance are emphasised (Bristogianni et al., 2020). 
A comprehensive list of the different mechanical qualities 
and their related values is given in Table 07.

As a result, the tensile strength of glass is not constant 
but rather depends on a number of variables, including 
surface and edge quality, glass element size, loading 
history (both duration and intensity), residual stress 
quantity, and environmental parameters. Accordingly, 
the effective tensile strength is decreased by greater 
loads, longer times, deeper initial surface defects, or 
unfavourable environmental circumstances (Haldimann 
et al., 2008). Glass has a far higher compressive strength 
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facades, staircases and even entire envelopes (Fig. 1.1) (Wurm 2007; Nijsse 2003; 
Schittich et al. 2007). In the quest of maximum transparency, glass’s structural 
boundaries have been continuously stretching (Albus,Robanus 2015). The glass 
sheets are constantly becoming larger and the connections less, both in size and 
number (O’ Callaghan,Marcin 2009). The long pursued architectural desire for a 
totally transparent, almost dematerialized structure is finally feasible.

FIG. 1.1 The Apple Store in New York by EOC Engineers

Still, due to the prevalence of the float glass industry, the design of full-glass 
structures is dominated by the limited forms, shapes and dimensions feasible by 
virtually two-dimensional, planar elements: either orthogonal or cylindrical in 
shape and supported by glass fins and beams or braced against buckling using 
slender, non-glass components. At present, glass panes can stretch more than 20 
m in length, yet, their maximum standardized thickness does not exceed 25 mm 
in float production (Lyons 2010; Schittich et al. 2007; Patterson 2011)3. Such a 
disproportional slenderness ratio renders float glass panes virtually 2D elements that 

3 Actually, 25 mm thick float glass is produced to a limited extend. An example of float glass produced in 
25 mm thickness is by Linea Azzurra of AGC (AGC 2019). Float glass is usually manufactured up to 19 mm in 
thickness (Wurm 2007).
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are susceptible to buckling, preventing the use of glass’s full compressive capacity, 
although it is at least an order of magnitude higher than its tensile strength. In 
essence, a float glass element, even when loaded in compression, will eventually fail 
due to the initiation of tensile stresses at significantly lower values than its stated 
compressive strength.

Cast glass can escape the design limitations imposed by the virtually 2D nature 
of float glass. By pouring molten glass into moulds, solid three-dimensional glass 
components of considerably larger cross-sections and of virtually any shape can be 
obtained. Owing to their monolithic nature, such components can form repetitive 
units for the construction of three-dimensional, self-supporting glass-structures 
that are not sensitive to buckling, sparing the necessity of additional supporting 
elements. Certainly, solid cast glass components are a promising solution for 
engineering pure glass structures of high transparency (Fig. 1.2) that take full 
advantage of glass’s compressive strength.

FIG. 1.2 The Crystal Houses façade in Amsterdam by MVRDV Architects, made of adhesively bonded glass 
blocks. Source: Daria Scagliola and Stijn Brakke.
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tensile stress

tensile strain

glass breakage

alumnium alloy

steel

(a)

(b)

(c)

Mechanical  property

Young’s modulus, E 
Shear modulus, G 
Poisson’s ratio, υ 
Density, ρ
Characteristic tensile 
strength
Coefficient of thermal 
expansion, 
Thermal conductivity

Value

70 GPa
28.7 GPa
0.22
2500 kg m−3

45 Mpa

9×10-6 K-1

1 W×m-1K-1

Figure 17: (a) The Apple Store in New York by EOC Engineers (EOC 
Engineers, 2006), (b) The Crystal Houses façade in Amsterdam by 
MVRDV Architects, made of adhesively bonded glass blocks. (Scagliola 
& Brakke, 2016) and (c) Markthal in Rotterdam by Octatube (Octatube, 
2014)

Table 07: Basic properties of soda-lime-silicate glass based on 
(Achintha, 2016) and (Kozłowski, 2019)
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3.3.2  The flexural strength of glass

 
3.3.2 Flexural strength of glass 
 
Litleton observed that: “we never test the strength of glass: all we test is the 
weakness of its surface”, demonstra�ng experimentally that etching glass beams in hydrofluoric acid 
eradicated micro-cracks at the surface, resul�ng in glass specimens with high tensile strength values, 
stronger than nickel steel (Preston 1942). In line with failure load and geometry, the nominal flexural 
strength formula was employed to derive flexural strength: It can be tested in-plane using four-point 
bending un�l failure occurs. The calcula�on of Young's modulus (E) correlates force data from the 
Schenck machine with the maximum displacement from both the LVDT sensor and DIC analysis 
(Bristogianni, 2022). 
 

𝜎𝜎𝜎𝜎 =
3 ⋅ 𝐹𝐹𝐹𝐹 ⋅ (𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖)

2 ⋅ 𝑏𝑏𝑏𝑏 ⋅ 𝑑𝑑𝑑𝑑2
 

 

 
where F the maximum load, L the support span, Li the load span, b the beam’s width and d the 
beam’s height.  
 
It's important to note that due to fixed loading pins, a systema�c posi�ve error may arise due to 
fric�onal constraint (μ·F/2) at each pin, where μ is the coefficient of fric�on (Quinn et al., 2009). 
However, the actual failure strength of glass consistently refers to its tensile strength, which is linked 
to bond strength and inherent flaws, thus the above equa�on should be rewriten 
as: 
 

𝜎𝜎𝜎𝜎 =
3 ⋅ 𝐹𝐹𝐹𝐹 ⋅ (𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 −   μ ∙  d)

2 ⋅ 𝑏𝑏𝑏𝑏 ⋅ 𝑑𝑑𝑑𝑑2
 

 
 
 
The actual failure strength of glass consistently pertains to its tensile strength, which is closely �ed to 
the strength of its bonds and inherent flaws. While theore�cally, a typical silicate glass could achieve 
a strength of 32 GPa (Shelby, 2005) based on Orowan's equa�on from 1934, prac�cal strength values 
for common glass products typically range between 14-70 MPa, with a maximum of 2.1 GPa for freshly 
drawn glass fibres (Varshneya, 2013). In essence, commercial glass tends to fail under tension at 
significantly lower stress values than 1000 MPa. Hence, the term "high compressive strength" in this 
context refers to a loading condi�on primarily compressive in nature, which prevents bond breakage 
and the opening of the glass network. If the tensile forces applied to this component are minimal, then 
a high (compressive) strength can be assumed. Therefore, the strength of glass arises from a 
combina�on of fracture toughness, surface quality, and environmental condi�ons during loading 
(Bristogianni, 2022).  
 
Finite element analysis should be conducted alongside physical experiments to accurately quan�fy the 
ul�mate tensile strength developed around the tool bit, as further detailed in paragraphs 3.5.1 Four-
point bending test and 3.5.2 Finite element model. 
 
 
 

 
3.3.2 Flexural strength of glass 
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bending un�l failure occurs. The calcula�on of Young's modulus (E) correlates force data from the 
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where F the maximum load, L the support span, Li the load span, b the beam’s width and d the 
beam’s height.  
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context refers to a loading condi�on primarily compressive in nature, which prevents bond breakage 
and the opening of the glass network. If the tensile forces applied to this component are minimal, then 
a high (compressive) strength can be assumed. Therefore, the strength of glass arises from a 
combina�on of fracture toughness, surface quality, and environmental condi�ons during loading 
(Bristogianni, 2022).  
 
Finite element analysis should be conducted alongside physical experiments to accurately quan�fy the 
ul�mate tensile strength developed around the tool bit, as further detailed in paragraphs 3.5.1 Four-
point bending test and 3.5.2 Finite element model. 
 
 
 

3.4 Elastic properties

than tensile strength because faults cannot spread or 
fail under just compressive force. Nevertheless glass’s 
structural applications are not primarily determined 
by its compressive strength; rather, glass usually fails 
because local tensile stresses are reached. Peak tensile 
stresses appear even under compression loading, well in 
advance of compressive strength, as a result of buckling 
or Poisson’s ratio effect (Oikonomopoulou, 2019).

Because it shows isotropy and linear-elastic behaviour, 
glass is particularly durable when used in building. Its 
long-term dependability is, however, compromised by 
stress corrosion cracking, often known as “static fatigue,” 
which occurs when surface imperfections enlarge under 
tensile stress in humid environments (Achintha, 2016). 

Because of static stress, glass strength tends to 
deteriorate over time. Higher failure strengths are 
observed with quickly increasing loads, and dynamic 
fatigue occurs under changing load conditions (Shelby, 
2005). Surface imperfections and stress concentrations 
affect the tensile strength of Float glass, causing brittle 
failure behaviour and making it uncommon to use in load-
bearing structures. On the other hand, glass varieties 
that are laminated and hardened are recommended for 
these kinds of applications (Achintha, 2016; O’Regan, 
2014).  Glass’s strength is greatly impacted by its surface 
condition, particularly the direction and location of flaws 
(Bedon et al, 2018)

“We never test the strength of glass; all we test is the 
weakness of its surface,” highlighted Littleton. He 
conducted an experiment in which he removed surface 
microcracks from glass beams by etching them in 
hydrofluoric acid. The result was glass specimens with 
high tensile strength values that were stronger than 
nickel steel (Preston 1942). The nominal flexural strength 
formula was used to determine flexural strength in 
accordance with failure load and geometry: Four-point 
bending can be used to test it in-plane until failure 
happens. (Bristogianni, 2022).

Formula 2: The nominal flexural strength

F = Maximum load
L = Support span
Li = Load span
b = Beam’s width
d = Beam’s height

It’s important to note that due to fixed loading pins, a 
systematic positive error may arise due to frictional 
constraint (μ∙F/2) at each pin, where μ is the coefficient of 
friction, μ = 0,3 (Quinn et al., 2009). However, the actual 
failure strength of glass consistently refers to its tensile 
strength, which is linked to bond strength and inherent 
flaws, thus the above equation should be rewritten as: 

Formula 3: The nominal flexural strength with coefficient of 
friction

Solids are differentiated from liquids by elastic 
characteristics. It is important to comprehend the elastic 
properties of glass since most glass products behave 
in ways that are strongly dependent on their solid-like 
qualities. The semi-experimental method of investigating 
solid elasticity mostly relies on findings from a range of 
engineering material studies. Three main stress states 

3.4.1 Deflection

In a four-point bending test, the centre of the beam’s 
deflection is determined using the following formula:

Elas�c proper�es dis�nguish solids from liquids. Understanding the elas�c proper�es of glass is crucial 
because the behaviour of most glass products relies heavily on their solid-like characteris�cs. The 
semiempirical approach to studying the elas�city of solids draws primarily from conclusions derived 
from various experiments conducted on engineering materials. Solids undergo three primary types of 
stress condi�ons: uniaxial stress, triaxial stress, and pure shear (Quinn et al., 2009) 

The Young's modulus, denoted as E or some�mes as Y, represents the ra�o of linear stress to linear 
strain 

𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸x 

Various techniques exist for measuring the elas�c moduli of glasses, falling into three main categories: 
those based on stress-strain curve measurements, those u�lizing ultrasonic wave propaga�on, and 
those es�ma�ng natural frequencies. Among these, the Young's modulus is o�en measured by 
applying uniaxial tension using a mechanical tes�ng machine and recording the specimen's change in 
length as the load increases (Quinn et al., 2009). This can be accomplished using a four-point bending 
machine. 

The centre deflec�on of the beam in a four-point bending test is given by the formula: 

 

𝛿𝛿𝛿𝛿 =
𝐹𝐹𝐹𝐹(𝐿𝐿𝐿𝐿1 − 𝐿𝐿𝐿𝐿2)(2𝐿𝐿𝐿𝐿12 + 2𝐿𝐿𝐿𝐿, 𝐿𝐿𝐿𝐿22 − 𝐿𝐿𝐿𝐿22)
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where L1 is the distance between the outer support pegs, and L2 is the distance between the inner 
loading pegs. However, flexural test methods have their challenges. Standardized procedures are 
described in ASTM D790-81 and MIL STD 1942 (MR) 1983 (Quinn et al., 2009).  

TU Del� has already conducted research on the structural behaviour of cast glass beams. Four-point 
bending experiments on kiln-cast specimens (30x30x240mm (Bristogianni et al., 2020) and 
20x30x350mm (Bristogianni et al., 2021b)) and industrially manufactured reference beams have 
shown a flexural strength range of 9-73MPa. However, this range can vary due to factors such as 
composi�on, defect type, cooling rate, surface quality, and specimen size, and should be considered 
indica�ve due to the low number of specimens tested per type. The setup of these four-point bending 
tests will be u�lized in the methodology later on. 

The specimens are tested using a Zwick Z10 displacement-controlled universal tes�ng machine in a 
laboratory air environment at a rate of 0.2mm/min. The four-point bending fixtures have a 110mm 
span for the loading rollers and a 220mm span for the support rollers, with 10mm diameter fixed 
loading pins. They are loosely connected to the tes�ng machine to allow for some hinging. 

For the four-point bending test, considera�ons should be made regarding shear deflec�on. 
Bristogianni (2022) suggests accoun�ng for shear deflec�on in the total ver�cal deflec�on. The 
bending and shear deflec�on at mid-span can be calculated using the following formulas: 

𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵_𝑚𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
11 ⋅ 𝛥𝛥𝛥𝛥𝐹𝐹𝐹𝐹 ⋅ �𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝐵𝐵𝐵𝐵

2 �
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12 ⋅ 𝐸𝐸𝐸𝐸 ⋅ 𝑏𝑏𝑏𝑏 ⋅ 𝑑𝑑𝑑𝑑3
 

 
 
  

Formula 4: Compressive stress

Research on the structural behaviour of cast glass beams 
has already been done by TU Delft. Flexural strength 
range of 9-73MPa has been demonstrated by four-point 
bending studies on kiln-cast specimens 30x30x240mm 
(Bristogianni et al., 2020) and 20x30x350mm (Bristogianni 
et al., 2021b) and industrially fabricated reference beams. 
Because there aren’t many specimens evaluated for each 
kind, this range should only be regarded as suggestive. 
Variables like composition, defect type, cooling rate, 
surface quality, and specimen size can all affect this range. 
These four-point bending test setups will be used in the 
approach in a following section, Chapter 7, Mechanical 
tests. 

A Zwick Z10 displacement-controlled universal testing 
machine is used to test the specimens at a speed of 
0.2 mm per minute in a laboratory atmosphere. The 
four-point bending fixtures have fixed loading pins with 
a 10mm diameter, and a 110mm span for the loading 
rollers and a 220mm span for the support rollers. They are 
attached to the four-point bending machine to provide 
for some support. (Figure 18)

Elas�c proper�es dis�nguish solids from liquids. Understanding the elas�c proper�es of glass is crucial 
because the behaviour of most glass products relies heavily on their solid-like characteris�cs. The 
semiempirical approach to studying the elas�city of solids draws primarily from conclusions derived 
from various experiments conducted on engineering materials. Solids undergo three primary types of 
stress condi�ons: uniaxial stress, triaxial stress, and pure shear (Quinn et al., 2009) 

The Young's modulus, denoted as E or some�mes as Y, represents the ra�o of linear stress to linear 
strain 

𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸x 

Various techniques exist for measuring the elas�c moduli of glasses, falling into three main categories: 
those based on stress-strain curve measurements, those u�lizing ultrasonic wave propaga�on, and 
those es�ma�ng natural frequencies. Among these, the Young's modulus is o�en measured by 
applying uniaxial tension using a mechanical tes�ng machine and recording the specimen's change in 
length as the load increases (Quinn et al., 2009). This can be accomplished using a four-point bending 
machine. 

The centre deflec�on of the beam in a four-point bending test is given by the formula: 
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where L1 is the distance between the outer support pegs, and L2 is the distance between the inner 
loading pegs. However, flexural test methods have their challenges. Standardized procedures are 
described in ASTM D790-81 and MIL STD 1942 (MR) 1983 (Quinn et al., 2009).  

TU Del� has already conducted research on the structural behaviour of cast glass beams. Four-point 
bending experiments on kiln-cast specimens (30x30x240mm (Bristogianni et al., 2020) and 
20x30x350mm (Bristogianni et al., 2021b)) and industrially manufactured reference beams have 
shown a flexural strength range of 9-73MPa. However, this range can vary due to factors such as 
composi�on, defect type, cooling rate, surface quality, and specimen size, and should be considered 
indica�ve due to the low number of specimens tested per type. The setup of these four-point bending 
tests will be u�lized in the methodology later on. 

The specimens are tested using a Zwick Z10 displacement-controlled universal tes�ng machine in a 
laboratory air environment at a rate of 0.2mm/min. The four-point bending fixtures have a 110mm 
span for the loading rollers and a 220mm span for the support rollers, with 10mm diameter fixed 
loading pins. They are loosely connected to the tes�ng machine to allow for some hinging. 

For the four-point bending test, considera�ons should be made regarding shear deflec�on. 
Bristogianni (2022) suggests accoun�ng for shear deflec�on in the total ver�cal deflec�on. The 
bending and shear deflec�on at mid-span can be calculated using the following formulas: 
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Shear deflection should be taken into account for the 
four-point bending test. According to Bristogianni (2022), 
the total vertical deflection should take shear deflection 
into consideration. The following formulas can be used to 
determine the bending and shear deflection at mid-span:

E = Young’s modulus
e = axial strain

F = Maximum load
L1 = The separation between the outer support pegs
L2 = The separation between the inner support pegs
b = Beam’s width
E= Young’s Modulus
I = Moment of Inertia

Formula 5: Deflection of the centre of a beam

Where v for soda-lime silica glass equal 0.22. Variations 
in this value between the tested glasses by about ±0.02 
hardly affect the results. It can be ascertained by summing 
the two vertical deflection segments and calculating the 
Young’s modulus: 

F = Maximum load
L = Support span
Li = Load span
b = Beam’s width
d = Beam’s height

There are three primary types of methods for 
determining the elastic moduli of glasses: stress-strain 
curve methods, ultrasonic wave propagation methods, 
and natural frequency estimation methods. Among 
these, a mechanical testing equipment is typically used to 
apply uniaxial tension and record the specimen’s change 
in length as the load increases in order to determine 
the Young’s modulus (Quinn et al., 2009). A four-point 
bending test can be used to achieve this.

3.3.3  Strength of cast glass beams

are experienced by solids: pure shear, triaxial stress, and 
uniaxial stress. (Quinn et al., 2009)

The Young’s modulus, denoted as E or sometimes as Y, 
represents the ratio of linear stress to linear strain

𝛥𝛥𝛥𝛥𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠ℎ𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒_𝑚𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
𝛥𝛥𝛥𝛥𝐹𝐹𝐹𝐹 ⋅ �𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝐵𝐵𝐵𝐵

2 �    
2 ⋅  𝐺𝐺𝐺𝐺 ⋅  𝑏𝑏𝑏𝑏 ⋅  𝑑𝑑𝑑𝑑

 

𝐺𝐺𝐺𝐺 =
𝐸𝐸𝐸𝐸

2 ⋅ (1 + 𝑣𝑣𝑣𝑣 )
 

 

Where G and v = 0.22 for soda lime silica glass. Devia�ons of approximately ±0.02 from this value 
among tested glasses have negligible effects on the results. By adding the two segments of ver�cal 
deflec�on and solving for the Young’s modulus, it can be determined:   

𝐸𝐸𝐸𝐸 =
𝛥𝛥𝛥𝛥𝐹𝐹𝐹𝐹
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Where G and v = 0.22 for soda lime silica glass. Devia�ons of approximately ±0.02 from this value 
among tested glasses have negligible effects on the results. By adding the two segments of ver�cal 
deflec�on and solving for the Young’s modulus, it can be determined:   
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F = Maximum load
L = The separation between the outer support pegs
L1 = The separation between the inner support pegs
b = Beam’s width
d = Beam’s height

Formula 6: Shear deflection at mid-span

E = Young’s Modulus
v = poisson ratio = 0,22

Formula 7: Shear modulus

450 T. Bristogianni et al.

Fig. 2 a Fixture and set-up of 1st series of four-point experi-
ments. b Fixture and set-up of 2nd series of four-point experi-
ments. An LVDT sensor is placed at the middle of the span. The
front surface of the specimen is covered with a speckle pattern

for the DIC measurement. The metallic strips placed next to the
support pins are cushioning the specimen upon fracture and pro-
tect the LVDT sensor from damage. No contact occurs between
the specimen and the strips during the bending test

100 mm for the loading rollers and 200 mm for the sup-
port rollers, with 20 mm diameter fixed loading pins
(Fig. 2b). To allow for minor adjustments and rota-
tional movements, the support fixture is placed on a
semi-circular pin, while the loading fixture is loosely
connected to the testing machine. In addition, a 1 mm
thick silicone rubber strip is placed between each load-
ing pin and the specimen.

To measure the displacement of the beam due to
bending, two methods are employed: 1) a Linear Vari-
able Differential Transformer (LVDT) displacement
sensor (Solartron AX 2.5 Spring Push Probe calibrated
to a 0.5 μm accuracy) is placed under the middle point
of the lower surface of the beam (measuring the point
of maximum displacement), and 2) a 2D-DIC measure-
ment, using a high-resolution (50.6MP) Canon EOS
5Ds camera that takes one picture per second of the
speckled surface of the beam. The pictures of the 2D-
DIC measurement are analysed using the GOM Corre-
late software. One image pixel corresponds to 31.5 μm,

Footnote 8 continued
25 Gigabytes. Both the 1st and 2nd series displacement rates are
below the rate of stress increase of 1.1 ± 0.2 MPa/s indicated by
ASTM C158-02. A displacement controlled rate is favoured over
force controlled, to avoid the crashing of the specimen upon fail-
ure, but also to allow for potential pop-ins (slight crack arrests) at
maximum force, when the crack front interacts with an interface
encountered in the glass mesostructure.

therefore given the software accuracy of 0.05 pixel, any
displacement above 1.57 μm can be captured.
Flexural strength and Young’s modulus calculation
The flexural strength (σ) is computed from the equation
below:

σ = 3 · F · (L − Li )

2 · b · d2 (1)

where F the maximum load, L the support span, L i the
load span, b the beam’s width and d the beam’s height.9

The calculation of Young’s (E) modulus is per-
formed by correlating the force data obtained from the
Schenck machine with (1) the maximum displacement
from the LVDT sensor and (2) the maximum displace-
ment from the DIC analysis (Fig. 3).

9 It should be noted that due to the fixed loading pins, a sys-
tematic positive error may occur due to a frictional constraint of
μ · F/2 occurring at each pin, with μ being the coefficient of
friction (Quinn et al. 2009). This force creates a counteracting
moment of μ·F·d/2, thus the above equation should be rewritten
as:

σ = 3 · F · (L − Li − μ · d)

2 · b · d2 (2)

Assuming a moderate μ = 0, 3, the systematic error could be
of magnitude 8.2% for the 1st series of experiments and 9%
for the 2nd. However, due to insufficient data regarding the μ

value, the flexural strength is not corrected in this study, and
the reader should take into account the possibility of an error of
approximately the aforementioned magnitude.
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Fig. 2 a Fixture and set-up of 1st series of four-point experi-
ments. b Fixture and set-up of 2nd series of four-point experi-
ments. An LVDT sensor is placed at the middle of the span. The
front surface of the specimen is covered with a speckle pattern

for the DIC measurement. The metallic strips placed next to the
support pins are cushioning the specimen upon fracture and pro-
tect the LVDT sensor from damage. No contact occurs between
the specimen and the strips during the bending test

100 mm for the loading rollers and 200 mm for the sup-
port rollers, with 20 mm diameter fixed loading pins
(Fig. 2b). To allow for minor adjustments and rota-
tional movements, the support fixture is placed on a
semi-circular pin, while the loading fixture is loosely
connected to the testing machine. In addition, a 1 mm
thick silicone rubber strip is placed between each load-
ing pin and the specimen.

To measure the displacement of the beam due to
bending, two methods are employed: 1) a Linear Vari-
able Differential Transformer (LVDT) displacement
sensor (Solartron AX 2.5 Spring Push Probe calibrated
to a 0.5 μm accuracy) is placed under the middle point
of the lower surface of the beam (measuring the point
of maximum displacement), and 2) a 2D-DIC measure-
ment, using a high-resolution (50.6MP) Canon EOS
5Ds camera that takes one picture per second of the
speckled surface of the beam. The pictures of the 2D-
DIC measurement are analysed using the GOM Corre-
late software. One image pixel corresponds to 31.5 μm,

Footnote 8 continued
25 Gigabytes. Both the 1st and 2nd series displacement rates are
below the rate of stress increase of 1.1 ± 0.2 MPa/s indicated by
ASTM C158-02. A displacement controlled rate is favoured over
force controlled, to avoid the crashing of the specimen upon fail-
ure, but also to allow for potential pop-ins (slight crack arrests) at
maximum force, when the crack front interacts with an interface
encountered in the glass mesostructure.

therefore given the software accuracy of 0.05 pixel, any
displacement above 1.57 μm can be captured.
Flexural strength and Young’s modulus calculation
The flexural strength (σ) is computed from the equation
below:
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2 · b · d2 (1)
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9 It should be noted that due to the fixed loading pins, a sys-
tematic positive error may occur due to a frictional constraint of
μ · F/2 occurring at each pin, with μ being the coefficient of
friction (Quinn et al. 2009). This force creates a counteracting
moment of μ·F·d/2, thus the above equation should be rewritten
as:

σ = 3 · F · (L − Li − μ · d)

2 · b · d2 (2)

Assuming a moderate μ = 0, 3, the systematic error could be
of magnitude 8.2% for the 1st series of experiments and 9%
for the 2nd. However, due to insufficient data regarding the μ

value, the flexural strength is not corrected in this study, and
the reader should take into account the possibility of an error of
approximately the aforementioned magnitude.
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(b)

Figure 18: (a) Set-up for of 1st series of four-point bending 
experiment at the TU Delft, for investigating glass waste its 
flexural strength and (b) set up for 2nd series of four-point 
bending experiment at the TU Delft.  (Bristogianni, et al., 2021b)
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3.6 Flaw categories
As stated in paragraph 3.3: Structural properties, flaws in 
cast glass components seriously damage their structural 
integrity. Common material defects and irregularities 
include bubbles, internal tensions, crystallised interfaces, 
stones, cord, and surface damage from machining 
(surface and edge treatment) and moulding, among 
other stages. The influence of these faults on structural 
performance is more noticeable, especially when they 
are at the surface-level (Bristogianni, 2022). An overview 
of the cast glass faults is shown in Figure 20. This graphic 
illustrates how a high tensile stress will develop in a cast 
glass beam at or near the surface when it is subjected to 
pressure. However, the tensile stress will be minimal in 
the bulk.

Float glass, which is thin-walled, can’t have any impurities. 
While cast glass is more tough to faults like bubbles and 
inclusions than Float glass, these flaws can nonetheless 
decrease or affect the cast glass’s aesthetic appeal 

(Bristogianni et al., 2018b). Testing the surface and edge 
quality have a significant impact on the flexural strength 
of Float glass (Bristogianni et al, 2020; Veer & Rodichev, 
2011). Cast glass is volumetric and more vulnerable to 
manufacturing faults, which makes homogeneity control 
difficult. The distribution and type of flaws are used 
to categorise them, and digital microscopy and stress 
analysis are used to help with identification.

Specimens of kiln-cast glass frequently have a variety 
of defects that come from different phases of the 
manufacturing process (Figure 21). Defects related to 
casting, like bubbles and stones, are closely associated 
with the parameters used during the casting process 
and can appear on the surface or in the bulk of glass 
beams. On the other hand, surface imperfections such as 
scratches and chippage/ infolds are caused by handling 
and post-processing. These can be caused by the fragility 
of some varieties of glass as well as the accuracy of the 
machinery and polishing materials.

3.6.1 Crystalline inclusions

Crystalline inclusions are a complex problem. These could 
result from mould growth, thermal history effects, or 
cullet contamination, each of which has a different effect 
on the integrity of the glass. Notably, visible undissolved 
particles—also called stones—often lead to the rejection 
of commercial glass  (Bristogianni et al, 2021b). 

3.6.2 Glassy Inhomogeneities

Glassy inhomogeneities encompass variations in glass 
cullet, impartially molten contaminations, and element 
volatilisation. Cord-like inclusions and coloured streaks 
typify these variations (Bristogianni et al, 2021b).

3.6.3 Gaseous Inhomogeneities

In kiln-cast specimens, gaseous inhomogeneities, 
especially bubbles, are common and can be caused 
by a variety of factors, including as air entrapment, 
chemical reactions during cullet bonding, and responses 

3.5 Thermal properties
The thermal characteristics of soda-lime glass, such 
as its specific heat and expansion coefficients, reduce 
the strength of the glass in comparison to materials 
like steel or concrete. Surface coatings can improve 
this property, though (Achintha, 2016). Soda-lime 
glass can react to temperature changes more quickly 
because to its reduced thermal mass, which is useful 
in some architectural applications but can also present 
problems with thermal stress and management. Surface 
coatings can be applied to modify these characteristics, 
improving the glass’s resilience to external influences 
and thermal performance. Nonetheless, variations in the 
thermal expansion coefficients of different kinds of glass 
provide difficulties. This variation may cause differential 
expansion in the presence of heat stress, which could 
lead to cracks and reduced structural integrity. (Anagnia 
et al., 2020; Shelby, 2005). 

Furthermore, the liquidus point of glass also affects its 
thermal behaviour. Glasses with a lower liquidus point, 
which melt at lower temperatures, can have more uniform 
surfaces and fewer stone formations or heating defects. 
This characteristic is especially helpful in procedures 
such as kiln-casting, where quality and usefulness 
depend heavily on the homogeneity of the glass surface 
and the reduction of flaws (Bristogianni et al., 2020). 
Higher quality and more dependable glass products for 
architectural and other purposes can result from these 
techniques being able to generate a more homogenous 
melt at lower temperatures.

A cast glass beam is tested using a four-point bending 
test to determine its flexural strength, which is essentially 
a measurement of how much the beam can bend and 
withstand internal stresses before breaking. Important 
information on the material’s structural integrity and 
ability to withstand applied loads is provided by this test.
The distribution of stresses present in a four-point 
bending test is shown in Figure 19. Compressive stress 
is a sign of compression at the top of the beam. Tensile 
stress, on the other hand, is predominant towards the 
bottom and indicates the tension in the material. The 
neutral axis, where neither compressive nor tensile 
stress predominates, is located within the midpoint of 
the beam. The tension stress zone, which is mostly found 
around the bottom of the beam, is very concerning. 
This is the most critical area since glass is vulnerable to 
breaking under tension.
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F = Maximum load
l = Deflection 
L = The separation between the outer support pegs
L1 = The separation between the inner support pegs
b = Beam’s width
d = Beam’s height
v = poisson ratio = 0,22

Formula 8: Young’s Modulus formula

3.4.2 Stress
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Considering the intrinsic flaws first, these are mostly well tolerated by the glass network when 
located in the bulk- as they are rarely subjected to peak stresses, with the only exception being 
tack-fused surfaces. If, however, these structures are exposed in a zone of high tensile stress, 
usually at or near the surface, they will decrease the strength. Ranking their effect, cord is the 
least severe and tack-fused surfaces are the most severe. The combination of intrinsic flaws at the 
surface plays of course an important role in the reduction of strength and fracture resistance. As 
an extreme example, glass specimens produced from powdered (pure) cullet at ≈105 dPa∙s 
viscosity, were found to be significantly weaker due to the increased porosity (i.e. high population 
of bubbles) and overall crystallized structure.  

Extrinsic flaws also show an increasing severity from cord to bubbles to stones. Yet, this 
relationship is highly dependent on the extent of the occurring deviations between the physical 
and mechanical properties of the defect and the glass matrix (Fig 6.4), with the size of the defect 
being the most crucial. Indeed, experiments with mixing borosilicate and soda lime silica cullet 
of <2mm size lead to integral components while the mixing of ø10mm rods of the two 
compositions had catastrophic results. Similar observations were made with minor traces of metal 
versus the insertion of metal components of considerable size such as ø6mm rods. In fact, for a 
contaminant of considerable size, a difference in thermal expansion of 1x10-6 K-1 is sufficient for 

Fig. 6.3 Classification of casting defects and assessment of their severity based on their characteristics and location in the
glass specimen. 

Figure 19: Tensile and compressive stress areas visualised in a 
beam

Figure 20: Classification of casting defects and assessment of their severity based on their characteristics and location in the glass specimen. 
(Bristogianni, 2022)
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to impurities and melted inclusions. Exposure at the 
object’s surface can seriously reduce strength, although 
small bubble clusters within the bulk may have no effect 
on the final component’s strength. However, in the 
molten stage, bubbles might be advantageous since they 
facilitate convection and homogenisation variations.
(Bristogianni et al, 2021b).

Bubbles are created and removed via intricate systems. 
These could involve physically capturing ambient gases 
during the first stages of batch melting or batch component 
breakdown. Notably, bubbles can be removed by rising 
to the surface physically or by dissolving chemically into 
the surrounding melt. (Shelby, 2005). 

3.7 Increasing safety in glass
Different types of glass fracture in different ways: 
tempered glass fractures into smaller cubes due to 
residual tension, earning it the name “safety glass,” 
while annealed Float glass shatters into huge, sharp 
shards (Haldimann et al., 2008). Improved post-breakage 
performance is offered by laminated glass with a PVB 
interlayer because it keeps broken fragments together 
and preserves structural integrity even after severe 
breakage (Achintha, 2016). Figure 22 provides a thorough 
comparison of the impact resistance and structural 
performance of fully tempered glass, heat-strengthened 
glass, and annealed glass. It also shows the relationship 
between the frequency of cracks in each type of glass and 
the structural capacity that remains after breakage. This 
graphic illustration highlights the connection between 
increased residual structural integrity and a decreased 

risk of cracks, providing important information about 
the strength and safety features of these various kinds 
of glass.

It is advised to use laminated glass for load-
bearing components like balustrades and roofs. It is 
recommended to utilise laminated or tempered glass 
for building façades that act as protective barriers. 
Particular recommendations are given regarding the size 
of the panels and the height of installation when using 
tempered glass in façades (Buildings Department, 2018).

3.7.1 Annealed glass

3.7.2 Heat strenghtened glass

3.7.3 Tempered glass

The basic product created by the Float process is 
referred to as annealed glass, and it is treated with an 
annealing process to relieve internal stresses (Buildings 
Department, 2018).This treatment is widely used since 
it is clear and reasonably priced, and it comprises 
a controlled cooling procedure that lowers residual 
tensions. 

Heat-strengthened glass is made from annealed glass and 
goes through a certain thermal cycle. In this cycle, the 
glass is heated above its annealing temperature and then 
rapidly cooled through air quenching. The glass produced 
by this method is not as strong as tempered glass, but it 
is stronger than annealed glass. Heat-strengthened glass 
is particularly resistant to thermal stress, which makes 
it ideal for areas with temperature swings. On the other 
hand, heat-strengthened glass offers more flexibility in 
terms of post-production modifications yet being more 
durable than annealed glass. The choice between the two 
types of glass is usually based on particular criteria for 
applications involving strength, safety, and temperature 
requirements.

The cooling techniques used in each type of glass are 
the primary differences between tempered and heat-
strengthened glass. Rapid quenching is used in the making 
of tempered glass, which results in high internal tensile 
stresses and surface compressive stresses (Buildings 
Department, 2018). Because of this process, tempered 
glass is around four times stronger than annealed glass, 
which makes it the best option for safety applications. It’s 
crucial to remember that once tempered glass is formed, 
it becomes difficult to cut or adjust. 

To further, the stress profile in tempered glass is shown 
in an illustrated detail in Figure 23. Understanding the 
distribution and strength of stresses within glass—
especially under different conditions—is made easier 
with the aid of this graphic representation. Furthermore, 
Table 08 provides important information on the ultimate 
design strength under short-term load duration for Float 
(annealed), heat-strengthened, and fully toughened 
glass. The relative strength and resilience of various glass 
kinds under various loading scenarios are provided by this 
table. To further support this, Table 09 lists the typical 
bending strengths of several kinds of glass.
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Fig. 8 Overview of the three categories of casting defects (i–iii), and the main causes of their formation

Fig. 9 Different causes for the formation of crystalline inclusions in the kiln-cast specimens

(Fig. 8): (i) Crystalline inclusions, (ii) Glassy inhomo-
geneities and (iii) Gaseous inhomogeneities (charac-
terization according to Bartuška 2008).

The different casting defects and their causes are
described below in more detail:

(i) Crystalline Inclusions

Three main causes for the formation of stones (crys-
talline inclusions) are observed in the specimens: (a)
cullet contamination (coatings, metal/CSP traces), (b)
thermal history (top forming temperature falls into the
crystallization temperature range) and (c) mould con-
tamination (Fig. 9).

Type (a) will occur both in the glass bulk and at the
surface, in relation to the presence of a contaminant,
(b) will occur in the fusion interfaces between the cullet
pieces and can be either exposed to the surface (“Float
10 mm * 35 vertical layers, 970 ◦C” sample) or mainly
situated in the bulk (“Float 10 mm * 2 horizontal layers,
970 ◦C” sample), and (c) will be formed at the surface
and the adjacent interior zone. (Figs. 10, 11) provide
an overview of the occurred crystalline formations.

(ii) Glassy inhomogeneities

Glassy inclusions in the form of cord, coloured cord
(“colour streak”) or parallel wavy cord (“cat scratch
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Figure 22: Post breakage behaviour of laminated glasss made of 
different glass types (Hubert, 2019)

Type of glass

Float (annealed) 
Heat strengthened
Fully toughened 

Ultimate design strength (py) under short-term 
load duration (MPa)

20
40
80

Type of glass

Float (annealed) 
Heat strengthened
Fully toughened 

Characteristic bending 
strength (MPa)

45
70
120

Figure 23: Stress profile in tempered glass (Buildings Department, 
2018)

a. Cullet contamination
b. Thermal history
c. Mould contamination

a. Glass cullet variations
b. Impartially molten contaminants
c. Element volatilisation
d. Composite glasses

a. Air-entrapment between cullet
b. Chemical reactions
c. Reaction to contaminants

Figure 21: Flaw categories in kiln-cast specimens. (a) Crystalline inclusions, (b) Glassy inhomogeneities and (c) Gaseous 
inhomogeneities (Bristogianni, et al., 2021b)

Table 08: Ultimate design strength (py) for different glass types under 
short-term load duration (Buildings Department, 2018)

Table 09: Characteristic bending strength of different glass types  
(Luible et al., 2008)
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4.1 Service life & end-of-life of glass units

4.2  Glass recyclability

4.1.1 Service life and reasons for replacement

4.1.2 Environmental and economic implications

4.2.1 Necessity of glass recycling

IGUs and CCFs are essential to modern architecture 
because of their ability to reduce noise and provide 
thermal insulation. Nevertheless, the effects of 
their service life and end-of-life management on the 
environment and the economy are often overlooked. This 
section explores the lifetime of IGUs and CCFs, explaining 
why they need to be replaced after a given amount of 
time, the typical lifespan of glass in buildings, and the 
techniques used to remove and recycle them. 

IGUs should expect a technical life of roughly 25 to 30 
years on average, according to findings from Saint-Gobain 
(2023) and Hartwell et al. (2023). Since the glass panels 
can hold their original condition for a longer period of 
time, the degradation of components like sealants have 
a greater impact on this length of the service life than 
the glass itself. While the glass panels may survive much 
longer, the breakdown of polymer edge seals is the 
primary cause of the IGUs’ shorter service life. According 
to Mohamed (2020), the main cause of IGU replacement 
is component failure, which results in reduced thermal 
performance and possible condensation problems. An 
IGU being removed is seen in Figure 24. Although the 
glazing industry is creating new techniques to get around 
this limitation, it will likely take some time for double 
and triple glazed units to become outmoded. Triple 
glazing will probably become more common as thermal 
performance standards grow (DeBrincat & Babic, 2023).

According to Glass for Europe (2020), industrial 
advancements are made to extend the lifespan of high-
performance IGUs, which will decrease the amount of 
raw materials and energy used during the duration of 
a building’s lifetime. The development of glazing goods 
that are stronger, lighter, and thinner supports this goal. 
These products not only require less raw material but also 
make installation easier and reduce the carbon footprint 
associated with transporting glass. Initiatives like “design 
for recycling” are examined to improve the end-of-life 
handling of these units. Bergmann (2020) discusses how 
the industry is looking into ways to increase the service 
life of IGUs and improve their end-of-life management. 
Geboes et al. (2023) note that there is still a gap between 
potential and reality in the practical use of reusing 
post-consumer IGUs. The difference offers the sector 
opportunities and challenges for innovation.

IGU lifecycles have important economic and 
environmental implications. As Worrell et al. (2008) note 
out, the use of cullet in glass manufacturing can result 
in significant cost savings by lowering the requirements 
for both energy and raw materials. Because of the 
lower melting temperatures and less harmful batches, 
this procedure also increases the service life of glass 
melting furnaces. According to Saint-Gobain (2023), the 
glazing sector needs to adopt more sustainable methods 
because replacing IGUs during a façade’s lifetime adds 

4.2.2  Barriers and opportunities in glass recycling

The single Float glass production process is notable for 
its high energy consumption, leading to CO2 emissions. 
Edgar (2008) points out that melting glass requires 
a significant amount of energy, with a large furnace 
needing about 4 GJ of energy for every tonne of molten 
glass. This emphasises how crucial recycling is to cutting 
down on energy use. These emissions originate from two 
primary sources: firstly, the generation of electricity or the 
burning of natural gas needed to heat the furnace, and 
secondly, the chemical reactions involved in glassmaking. 
In these reactions, CO2 is emitted as a byproduct when 
carbonate raw materials—specifically soda ash (sodium 
carbonate), limestone (calcium carbonate), and dolomite 
(calcium magnesium carbonate)—are processed in the 
melting tank  (DeBrincat & Babic, 2023). 

In an effort to save resources and lower CO2 emissions, 
the flat glass business is actively working to improve glass 
collection, sorting, and recycling. Setting up systems for 
removing, gathering, and classifying glass from buildings 
both before and after demolition is necessary for 
effective recycling (Glass for Europe, 2013).  This is best 
demonstrated by Saint-Gobain (2023) with their cullet 
programme, which recycles more than 55,000 tonnes of 

glass annually and significantly lowers emissions and the 
need for raw materials.

According to Bristogianni et al. (2019), very little glass 
is recycled, mostly for use in the Float and packaging 
industries, even though it has the ability to be remelted 
indefinitely without losing quality. According to Hartwell 
et al. (2023), less than 1% of end-of-life Float glass 
products are recycled back into the market, making up 
around 10% of new manufacturing.

Barriers in glass recycling

Market impact 

According to estimates from Kellenberger et al. (2007) 
and Hartwell et al. (2023), IGUs make up 40–50% of the 
mass market for architectural glazing. There are large 
Float glass outflows from the manufacture and final 
disposal of these units. Edgar (2008) projects a significant 
rise in waste Float glass, estimating 160k–250k tonnes 
annually as a result of the ageing of the initial double-
glazing generation. This emphasises how critical it is to 
have efficient recycling plans and handle glass trash.

to the structure’s embodied carbon. Glass has a notably 
lower environmental impact than steel and concrete. 
In particular, the carbon footprint and embodied 
energy of Float glass are 0.232 kg CO2/kg and 15 MJ/
kg, respectively. This is more than reinforced concrete, 
at 1.39 MJ/kg and 0.057 kg CO2/kg, but lower than steel, 
which has values of 24.6 MJ/kg and 0.466 kg CO2/kg. 
The high temperatures needed for glass’s manufacturing 
account for a sizable amount of its embodied energy 
and carbon impact. Moreover, compared to Float glass, 
toughened glass, which is heated one more time, has a 
higher embodied energy and carbon footprint (23.5 MJ/
kg and 0.346 kg CO2/kg) (Achintha, 2016). 

Limited collaboration in the IGU recycling supply chain 
creates problems like lack of storage space, logistical 
constraints, and insufficient time for collection, 
particularly in smaller-scale initiatives. It is essential to 
improve local glass collecting networks. 

Glass recycling and removal from structures are highly 
regulated processes. According to Vlakglas Recycling 
Nederland (2022), environmental parks and demolition 
businesses play a vital role in gathering Float glass for 
recycling purposes. In order to facilitate recycling, the 
Bouwbesluit of 2014 requires that Float glass be separated 
from other construction waste while buildings are being 
demolished. 

A number of logistical considerations are necessary 
for effective glass recycling, including the distance 
between disassembly factories and service sites, the 
energy required for disassembly and remanufacturing, 
and the quantity of glass panels that may be reused. 
The continuous yield of glass that is unsuitable for 
remanufacturing and the secondary product end-of-life 
chain, which includes spacers and sealants, must also 
be addressed (Rota et al.,2023). Moreover, increasing 
reprocessing yield rates and optimising the quality of 
returning cullet would require the development of 
refining techniques to improve the efficiency of sorting 
and reprocessing flat glass products containing adherent 
polymers/sealants (Hartwell et al., 2023).

Opportunities in glass recycling

By implementing a recycling cost on IGUs, this 
programme encourages network coordination and 
selective collection (Vlakglas Recycling Nederland, 
2022). By allowing participation in different IGU lifecycle 
stages, deconstruction contractors’ dynamic role—from 
destruction to reclaiming and reselling IGUs—supports 

Figure 24: Facade Glass Removal & Replacements (Glass Hoppers, 2021)
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4.2.3 Current status of glass recycling

It is not unusual for end-of-life building glass to be 
recycled into new, lower-quality consumer glass goods 
like glass fibre or bottles, container glass. Nevertheless, it 
is rare to recycle end-of-life building glass back into Float 
glass, which frequently results in landfill disposal. Despite 
obstacles caused by the characteristics of the building 
glass, efforts are being made to increase recycling rates 
and resource efficiency in the glass recycling industry for 
building. This project supports Europe’s objectives for 
sustainable, low-resource buildings (Oikonomopoulou et 
al., 2023a).

Container glass, characterised by its a straightforward 
composition is practically mono material (metal lids/
caps can be removed with a magnet, labels are burnt), 
facilitating its recycling process greatly. It doesn’t contain 
contaminations such as plastics, making recycling easy. 
This simplicity allows container glass to be frequently 
recycled back into similar products, a practice well-
established in the industry (Oikonomopoulou et al., 
2023a). The process is supported by the relatively 
less binding quality standards and a well-developed 
infrastructure for collection and recycling of container 
glass. Typically, container glass is recycled in a closed-
loop system, where the recycled glass is reused to create 
similar products. In contrast, the Float glass industry 
predominantly operates in an open-loop recycling system. 
Unlike container glass, Float glass used in architectural 
and automotive applications includes additional 
materials like coatings and frits, complicating its recycling 
process. This complexity necessitates specialised 
separation and treatment procedures, making recycling 
more challenging (Hartwell et al., 2023).  This system is 
further elaborated in Figure 25. 

As highlighted by Bergmann (2020), an end-of-life 
strategy is crucial and should be considered at the initial 
stages of glass production development. This approach 
underscores that sustainability should be an integral 
part of the production development process, ensuring 
that the environmental impact is considered right from 
the beginning. Figure 26 illustrates the current linear 
treatment of glass. In 2022, Vlakglas Recycling Nederland 

4.2.4 End-of-life strategy

managed to collect and prepare approximately 80,000 
tonnes of flat glass. Despite these efforts, the proportion 
of glass recycled back into the flat glass manufacturing 
process was only about 9.3% in 2022, indicating a 
significant gap in achieving a closed-loop recycling system 
for this material (Vlakglas Recycling Nederland, 2022)
Rota et al. (2023) emphasise the construction sector’s 
high energy use and the need for circular practices, such 
as design for disassembling. It is crucial for effective 
material recovery and recycling, particularly for difficult 
materials like construction glass. Additionally, Geboes et 
al. (2023) report that a considerable 54% of C&D waste is 
still sent to landfills, highlighting a significant potential for 
enhancing waste management in construction. Therefore, 
this thesis will concentrate on glass from C&D waste, 
aiming to investigate and establish sustainable methods 
for handling glass waste, specifically in the context of 
recycled panels for load-bearing facade applications.

4.3  C&D glass waste treatment

The construction sector has a large environmental impact, 
mostly due to its high CO2 emissions and production of 
building and demolition debris. With an emphasis on 
sustainable material use, the EU is moving towards a 

zero-waste building industry with the goal of becoming 
climate neutral by 2050 as part of the European Green 
Deal. Researchers like DeBrincat (2023), Geboes et al. 
(2023) and  Bristogianni & Oikonomopoulou (2023), and 
also Rijksoverheid (2023) emphasise the significance of 
this goal for environmentally friendly building practices. 
In recent years, the management of C&D glass waste 

has received a lot of attention from the scientific and 
industrial communities. This interest is a result of realising 
that despite advancements, the sector still faces many 
obstacles and unrealised potential. Understanding glass 
in its current state (Figure 26) and seeing its potential in 
the future (Figure 27) are the first steps in the recycling 
process.

the circular economy. Furthermore, producers are 
investigating take-back programmes, which provide 
advantages including lower energy usage, financial 
savings, and a decreased reliance on raw resources 
(Hartwell et al., 2023).

4.3.1  Difficulties in C&D waste treatment

7 

 

sources and combustion methods such as oxyfuel combustion, hydrogen combustion and all-electric melting all 

have their own energy costs associated with fuel supply. The corresponding emissions associated with purchased 

electricity and fuel sourcing (scope 2-3) are often referred to as Well-to-Tank (WTT) emissions (GHG Protocol 

Initiative, 2012). In the wider context of reducing global emissions, it is important to consider the environmental 

cost of all processes across the glass value-chain. In addition to WTT emissions, it is also essential to consider the 

environmental trade-offs within the raw material sourcing and processing stage (stage 1 in Figure 1) for primary 

raw materials compared with cullet. This will enable a transparent and comprehensive evaluation of the use of 

alternative raw materials and fuel sources as a route to decarbonise the glass sector.  

1.4 END-OF-LIFE APPLICATIONS FOR GLASS PRODUCTS 

Glass as a primary product, prior to any secondary processing methods, can be recycled without loss in quality. 

The existing end-of-life recovery routes for the three primary UK glass markets are shown on Figure 3.  

 

Figure 3: Schematic of existing recovery routes for flat glass (FG), container glass (CG) and glass wool (GW) in the UK 

Flat glass (FG) manufacturers typically use 10 - 25% of cullet in new glass production. The vast majority of this 

cullet is internal or pre-consumer cullet: it is estimated that new flat glass production in the UK contains no more 

than 1% of post-consumer flat glass. Products incorporating flat glass often incorporate coatings, frits and 
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Figure 25: Schematic representation of the excisting recovery routes 
for flat glass (FG), container glass (CG) and glass wool (GW) and glass 
wool (GW) in the UK. (Hartwell et al., 2022)

Figure 26: Linear life-cycle of glass manufacturing and 
processing. (DeBrincat & Babic, 2023)

Figure 27: Circular economy diagram adopted for glass industry. 
(DeBrincat & Babic, 2023)
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The greatest obstacle to efficient glass waste management 
continues to be the general lack of knowledge about 
which products can and which cannot be recycled. 
This indicates a discrepancy between the material’s 
potential and current use, along with the short service 
life of insulating glass units (double and triple glazing) 
(Oikonomopoulou et al., 2023). 

According to Bristogianni et al. (2019), research efforts 
are increasingly focused on recycling consumer glass, 
which is a common glass waste. But as Glass for Europe 
(2020) notes, the industry standard technique is a high-
volume, capital-intensive process, particularly in the 
manufacture of Float glass. The fact that these plants run 
constantly to reduce expenses and energy consumption 
makes it difficult to integrate new recycling technology 
because they only permit restricted updates.

The findings of Geboes et al. (2023), note that the reuse 
of pre-consumer IGUs is small and accounts for only a 
percentage of the total collected pre-consumer waste, 
further highlight this potential gap. According to the 
Flemish Living Lab study (Galle et al., 2019), Figure 28’s 
Sankey diagram shows that 92 kilotons of pre-consumer 
flat glass trash were recycled mostly in 2015. 35 kilotons 
were recycled openly into items like glass wool insulation 
and container glass, and the remaining 57 kilotons were 
recycled closed-loop for high-value applications.

The necessity for space and resources for storage and 
remanufacturing is impeding efforts to repurpose post-
consumer IGUs, which range from being integrated into 
furniture to being utilised in greenhouses (Geboes et al., 
2023). Figure 29’s Sankey diagram illustrates the post-
consumer flat glass journey in Flanders, including its 
sources, collection techniques, and applications (Geboes 
et al., 2023).

4.4  Cullet utilisation 

4.3.2 Innovations in C&D waste management

Even though architectural glass makes up just around 
0.66% of C&D trash, Bergmann (2020) claims that the 
amount of end-of-life glass generated from this waste 
is substantial. This emphasises how important it is to 
manage these resources effectively. Modifications to 
EU waste legislation are upcoming, which presents an 
opportunity chance to boost building glass recycling in 
Europe, as pointed out by Glass for Europe (2014). 

While end-of-life building glass contains a high percentage 
of recyclable materials, it is frequently not recycled into 
new glass products. Instead, it is often crushed and 
disposed of in landfills alongside other construction 
materials or recovered together with C&D waste (Glass 
for Europe, 2014). 

There are numerous potential advantages to increasing 
the use of recycled glass. For example, according to 
Glass for Europe (2020), increasing the use of recycled 
glass might result in a 7% decrease in CO2 emissions. The 
collection and recycling of waste glass, especially from 
windows and other end-of-life construction materials, 
still faces significant challenges. Glass recycling is still far 
from reaching its full potential, even with the continent’s 
high recycling average of 61% (FEVE, 2021) and the UK’s 
growing trend (Edgar, 2008).

To address these challenges, a coordinated plan is 
essential. The primary focus of the supply-chain barrier 
lies in the logistics aspects of gathering, handling, and 
recycling exterior glass cullet. This underscores the 
necessity of well-organised collection, sorting, treatment, 
and recycling programs, particularly for glass types other 
than soda-lime glass (Bristogianni & Oikonomopoulou, 
2023a).

The problem of glass waste can be effectively resolved by 
establishing international and national recycling standards 
as well as providing governmental incentives for the use 
of recycled materials (Bristogianni & Oikonomopoulou, 
2023a). According to Graeme DeBrincat (2023), there 
is a market for waste management companies that 
handle framed windows and IGUs, and this industry is 
expanding, providing a strong financial motivation for 
recycling glass.

In conclusion, recycling of architectural glass and CO2 
emission reductions in the glass industry have improved, 
but much more needs to be done. The future of C&D 
glass waste treatment depends on resolving issues with 
awareness, legislation, and logistics. The industry may be 
pushed towards a more sustainable and effective use of 
glass by utilising recycling technologies. This will have a 
major positive impact on the development of a circular 
economy.

Three types of cullet exist in the production of glass: 
internal, pre-consumer and post-consumer cullet. When 
a product has been modified or glass failed to meet the 
quality requirements, internal cullet is generated within 
the glass producing facility as a result. Pre-consumer 
cullet is waste that is produced during the later stages of 
the production of glass products, before it is consumed 
(Hartwell et al., 2022). It’s critical to distinguish between 
glass waste that comes from pre- and post-consumer 
sources. Pre-consumer cullet, which comprises leftovers 
from productions like the creation of jumbo sheet glass, 
is produced during the making of glass products. This 
kind of cullet is frequently recycled or utilised again in 
high-value applications; it is never sold to consumers 
(Geboes et al., 2023; Hartwell et al., 2022).

Conversely, post-consumer cullet is glass waste from 
items that have been used by customers and have come 
to the end-of-life. The strength values of post-consumer 
glass can be comparable to those of pre-consumer glass, 
indicating that it can be reused in a variety of applications 
(Rota et al., 2023). However, because contaminants 
like silicone or butyl must be treated, returning post-
consumer glass to the Float factory is frequently more 
complicated and costly than dumping of it in a landfill 
(Geboes et al. 2022).  As has been said, there are 
difficulties with this kind of cullet, like contamination 
and difficult recycling procedures. The procedure gets 
more complicated after coatings, laminations, or other 

4.4.1 Cullet definitions

treatments are done and the glass is put on the market. 
During glass its service life, estimating contamination 
levels in glass becomes increasingly challenging, thereby 
complicating recycling efforts. Bergmann (2020).

Presently, post-consumer cullet lacks a worldwide 
standard or specification. The European Commission’s 
Joint Research Centre (JRC) (2011) guidance document 
describes the end-of-waste standards for reprocessed 
cullet. It was created by analysing an extensive amount 
of literature and consulting technical specialists in the 
European glass sector. An overview of the minimum 
quality standards for “furnace-ready” cullet is provided 
in this guidance, along with the maximum amounts 
of common contaminants from metals, organic, and 
inorganic components that are permitted for the container 
glass, flat glass, and glass wool sub-sectors (Hartwell et 
al., 2022).

4.4.2 Cullet classifications

According to Arup, the glass recycling sector has created 
three main types of glass cullet. (Figure 30):

Class A Cullet: The best grade, Class A cullet is highly prised 
for direct use in the manufacturing of new glass since it 
is uncontaminated. There is potential to increase the 
amount of Class A cullet collected from post-consumer 
sources, however the majority currently originates from 
pre-consumer sources (DeBrincat & Babic, 2023). Class A 
cullet is glass that is cut or drilled.

Class B Cullet: Generally used for applications such as 
coloured container glass or glass wool insulation, Class 
B is a mixed quality cullet that may contain certain 
impurities. Continuous attempts are being made to 
advance technology such that Class B cullet might 
potentially be utilised in the production of Float glass 
(DeBrincat & Babic, 2023). Class B cullet is glass that is 
coated, laminated, tinted or printed

Class C Cullet: This is contaminated glass that shouldn’t be 
remelted and is frequently utilised for other purposes like 
aggregate or road paint. (DeBrincat & Babic, 2023). Class 
C cullet is glass that is heat treated or chemical treated 
and also the glass from IGUs containing metal spacers. 

Apart from these divisions, it’s crucial to recognise the 
various kinds of cullets. For example, clear cullet is made 
up of clean off-cuts of flat glass, and mixed cullet includes 
all clean off-cuts of standard flat glass. Items that need 
to be properly segregated include sealed units, mirrored 
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Fig. 1 Value Network Map of the current major network actors of the flat glass sector showing the material and intangible flows between
them (mapping method after Galle and Matti (2022))

4.1 Conventional practices: business-as-usual waste
management

4.1.1 Pre-consumer flat glass waste from IGUs

Quantities per origin and application The Sankey
diagram in Fig. 2, from a recent study conducted in the
context of the Flemish Living Lab on circular construc-
tion (Galle et al. 2019), shows that pre-consumer flat
glass waste—which amounted to 92 kt in 2015—fol-
lows a circular path into recycling and reuse. Most of
the pre-consumer flat glass waste (57 kt)—consisting
mainly of internal waste—is re-applied to high-value
applications like closed-loop recycling (56 kt or 61%)
or reuse (1 kt or 1%) (Ibid.). The other 35 kt (or 38%),
mainly external pre-consumer waste, is open-loop recy-
cled to other glass applications, e.g., container glass,
glass wool insulation or foam glass (Ibid.).

Collection and applications The interviews with
recyclers and collectors show that four pre-consumer

Fig. 2 Sankey diagram of the pre-consumer flat glass flow per
origin, ownership, and application in Flanders, expressed in kilo-
tonnes (reference year 2015). Results from and figure based on
Debacker et al. (2021.)

glass flows can be distinguished—based on how the
glass is collected and brought to the recycler—for the
recycling process: monolithic glass, laminated glass,
insulated glazing, and mixed glass.
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Fig. 4 Sankey Diagram of the post-consumer flat glass flow per
origin, ownership, and application in Flanders, expressed in kilo-
tonnes (reference year 2015). Results from and figure based on
Debacker et al. (2021)

Babic 2018; Dubois et al. 2013; Glass for Europe 2013;
Hestin et al. 2016; Nodehi and Mohamad Taghvaee
2022). The Sankey diagram in Fig. 4 illustrates the
post-consumer flat glass flow for Flanders per origin,
collection method, and application, based on Debacker
et al. (2021).

Collection and applications According to Debacker
et al. (2021) and confirmed by the interviewed decon-
struction contractors, the minimal selective deconstruc-
tion method is typically used for partial or complete
demolition of buildings in small-scale projects. This
results in the non-selective collection of flat glass. The
interviewed deconstruction contractors explained that
the flat glass is crushed together with the mixed (stony)
fraction during the minimal deconstruction method.
This fraction is then sent to a recycling centre, where the
most valuable materials (such as aluminium frames) are
sorted out. However, the interviewed recyclers pointed
out that it would be extremely costly to sort out the
glass from the waste stream when it is crushed and
mixed already. The contaminated batch is typically
downcycled (Nodehi and Mohamad Taghvaee 2022;
Rodriguez Vieitez et al., 2012). However, only moder-
ate volumes of waste glass can be absorbed with down-
cycling because the flat glass waste acts as an impurity
in the aggregates (Debacker et al. 2021; Heriyanto et al.
2018). These are thus low value, non-circular material
streams and cannot be recycled again at their end-of-
life. Accordingly, they are not considered circular or
sustainable processes (DeBrincat & Babic, 2018).

Fig. 5 Picture taken by the author from a glass container on a
typical Brussels demolition site

According to Debacker et al. (2021) and the inter-
viewed deconstruction contractors, the advanced selec-
tive deconstruction method is typically used in large-
scale renovation or demolition projects or sites that
include a large amount of flat glass. Selective collec-
tion of glass is the result of advanced selective decon-
struction methods. However, the interviewed recyclers
mentioned that flat glass is often mixed with other types
of glass, like glass ceramics or glass wool insulation
(Dubois et al. 2013). Furthermore, often other contami-
nants, such as stones and metals, end up in the glass con-
tainer as well. Figure 5 shows a contaminated glass con-
tainer at a typical Brussels site where the glass façade
of an office building was demolished. This fraction is
typically open-loop recycled to produce i.a. container
glass, glass wool insulation or foam glass (Debacker
et al. 2021). In some cases, fractions are so contami-
nated (e.g., by the metal-containing spacer) that it ends
up in landfill (Ibid.).

4.2 Circular practices: sustainable waste management

While some circular strategies are already part of the
business-as-usual (e.g., closed-loop recycling an open-
loop recycling), most of the (post-consumer) end-of-
life IGUs are still managed in an unsustainable way.
Based on the interviews and literature study, this section
highlights the circular (niche) practices for end-of-life
IGUs already present in Flanders and BCR. Further-
more, additional circular practices are discussed which
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Figure 28: Sankey diagram of the pre-consumer flat glass flow per 
origin, ownership, and application in Flanders, expressed in kilotonnes 
(reference year 2015). Results from and figure based on Debacker et 
al. (2021.). (Geboes et al., 2022)

Figure 29: Sankey Diagram of the post-consumer flat glass flow 
per origin, ownership, and application in Flanders, expressed in 
kilotonnes (reference year 2015). Results from and figure based on 
Debacker et al. (2021) . (Geboes et al., 2022)
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Advantages in the manufacturing process

4.4.3 Usage of cullet in glass production Furthermore, using cullet has three advantages. First, 
when you increase the same quantity of raw materials by 
a factor of roughly 1.2, there is a reduction in the energy 
and emissions related to their obtaining and processing. 
The breakdown losses sustained during the melting 
process of the carbonate primary raw materials during 
stage 2 are the cause of the 20% variation in the total mass 
input needed. Second, for every 10% increase in cullet, it 
permits the glass furnace to run at a lower temperature, 
which subsequently lowers the energy consumption 
of the main processing stage by 2.5–3.0% (Beerkens et 
al., 2011). Consequently, Figure 31’s highlighted related 
combustion emissions are decreased. Lastly, by using 
cullet that has already experienced thermal breakdown in 
place of carbonate raw materials that require calcination, 
process emissions are decreased. The relative CO2 
emissions savings from using cullet at each stage of 
the glass production process are displayed in Figure 32 
(Hartwell et al., 2022). However, the transportation and 
treatment costs associated with recycling waste flat 

glass, tinted glass, laminated glass, wired glass, and 
printed glass (Surgenor et al., 2018).  The acceptable 
requirements for mixed cullet and clear cullet are 
summarised in Table 10. For environmental and economic reasons, the use of 

glass cullet in the manufacturing process has grown in 
importance. Cullet use in glass batches has increased 
significantly in recent years, from 20% to 26% (Glass for 
Europe, 2020). Utilising cullet lowers the requirement 
for raw materials while also reducing energy use and 
CO2 emissions. According to Surgenor et al. (2018), 
specifically, 1.2 tonnes of raw materials are saved for 
every tonne of cullet used, reducing the need for mining 
of raw materials. Hartwell et al. (2023) also point out 
that using 100% post-consumer cullet in place of 100% 
original raw material saves 27% energy and 41% of CO2 
emissions, demonstrating the significant environmental 
advantages of cullet utilisation. The possible reductions 
in emissions that can be achieved by using cullet at 
different phases of the flat glass manufacturing process 
are illustrated in Figure 31 and Figure 32.

34 Construction Flat Glass Recycling 
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5 . 3  H O W  T O  A C H I E V E  C L A S S 
A  C U L L E T

Contamination is the biggest technical 
challenge to overcome in order to increase 
the availability of quality cullet for the 
remelt process.

Currently the collection method requires 
that contamination is very carefully 
controlled. Removal of the glazing 
units from the building site to a factory 
environment for disassembly appears to 
best provide the quality control required.

Going forward, as the value of cullet 
increases, development of technology may 
allow for lower grade cullet such as Class B 
to be processed and cleaned to a quality that 
could be used in fl at glass production. This 
has occurred in the glass container industry 
where there has been signifi cant investment 
in machinery that can sort and improve the 
cullet quality.

Disassembly processes have been 
developed for the recycling of the 
constituent parts of solar PV panels. 
Further research is required into the quality 
of the retrieved glass to understand if it 
can be recycled in a closed-loop system. 
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environmental impact of the glass sector. This will ensure that future growth in UK glass production aligns with the 

national net zero strategy (HM Government, 2021) and remains competitive internationally. 

1.2 ENVIRONMENTAL COST OF GLASS MANUFACTURING 

The principal environmental aspects of interest in glass production are resource consumption, the energy efficiency 

of production, emissions to air and water usage. 

1.2.1 Raw materials 

The main constituents of glass are: silica sand (SiO2), soda ash (Na2CO3), calcium carbonate (CaCO3) and 

dolomite (MgCO3). The proportions of raw materials used and additional additives vary to a small extent for flat- 

and container-glass products (Gaines et al., 1994; Zier et al., 2021). Fibres for glass wool products use a similar 

composition of raw materials with a lower proportion of silica sand which is compensated by a greater proportion 

of calcium carbonate, soda ash and boric oxide (Gaines et al., 1994; Zier et al., 2021). The sourcing and processing 

of these raw materials requires energy. Soda ash is the most energy-intensive raw material to produce. It is 

commonly produced via the Solvay (synthetic), Hou (synthetic) or Trona (natural) process. It is estimated that 99% 

of soda ash produced in the UK and European Union (EU) is produced via the Solvay process (Belis and Tuokko, 

2016; Brunner Mond, 2008). This process requires 6.1 - 10.0 MJ/kgsoda ash produced which is equivalent to  0.7 - 1.0 

kg CO2-eq /kgsoda ash produced (Belis and Tuokko, 2016; Brunner Mond, 2008). In total, the sourcing of all primary raw 

materials for glass production requires 3.8 - 4.8 MJ / kgmolten glass generating 0.33 - 0.35 kg CO2-eq /kgglass (Guardian 

Europe, 2012, 2021; Usbeck et al., 2014; Vitro, 2022). The energy inputs and corresponding emissions associated 

with raw material sourcing, processing and glass production are illustrated in Figure 1. 

 

Figure 1: Energy inputs and corresponding emissions associated with glass products including: raw material sourcing and 

processing (stage 1), primary glass production (stage 2-3) and secondary flat glass processing (stage 4) 

1.2.2 Glass production 

All forms of energy input highlighted in Figure 1 generate associated GHG emissions which in turn correspond to 

the energy supply and type of raw materials used. Energy is provided directly to the glass production site by the 

combustion of fossil fuels, by electricity, or by a combination of both sources. The first step in glass production for 
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Figure 2: Schematic of emission savings potential from the use of cullet at each stage of flat glass production 

There are in fact three types of cullet used in glass production. Internal cullet is generated at the glass production 

facility as a consequence of product changeovers and below-specification glass. Pre-consumer cullet is generated 

through the downstream manufacturing of products that contain glass; becoming waste before ever reaching the 

consumer market. An example of pre-consumer cullet is the off-cuts from jumbo sheet glass provided to glass 

processors, which can then be returned to the glass manufacturer before re-melting. Post-consumer cullet is waste 

glass arising when a glass product has reached its end-of-life after a period of time in use. The generation of 

manufacturing waste at the glass production sites (internal cullet) and/or downstream manufacturers (pre-

consumer cullet) will proportionally reduce the total output of flat glass to final product. 

Schmitz et al conducted an in-depth analysis of the direct and indirect energy consumption and CO2 emissions 

(illustrated as stages 2-3 on Figure 1) of the European glass industry based on EU ETS data for 2005-2007 

(Schmitz et al., 2011). The container glass (CG) and glass wool (GW) subsector were found to produce a much 

lower figure for process emission intensity per tonne (CG = 0.10±15% and GW = 0.07±16%) than flat glass (FG = 

0.19±17%) on average across the then EU25 countries. (Schmitz et al., 2011). It was thus estimated that GW, CG 

and FG subsectors were typically operating at 55%, 45% and 5% cullet (internal/pre-/post-consumer) usage, 

respectively, within the EU25 in 2005-2007. 

At present, there is no common international standard or specification for post-consumer cullet. The (JRC European 

Comission, 2011) developed a guidance document for the end-of-waste criteria for reprocessed cullet based on a 

comprehensive review of existing literature and contributions from technical experts across the European glass 

industry. This includes a summary of the minimum quality criteria for “furnace-ready” cullet in terms of maximum 

permissible levels of typical contamination from metals, organic and inorganic material for the container glass, flat 

glass and glass wool sub-sectors. Quality requirements for cullet use in flat glass production were found to be much 

stricter than for container glass and glass wool. For example, impurities from non-ferrous metals in container glass 

and glass wool production are acceptable if their particle size is less than 0.1 g and the total amount falls below 20 
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Figure 31: Energy inputs and corresponding emissions associated with glass products including: raw material sourcing and 
processing (stage 1), primary glass production (stage 2-3) and secondary flat glass processing (stage 4). (Hartwell et al., 2022)

Figure 32: Schematic of emission savings potential from the use of cullet t each stage of flat glass production. (Hartwell et al., 2022)

Figure 30: Grades of cullet. (DeBrincat & Babic, 2023) and added illustrations of the classification types

Table 10: Specifications for clear and mixed cullet: a comparative overview (Surgenor et al.,2018)
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glass into cullet are high. Considering these costs, Inano 
et al. (2023) emphasise the need for stronger financial 
encouragement to increase the growth of glass recycling. 

4.4.4 Contamination problems

Flat glass must be free of impurities such as metals, 
organic compounds, glass ceramic, stones, porcelain, 
and hazardous elements in order to be recycled. These 

Types of cullets used in the glass production 

DeBrincat and Babic (2018) state that producers of flat 
glass frequently incorporate 10–25% cullet into their new 
glass manufacturing process. There is very little post-
consumer waste, estimated to be less than 1% in the UK. 
The challenge of effectively gathering clean, flat glass 
cullet is the primary barrier to higher post-consumer 
recycling rates (JRC European Commission, 2011) 
(Hartwell et al., 2022). Closed-loop recycling is hindered 
by large-scale flat glass companies’ unwillingness to use 
external, post-consumer glass cullet, particularly for 
architectural glass. This hesitation is a result of the strict 
requirements for quality that flat glass products have to 
achieve. Because of this, the recycling process is usually 
restricted to internal cullet or flat glass that has not been 
altered or contaminated—mostly pre-consumer glass. 

External cullet, or post-consumer waste, on the other 
hand, usually ends up in open-loop recycling since it 
doesn’t fit the requirements for closed-loop recycling. 
This involves recycling waste glass into various products, 
such as foam glass, glass wool insulation, and container 
glass. This division of the recycling procedures draws 
attention to the obstacles and constraints that the glass 
recycling industry faces in achieving a closed-loop system 
(Geboes et al., 2023).

contaminants may come from IGU components or other 
building materials. According to DeBrincat et al. (2018), 
even minimal pollution levels in a furnace can result in 
several days of production loss, outweighing the financial 
and environmental advantages of recycling. Significant 
harm may result from this contamination (Geboes et al, 
2023). The impact of the different contaminations on the 
structural performance of glass is illustrated in Figure 33.

To meet quality standards, flat glass must have a total 
of 0.5 g/tonne (0.5 ppm) or less non-ferrous impurities 
(Hartwell et al., 2022). For instance, reprocessing and 
recycling clean, tempered glass that has been recovered 
without interface parts into “furnace-ready” cullet is 
a straightforward operation. Nevertheless, recycling 
ceramic-Fritted glass creates difficulties since ceramics 
have a high melting point and can contain ceramic 
particles in the final product. Additional difficulties 
arise when laminated glass is reintroduced directly into 
the Float glass tank because the PVB interlayer has the 
potential to alter the controlled redox state of the glass 
(Beerkens, 1999; Beerkens et al., 2011; Hartwell et al., 
2022).

Table 11 provides an overview of the recyclability of 
various glass processing steps. Recycled glass that has 
been laminated presents additional difficulties due to 
the need for separating the layers and removing the 
laminate layer. Glass coatings burn off during remelting 
and do not impede recycling. On the other hand, glass 
cannot currently be recycled again because of ceramic 
frit (DeBrincat & Babic, 2023). The recycling potential of 
glass is not adversely affected by heat strengthening or 
toughening procedures.

Coating (hard/soft), 
Mirroring

Pre-consumer x - - Coatings can be burnt off in the 
remelting process, so they can be 
mostly recycled. Metal contamination 
(e.g. silver from mirrors) can be 
absorbed in an internal recycling 
process when it is known and 
calculable. Once considered post-
consumer the same material is down-
cycled to other products

Post-consumer - x x

Glass process Stage Recyclability to Remarks

Float Container Mineral wool

Annealing Internal x - - Internal cullet—readily recyclable

Internal x - -Cutting and edge 
processing

Internal cullet is recycled almost 
at 100% internally. Cullet from 
cutting lines of building and car 
glazing production are generally not 
contaminated. Glasses of different 
colors have to be separated to be 
recycled to Float glass manufacture

Pre-consumer x x

Tempering Internal/ pre-consumer x - - No effect on recyclability if internal 
process

Laminating Pre-consumer - x x Delamination (separating glass and 
foil) is technically feasible, but related 
to high expense. The resulting glass 
cullet usually contains less than 0.1% 
by weight of PVB 

Ceramic printing and 
fritting, enamel

Pre-consumer - - - Recycling of such glass is currently not 
possible (e.g. ovendoors, enamelled 
windscreens, architectural glass)

Wired-glass Pre-consumer - - - Recycling of such glass is currently not 
possible

Insulating glass units 
(assembled, multi-
material)

Post-consumer - x x Requires removal of the spacer 
bars and edge seals. Danger of 
contamination due to traces of 
adhesive or metals and due to 
differences in chemical composition 
(colour contamination) renders 
its recycling back to Float glass 
particularly challenging

Automotive glass 
(assembled, multi-
material)

Post-consumer - x x Requires challenging and expensive 
logistics linked to the separation and 
treatment processes due to variety 
of colours, contamination by foreign 
matters, lamination, black enamel, 
use of different types of glass, which 
renders such cullet more expensive 
than new raw materials 

Figure 33: Ranking of the impact each type of flaw may have on the hosting glass network (Bristogianni, 2022)

Table 11: Principal recyclability streams of flat glass according to processing steps based on (Surgenor et al. 2018) and (Kasper 2006)
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5.1 Restruct cast glass
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Glass’s involvement in the developing field of sustainable 
design is quite significant and has a lot of promise, 
especially when it comes to waste management and 
recycling. As demand increases for the exploration 
and utilisation of Float glass waste, current research 
and experimental data serve as a starting point 
toward developing innovative recycling techniques 
for architectural applications. The investigation into 
glass recyclability isn’t solely about adopting a circular 
approach; it signifies a transformative shift in how we 
utilise glass in contemporary architecture. (Bristogianni 
& Oikonomopoulou, 2023).

The specialists from the Restruct group, well-known for 
their expertise in structural mechanics, materials, and 
design, are in charge of this expedition. The Restruct 
Group’s team for Glass and Transparency  and the team 
for Sustainable Structures are depicted in Figure 34. Their 
work with glass, a material embodying both aesthetics 
and sustainability, is central to their pursuit of innovative, 
eco-friendly, and visually appealing architectural 
solutions. One of their most notable projects, the 
Amsterdam Crystal Houses façade by MVRDV Architects, 
is a prime example of this forward-thinking methodology. 
This project combines the inventiveness of contemporary 
glass technology with classical masonry. Here, the façade 
is a transparent copy of a 19th-century masonry elevation, 
thanks to the use of cast glass bricks (Bristogianni et al., 
2019). Figure 35 displays pictures taken at various phases 
of the design process. The completed glass bricks are 

shown in Figure 35a; a mechanical test on the glass brick 
wall is shown in Figure 35b; and the ultimate product, a 
cast glass brick façade, is shown in Figure 35c.

Unfortunately architectural design is severely constrained 
by the Float glass industry’s present dominance. The 
potential forms and shapes of all-glass constructions 
are limited by the industry’s emphasis on planar, two-
dimensional glass components. This creates a major 
barrier to sustainable glass design, along with the 
difficulties in recycling and reusing architectural glass 
because of difficult disassembly and contaminants 
from coatings and adhesives. One possible answer to 
these problems turns out to be cast glass. Its capacity 
to go beyond the two-dimensional limitations of Float 
glass creates new opportunities. It is possible to create 
solid, three-dimensional glass components that have 
larger cross-sections and practically any form by pouring 
molten glass into moulds. By using the entire compressive 
strength of glass, these monolithic components may be 
made to interlock and form massive, simply constructed 
structures without the need for adhesives (Bristogianni 
& Oikonomopoulou, 2023). The Restruct group has been 
exploring several options, as shown in Figures 36 and 37, 
which show how glass waste cullet may be used to make 
cast glass elements.

Furthermore, cullets may be used into cast glass as a 
perfect medium because of its larger cross-section, which 
permits a higher degree of impurities. Cast glass works 
well with mixed or imperfect glass. This feature is very 
important when discussing sustainability since it offers 
a chance to reintegrate leftover glass into the supply 
chain, directly addressing the problem of glass waste.  
This innovative approach can be observed in TU Delft’s 
pioneering work in this domain, especially in their Re3 
Glass project. By investigating the creation of volumetric 
cast glass components, the project seeks to push the 
limits of conventional Float glass. In doing so, it opens 
up new possibilities for using glass in buildings, where 
innovative design, reusability, and recycling, moving 
towards a circular economy.

5.2 Innovations and challenges in glass casting
5.2.1 The development of glass casting processes

Expanding on the initial work of the Re3 Glass project, 
this thesis delves deeper into the investigation of glass 
casting as a transforming factor in recycling, as well 
as specific architectural applications. The innovative 

approaches shown here are redefining how waste glass 
is used, turning obstacles in the recycling process into 
chances for the glass industry’s circular growth.

Innovative glass recycling techniques that are primarily 
flexible are urgently required. These techniques need to 
be able to manage changes in the composition of glass 
and withstand increased levels of contamination in the 
end products. One innovative approach, as previously 
mentioned, involves casting volumetric glass components 
from glass waste. It is particularly useful for recycling post-
consumer glass with little to no pre-processing because 
of its adaptability and capacity to handle a wide range 
of glass compositions and high contamination levels 
(Bristogianni, 2022; Bristogianni & Oikonomopoulou, 
2023a, 2023b; Bristogianni et al., 2018a). 

Furthermore, research at TU Delft examines the 
advantages of cast glass components from a structural 
standpoint. (Bristogianni et al., 2020). Figure 38 shows 
the quality grading of various types of glass waste based 
on the strength of castings made just above their liquidus 
point. (Bristogianni & Oikonomopoulou, 2022). This 
figure shows that Float combo is initially unsuitable, 
but removing the critical contaminants will increase its 
structural performance.

5.2.2 Barriers and opportunities in glass casting

Opportunities in glass casting 

The adaptability of the glass casting technique is one 
of casting its main advantages. It makes it possible 
to utilise several glass recipes in the same moulds 
and furnace, preserving efficiency during each cycle 
of annealing. A significant benefit over thin-walled 
alternatives, Float glass, is this flexibility.  Volumetric 
glass components, can be recycled in a closed loop in 
their as-received form, minimising the requirement for 
treatment and purification. It is expected that volumetric 
glass components will withstand a significantly higher 
contamination rate than thin-walled glass. (Bristogianni 
& Oikonomopoulou, 2023a, 2023b; Bristogianni et al., 
2021b; Bristogianni et al., 2020).

The TU Delft Glass & Transparency Lab’s experimental 
testing on cast glass components shows that a small 
number of air bubbles or inclusions (such as ceramic 
stones) within the bulk of the cast glass components—
which don’t exceed a millimetre in diameter—do 
not significantly affect the structural performance 
(Bristogianni et al., 2018b).
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Figure 34: Restruct Group and their specification (Restruct TU 
Delft, 2024)

Figure 35: (a) Glass bricks used for the facade of Crystal Houses, (b) 
Mechanical tests conducted to verify the structural integrity of the 
building facade with glass bricks and (c) The final appearance of the 
glass brick facade. (Restruct TU Delft, 2024)
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Barriers in glass casting

However, similar bubbles or stones in a 6/8 mm thick 
glass panels would significantly reduce both the product’s 
strength and aesthetic appeal. These flaws need to 
be addressed in the glass casting process, especially 
since impurities and inclusions with different thermal 
expansion rates can lead to fractures. Additionally, while 
colour changes are generally undesirable to customers 
and the industry for aesthetic reasons, they can add 
value in cast glass elements (Bristogianni et al., 2020).

Ensuring the quality of recycled glass requires careful 
attention to the post-processing, surface and edge 
treatment, phase. The thoroughness of the recycling 
process is further emphasised by the necessity of this 
step in correcting surface imperfections (Bristogianni et 
al., 2020).

Cast glass offers a lot of promise for a variety of load-
bearing architectural applications. Glass may be fully 
utilised for its stated compressive strength by creating 
volumetric glass components by casting. Unfortunately, 
cast glass lacks engineering, production, and quality 
control standards, and its mechanical properties are 
unclear due to a variety of chemical compositions and a 
lack of knowledge about the impact of flaws in the bulk 
of the glass. These factors prevent cast glass from being 
widely used (Bristogianni et al., 2021b).

5.3 Composite cast glass
Recent years have witnessed remarkable progress in 
the production and recycling of glass, especially in the 
area of cast glass panels. TU Delft researchers have 
made significant contributions to this field by creating 
composite cast glass panels that include different types 
of glass waste. This paragraph explains the fundamental 
ideas, working methods, and uses of these cast composite 
waste glass panels, based on current studies.

5.3.1 Concept of composite cast glass panels

When inspecting cast glass components for quality 
control with a microscope, the most common flaws found 
are inclusions, crystallised interfaces, bubbles, infolds, 
internal strains, and surface damage from machining, 
post-processing, and mould contact. The severity of these 
defects depends on various factors, such as their location 
within the cast component (whether on the surface or 
within the bulk), their association with other flaws, and 
their specific characteristics relative to the properties 
of the glass matrix (material composition, toughness, 
elastic modulus, size of the panel, thickness of the panel). 
Intrinsic and extrinsic defects are differentiated, with 
the extrinsic defects potentially being more critical due 
to differences in thermal expansion between the defect 
and the glass composition. The distinction between 
the inclusion and the material composition of the glass 
is crucial, but occasionally, differences in the thermal 
expansion coefficient lead to strains that cannot be 
eliminated after annealing, thereby impacting the 
strength of the glass. Variations in thermal expansion can 
result in glass fracture during cooling (Figure 39).
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Fig. 2 Glass kiln-cast panels (350*350*10 mm) made at TU Delft from glass waste cullet, namely Cathode-Ray Tube (CRT) front
screen (a), transition float glass from clear to blue (b), CRT back screen and crystal coloured glass (c), enamel float glass (d), automotive
glass (e) and oven doors (f)

Fig. 3 Overview of glass types included in this study
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Fig. 29 Wide range of kiln-cast glasses evolved from the recycling of various different glass waste streams. Systematic validation is
required to identify the mechanical properties and quality grade of each recycled cast glass and provide the industry with design data

Fig. 30 Structural cast glass components out of different glass
waste streams, to be used in an interlocking wall system

glass compositions and can tolerate a higher rate of
contamination, especially in their bulk.

Experimental exploration of the feasibility of this
alternative recycling route involved the kiln-casting at
relatively low forming temperatures (750–1200 °C) of
a variety of commercial glass compositions, includ-
ing soda lime silica, borosilicate, aluminosilicate and
lead/barium glasses, containing different levels of cul-
let contamination, of embedded (e.g. frit, wire) or exter-
nal (e.g. stones, glass ceramics) character. The glass
cullet types were assessed based on their recycling ease,
and on the strength and defects of the glass that would
result from their kiln-casting at a temperature just above

their liquidus point. A broad range of material qualities
resulted from this experimental investigation.

Lower viscosity glasses, such as lead silicates, Ba/Sr
silicates and C-Fiber glass facilitated the most the
recycling process, followed by the float soda lime sil-
ica glass family. Glasses with low alkali content (e.g.
borosilicates) or a high content of aluminium oxide
(e.g. Aluminosilicates, E-fibers) required higher tem-
peratures for their recycling back to glass, imposing
challenges to the kiln-casting process, such as mould
corrosion or increased energy demands. The chem-
ical composition also played a role on the strength
of the recycled components, with lead silicate glass
showing the lowest flexural strength (35.5 MPa) -
among fairly homogeneous glass specimens produced
from pre-consumer cullet, and C-fiber glass the highest
(73.4 MPa). Pre-consumer float soda lime silica glass
ranged from 45.7 MPa to 63.3 MPa according to com-
positional variations. The strength of glass was reduced
in the case of post-consumer glass waste recycling.
As an indication, automotive glass presented a flexural
strength of 30.1 MPa. In fact, catastrophic or highly
weakening contaminants such as glass ceramics, for-
eign glass compositions of lower CTE, and CSP, were
all found to be of external character and encountered
in the post-consumer glass waste streams. Embedded
contamination (e.g. coatings, fritting) resulted mainly
in tolerable or negligible defects of gaseous or glassy
character, with the exception of metal wiring (in wired
glass) and dark-frit. Although the latter two did not
impact the integrity of the component, degradation
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Fig. 25 Quality grading of tested glass waste types, based on the strength obtained for castings performed slightly above the glasses’
liquidus point

Fig. 26 Light transmittance ranking of the recycled kiln-cast glasses. Non-suitable or challenging to recycle by kiln-casting glasses
have been excluded from the ranking

performing float glass (63.2 MPa) as a distinct surface
layer to a lower performing float (45.7 MPa), improved
the flexural strength of the later by 19%. The further
exploration of this concept can lead to the utilization of
post-consumer glass that is currently discarded due to
its lower quality, while achieving a reliable structural
performance due to the purity of the added reinforcing
glass cullet.

Composite cast glasses can be of value not only
in structural applications, but also in architectural and
interior design products. Abrupt or gradient transitions

from opaque to clear, or dark to clear colour can be
achieved, serving complex demands on shading or pri-
vacy (Fig. 28).

6 Conclusions

Supply-chain and technical barriers currently prevent
the closed-loop recycling of -other than container- glass
waste, of both pre- and post-consumer level. Legis-
lation and logistics on waste management turn the
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Figure 36: (a) Glass kiln-cast panels (350*350*10 mm) made at TU Delft from glass waste cullet, namely Cathode-Ray Tube (CRT) front screen, (b)
transition Float glass from clear to blue, (c) CRT back screen and crystal coloured glass, (d) enamel Float glass, (e) automotive glass and (f) oven 
doors. (Bristogianni & Oikonomopoulou, 2023)

(a) (b) (c)

(d) (e) (f)

(a) (b) (c)

(d) (e) (f)
Figure 37: (a) Interlocking waste glass component, (b) Interlocking waste glass component, (c) Structural cast glass components out of different 
glass waste streams, to be used in an interlocking wall system, (d) Structural cast glass components out of different glass waste streams, to be 
used in an interlocking wall system, (e) Re3 casted component and (f) Re3 casted component. (Restruct TU Delft, 2024)

Figure 38: Quality grading of tested glass waste types, based on the strength obtained for castings performed slightly 
above the glasses’ liquidus point (Bristogianni & Oikonomopoulou, 2023)

* Status obtained due to the precence of external contaminants (e.g. glass ceramics). Removal of these critical contaminants 
would automatically increase the strength of the recycled glass
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5.3.2 Manufacturing process

5.3.3 Applications and functionalities

5.3.4 Prior research findings

5.3.5 Research gap

In the bulk, meso-level flaw structures are often 
tolerated. However, when these flaws are exposed at 
the surface and interact with other defects, they may 
reduce the glass’s strength. This suggests the idea of a 
composite panel, whereby glass with a higher purity and 
fewer contaminants should be positioned at the surface, 
while glass with a lower purity and more contaminants 
should be placed in the bulk. (Bristogianni, 2023).

TU Delft’s research on composite cast glass panels offers 
an innovative method for using glass waste. The basic 
concept entails building a three-layered structure (Figure 
40):

Bulk material: In the bulk, glass with lower purity is 
used, containing more impurities and contaminants. 
This includes glass that has undergone heat 
treatment, chemical treatment, or glass from IGUs. 
Due to the high level of contaminants in post-
consumer glass cullet, it is primarily used for the 
bulk of these panels. The glass used for the bulk is 
classified as C cullet glass.

Surface material: On the surface, glass with 
higher purity is utilised, containing no impurities 
or contaminants such as cut or drilled glass. This 
corresponds to class A type cullets. Additionally, 
glass with minimal contaminants, such as coated, 
tinted, fritted, or laminated glass, is used, classified 
as class B cullet. Pre-consumer glass will be used 
for the surface.

Bristogianni and Oikonomopoulou (2023) highlight that 
surface imperfections/ flaws often constitute the primary 
cause of failure in Float glass and (large) cast glass 
components. Therefore, by employing higher-quality 
glass on the surface to compensate for the weaker quality 
of glass in the bulk, this composite structure aims to 
enhance the strength and durability of the glass.

These composite panels are created using the kiln-casting 
method. To begin, moulds are produced, and different 
layers are stacked on top of each other. The process starts 
with a sheet of class A or class B cullet, representing the 
higher purity layer. Next, cullets of type C are placed in 
the bulk, followed by another sheet of type A or type B 
cullet on top. This composite structure results in different 

quality zones within the glass. Several crucial elements 
contribute to this, including the size of cullets in the bulk 
(ranging from fine to large shards), viscosity variations 
between the surface and the bulk, as well as differences 
between various cullets and other contaminants in the 
bulk. These factors affect material differentiations and 
differences in thermal expansions, leading to stress and 
eventual fractures. Lastly, the forming temperature plays 
a significant role, as cullets may have different melting 
temperatures, influencing the outcome. (Bristogianni & 
Oikonomopoulou, 2023a).

Beyond its structural purposes, composite cast glass 
panels find extensive use in fields such as interior and 
architectural design. These composite glass panels can 
provide:

Aesthetics: According to Bristianogianni & 
Oikonomopoulou (2023a the ability to transition 
between opaque, translucent, and transparent 
states, as well as between dark and clear hues, 
through the use of mirrors, metallic elements, 
or tinted glass, allows for a diverse range of 
design applications that address privacy or shade 
requirements. Each panel will have an unique 
aesthetic characteristic. 

Strength in diversity: These cast glass composites 
can be customised for a wide range of architectural 
applications, catering to various strength 
requirements. They can be used for lower-strength 
purposes, such as bathroom tiles, or for high-
strength needs in structural components like 
cladding for load-bearing facade applications, 
depending on the types of waste glass utilised 
(material composition) and the ratio between the 
surface and the bulk (the geometrical composition).  
(Bristogianni & Oikonomopoulou, 2023a).

Important information on the creation and possibilities 
of these composite cast glass panels is supplied by 
Matskidou (2022). Important conclusions consist of:

Impact of cullet characteristics: The material 
composition, contamination rates, and particle size 
of the cullet utilised have a major impact on the 
performance of composite specimens.

Stress generation and fracture patterns: The 
way these composites behave under stress is an 
interesting feature. 

The primary factors influencing the flexural strength of 
cast glass are its material composition and surface defect. 
Unless a significant defect is present at the surface, 
inhomogeneities or flaws in the bulk rarely impact the 
structural performance. Instead, the quality of the surface 
is of most importance for the structural performance. 
This means that surface engineering in composite 
glasses enhances both the flexural strength and fracture 
resistance of cast glass  

Studies from TU Delft already looked a bit into this 
topic. However, a lot is still unknown about the optimal 
geometry and parameters of these composite panels 
The ratio of the low quality cullet in the bulk to the high 
quality cullet at the surface is unknown. Also the material 
composition of the low quality bulk and high quality 
surface is unknown. Which leads to the research gap of 
this thesis. To address this gap the main research question 
will be answered as stated:

“What is the effect of the different parameters in respect 
to the geometry and glass composition of composite cast 
glass beams to their overall structural performance made 
out of C&D flat glass waste?”

Experiments will be conducted at the glass lab facilities at 
Stevin Lab II at Civil Engineering. Beams will be produced 
instead of panels for two main reasons: firstly, it is 
easier to test the structural performance of beams, and 
secondly, less material is required. If the concept of the 
beams proves successful, panels can be made using this 
principle.

Moulds for the cast beams will be produced at the 
Stevin Lab. The beams will be manufactured through 
several firing rounds and will undergo surface and edge 
treatments before undergoing a four-point bending test 
at the mechanical engineering department to assess 
their flexural strength. Subsequently, the beams will 
be analysed for crack patterns and the fracture origin, 
providing insights into their structural performance. Flaws 
will be investigated using a microscope to determine their 
impact on structural performance, focusing on whether 
they are located in the bulk or on the surface. Finally, 
experimental work will be conducted to improve and 
optimise the structural performance of the beams.

302 

fracture to be observed, especially if the contaminant has higher stiffness and toughness than the 
glass matrix. Glass ceramics, due to their much lower thermal contraction than the parent glass, 
would almost always lead to catastrophic failure of the specimens, even if introduced in the form 
of small-sized cullet. Extrinsic flaws with considerable deviations from the glass matrix 
properties and of significant size, are crucial regardless if they are situated in the bulk or at the 
surface. Even if they do not lead to immediate fracture upon cooling, they will promptly induce 
fracture to the glass matrix upon even minor subjection to a thermal gradient or mechanical shock.  

 
Fig. 6.4 Typical materials that can be traced in a recycled soda lime silica (SLS) cullet provided by the glass recycling 
industry, and their approximate thermal expansion coefficient (α), fracture toughness (KIc) and Young’s modulus (E) in 
relation to SLS. The extent of difference in thermal expansion in combination with the size of a contaminant play the
most crucial role in the probability of fracture of the glass matrix. 

 

Combination of flaws and mapping techniques 
The merging of flaws in one point of the glass surface (e.g. kissing bubbles, stone combined with 
cord) and the existence of various defect types at different locations of a glass specimen are 
common examples of defect combinations in cast glass. In fact, cast glass -especially recycled 
glass, cast at relatively low temperatures- is characterized by combinations of defects that form 
distinct meso-level structures. The flexural bending tests conducted showed that fracture will not 
always initiate from the most defect populated zone or from the most suspicious singularity or 
from a merging of flaws. This phenomenon is on the one hand linked to stress gradients present 
in the specimen during loading that may leave critically defective areas unexposed to tensile 
stresses. On the other hand, for defects equally exposed to tensile stress, again the size and 
combination characteristics will determine the overall severity of each defective spot. This fact 
reflects an engineering challenge for real-world applications of cast glass, as the subjection of the 
components to dynamic loading can turn an initially negligible defect (including defects in the 
bulk) into the weakest link. The structural performance of a cast glass component is therefore a 
multi-criteria function, based on the specific combination of loadcase, defect characteristics and 
the local response of the glass network against a tensile stress being subjected around a defect or 
combination of defects (Figure 6.5). The glass network is a function of the chemical composition 
and thermal history that defines its compactness and level of frozen-in stresses.  

Surface material (Class A or B cullet)

Bulk material (Class C cullet)

Figure 39: The extent of difference in thermal expansion in combination with the size of a contaminant play the most crucial role in the 
probability of fracture of the glass matrix (Bristogianni, 2022)

Typical materials that can be traced in a recycled soda lime silica (SLS) cullet provided by the glass recycling industry, and their approximate thermal expansion 
coefficient (α), fracture toughness (KIc) and Young’s modulus (E) in relation to SLS.

Figure 40: Ilustration of the principle of a composite cast glass panel
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06 | EXPERIMENTAL METHODOLOGY

6.1  Experimental variables
This section thoroughly describes the experimental 
techniques necessary to understand the fields of glass 
recycling and casting research. It covers the experimental 
setup of all tests, including the preparation of the moulds 
and the selection of the cullets. This is followed by an 
explanation of the different fire rounds used to produce 
the beams. Afterward, a feasibility analysis of each beam 
is provided to determine their suitability for testing 
structural performance. The results are then discussed, 
and general overview tables are created to draw 
conclusions about the feasibility of different cast glass 
beams made from C&D waste. In summary, this section 
expands on the basic knowledge regarding the current 
and potential future states of glass recycling established 
in previous chapters.

6.1.1 Literature review on recycled cast glass

As discussed in paragraph 4.4.4: Contamination 
problems, contaminants on glass pose a major issue for 
recycling. These contaminants can be classified based on 
their impact on structural performance. They manifest as 
flaws either on the surface or within the bulk of the glass. 
Figure 20 illustrates the classification of casting defects 
and assesses their severity based on their characteristics 
and location within the glass specimen. The defects 
are divided into two categories: intrinsic and extrinsic. 
Intrinsic defects result from melting reactions, such as 
surface crystallization. Extrinsic defects arise from cullet 
contamination, including coatings and adhesives, or from 
poorly homogenised batches, leading to inclusions in the 
bulk, such as ceramics.

The quality of the C&D waste in the buckets is affected 
by contaminants. Some contaminants, like stones, can be 
removed more easily. However, removing contaminants 
such as coatings or laminated glass is still difficult 
and costly. Since this thesis focuses on assessing the 
structural performance of C&D waste cast glass beams, 

it is important to consider the influence of different 
flaws in the specimens, as visualised in Figure 33. Glass 
ceramics and foreign glass are particularly catastrophic to 
the beams because, as shown in Figure 39, the thermal 
expansion between the glass and these materials differs 
significantly, resulting in localised stress.

Furthermore, while larger stones weaken the glass, 
smaller ones are acceptable. Metallic pollutants such as 
wires weaken the glass under stress rather than causing it 
to shatter instantly. As shown in Figure 33, these types of 
flaws weaken the structural performance. Dark-coloured 
frits produce flakes that weaken the glass when they come 
into contact with the mold during casting. In contrast, 
light-coloured frits and properly applied coatings have 
little impact. As shown in Figure 33, these types of flaws 
are tolerated (Bristogianni & Oikonomopoulou, 2023a).

Numerous factors affect the quality of cast glass. It is 
essential to remember that each factor has the potential 
to impact the overall quality of recycled kiln-cast glass 
components. This is well illustrated in Figure 41, which 
explains how the quality grade of the beams is affected 
by cullet characteristics such as material composition, 
size, contaminants, thermal history (specifically the 
temperatures used in the firing schedules), and the type 
of defects, whether they induce stress or reduce strength.

The theoretical framework of this thesis will greatly assist 
in this part of the research. It will aid in the analysis of 
different contaminants and the evaluation of various 
cullet quality grades. This thesis primarily focuses on 
type B and type C cullet, as these two grades are the most 
challenging to recycle. Grade A cullet is not the main 
emphasis because it generally does not present significant 
obstacles in the recycling process. However, type A cullet 
will also be used as a help tool for the composite beams.

6.1.2 Experimenting with homogeneous and 
composite beams

The experiments were being conducted in the glass lab at 
Stevin Lab II in the Civil Engineering department. Various 
types of beams were being produced. It is essential at 
this stage to understand the impacts of temperature 
on the beams, the material composition of the cullets, 
and the influence of the mould designs. To achieve this, 
several experiments are proposed to closely examine 
how the behaviour of the cullets varies. For the setup of 
this research, four types of experiments are outlined, as 
depicted in Figure 42.

Homogeneous beams: These beams serve as a 
reference group for comparison with the composite 
beams. They allow for an investigation into the 
influence of employing a composite strategy with 
higher quality glass on the surface.

This experiment will conduct a comprehensive analysis 
of three different types of homogeneous beams. The 
types of cullets used for these tests are explained in 
paragraph 6.3, Cullet preparation.

Experiment type 2: Composite beams finding the optimal 
ratio between surface and bulk

Composite beams with different surface-bulk 
ratios: These experiments aim to find the optimal 
ratio between the surface and bulk materials 
and to observe how this ratio affects structural 
performance.

Composite beams with different bulk materials: 
These tests explore the impact of various bulk 
materials on the overall structural performance.

Composite beams with different surface materials: 
These experiments analyse how different surface 
materials affect the overall structural performance.

Experiment type 1: Homogeneous beams

Class A Cullet Beams: These beams will involve 
testing with Float glass. 

Class B Cullet Beams: This will include testing glass 
with black frit and soft coatings. Two different 
types of coatings were investigated. 

Class C Cullet Beams: This category will examine 
glass with more harmful flaws. Beams with HR 
glass, beams with CSP pollutants, and beams 
with metallic pollutants (wires and traces) were 
investigated.

One of the primary objectives of this research is to 
examine how different types of recycled glass waste in 
a composite composition affect structural performance. 
To investigate this, the research closely examined several 
compositions where the ratio between the surface and 
bulk varied. As explained in paragraph 3.4.2 Stress, when 
testing the mechanical behaviour of glass, a four-point 
bending test is used. Pressure is applied to four different 
points, with compression occurring at the top of the 
beams and tension at the bottom. Since glass typically 
fails under tension, this research will focus on the two 
lower layers, which contain the tensile stress area. For the 
final product, a composite panel, a three-layer system will 
be utilised again.

Four different types of ratios between surface and bulk 
will be investigated for the experimental setup. The 
surface consists of type A cullet, specifically Float glass, 
while CSP pollutants are utilised for the bulk.

Surface: 6 mm and Bulk: 15 mm

Surface: 8 mm and Bulk: 13 mm

Surface: 10 mm and Bulk: 11 mm

Surface: 12 mm and Bulk 9 mm

The aim of these various setups during the experiment 
is to determine the optimal ratio of surface to bulk. It 
involves determining the thickness of the surface layer in 
millimetres at which flaws in the bulk become noticeable 
and start to impact structural performance.

Experiment type 3: Composite beams finding the influence 
of the bulk material 

For this experiment, metallic pollutants will be used in 
the bulk instead of CSP pollutants. The objective is to 
determine whether the structural performance will be 
affected by the presence of different bulk materials. The 
surface consists of type A cullet, specifically Float glass, 
while Metallic pollutants are utilised for the bulk.

Surface: 8 mm and Bulk: 13 mm

Surface: 10 mm and Bulk: 11 mm

Experiment type 4: Composite beams finding the influence 
of the surface material 

For this experiment, Fritted glass (type B cullet) will be 
used on the surface instead of Float glass (type A cullet). 
If the structural performance results of type B cullet on 
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Fig. 21 Parameters affecting the quality grade of the recycled kiln-cast glass components

when the glasses are processed at a temperature
above their liquidus point. For typical float glass
compositions this was found to be around 1060 °C,
while for C-glass, lead and Ba/Sr silicates was even
lower. In high-viscosity melts, however, the corre-
sponding liquidus temperature may not be realistic
for the kiln-casting method. At the tested tempera-
ture range (820–1200 °C), the aluminosilicates con-
taining embedded nano-ceramic crystals were the
only samples to entirely crystallize due to their com-
position. Regarding the strength of the glass network,
this is defined by the bond strength of the composing
compounds and molar volume (spacing and organi-
zation of the molecules). Lead silicate samples, due
to the weakness of the PbO bond and the large size
of the Pb atoms, showed the lowest flexural strength,
when compared to other recycled glass compositions
of pure grade. C-fiber glass presented, on the con-
trary, the highest strength, due to the advantageous
effect of the 5% Al2O3 content in combination with
the flexibility of its glass network (Bristogianni et al.
2020).

• Cullet size The size of the cullet, in combination
with contaminants surrounding each cullet piece,
will determine the meso-level structure of the recy-
cled glass. Large shards may result in distinct struc-
tures (glassy or crystalline) within the glass, while
smaller cullet will result in random patterns. Pow-
dering of the cullet will increase the homogeneity of
the recycled sample but also the bubble content due
to the higher amount of entrapped air between the
powder particles.

• Contamination contaminants can be categorized into
embedded and external. Embedded contamination
refers to infeasible or strenuous to remove ele-
ments (e.g. coatings, fritting, wired glass, adhe-
sively bonded components) that are linked with the
glass product and, if applicable, with its incorpora-
tion within a system (e.g. window frame, electronic
device). External contaminants are relevant to the
post-consumer waste glass streams and to the quality
of waste collection, sorting and recycling into cullet.
A more sophisticated recycling system could reduce
or avoid the presence of external contaminants, in
antithesis to the embedded contaminants, which are
technically and economically challenging to remove.

The thermal history employed for the recycling by
kiln-casting of each glass type can favour the removal
of contaminants (e.g. coatings) or intensify their effect
(e.g. promote crystal formation around a defect). For
example, a short dwell time at forming temperature (2 h
at 1120 °C) showed inadequate removal of coating-
associated bubbles in soft coated float or mirror spec-
imens versus a prolonged heating (10 h). Forming
below the liquidus point would lead to the formation
of crystalline interfaces between the cullet pieces. The
removal of frit, even of light colour, was not successful
at such temperatures (e.g. 970 °C) either.

The combined effect of the cullet characteristics
and thermal history will result in stress inducing and
strength reducing defects. Strength reducing defects
can be bubbles or undissolved frit flakes that inter-
rupt the glass network. Such defects, if situated in the
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Figure 41: Parameters affecting the quality grade of the recycled kiln-cast glass component. (Bristogianni & 
Oikonomopoulou, 2023)
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the surface do not differ significantly from those of type 
A cullet, it may indicate the potential to recycle more 
material for the composite beams.

6.1.3 Further analysis

Mechanical validation

Surface: 8 mm and Bulk: 13 mm: CSP Pollutants 
are in the bulk

Surface: 8 mm and Bulk: 13 mm: Metallic Pollutants 
are in the bulk

After the beams are produced, they need to be 
manufactured and prepared for the structural 
performance test. Surface and edge treatment must be 
carried out for each beam. The structural performance 
of each beam will be assessed using a four-point bending 
machine. According to this section of the research, 
beams constructed entirely of Class B cullet will be 
stronger than those constructed entirely of Class C cullet. 
Since composite beams will incorporate stronger glass 
(type A cullet) on the surface, they will be stronger than 
homogeneous beams.

Microscopic validation

After the structural performance test, the beams will be 
evaluated for their crack patterns, and the origin of the 
fracture will be analysed. This analysis is conducted using 
a microscope. The flaws are examined and investigated 
to determine which ones have the most harmful effect 
on structural performance. Additionally, the location of 
these flaws on the beam—whether at the surface or 
within the bulk—is analysed

Structural performance optimisation

To optimise the structural performance of the beams, 
experimental tests are conducted. The selection of cullets 
for the beams is optimised while analysing the influence 
of specific cullets. Additionally, the effect of temperature 
on the composite beams is examined to understand 
whether higher temperatures affect the compatibility 
between the cullets and between the bulk and surface. 

Experiment type 1: Homogeneous beams Experiment type 2: Composite beams finding the optimal ratio between surface and bulk

Experiment type 3: Composite beams finding the influence of the bulk material

Experiment type 4: Composite beams finding the influence of the surface material 

(b)

(c)

(e)

A homogeneous beam comprising type B glass cullet. This implies conducting 
tests using glass that is either coated or fritted.

A homogeneous beam comprising type C glass cullet. This implies conducting 
tests using glass that is containing HR glass, CSP pollutants or metallic 
pollutants.

A composite beam featuring type A cullet on the surface and type C cullet in the 
bulk. It undergoes a ratio of 8 -13 mm.

21 m
m

28 mm

13 mm

8 mm

21 m
m

28 mm

21 m
m

28 mm

(d)
A composite beam featuring type A cullet on the surface and type C cullet in 
the bulk. It undergoes a ratio of 6 -15 mm.

15 mm

6 mm

21 m
m

28 mm

(g)

A composite beam featuring type A cullet on the surface and type C cullet in the 
bulk. It undergoes a ratio of 12 -9 mm.

9 mm

12 mm

21 m
m

28 mm

(f)

A composite beam featuring type A cullet on the surface and type C cullet in 
the bulk. It undergoes a ratio of 10 -11 mm.

11 mm

10 mm

21 m
m

28 mm

Figure 42: Experimental setup, (a) homogeneous beams with cullet 
type A, (b) homogeneous beams with cullet type B, (c) homogeneous 
beams  with cullet type C , (d) composite beams ratio between surface 
and bulk variant A (6 mm Float glass), (e) composite beams ratio 
between surface and bulk variant B (8 mm Float glass), (f) composite 
beams ratio between surface and bulk variant C (10 mm Float glass), 
(g) composite beams ratio between surface and bulk variant D (12 mm 
Float glass), (h) composite beams with different bulk material variant 
A (8 mm Float glass), (i) composite beams with different bulk material 
variant B (10 mm Float glass), (j)  composite beams with different 
surface material variant A (CSP Pollutants), (k) composite beams with 
different surface material variant B (Metallic Pollutants) 

(h) (i)
A composite beam with type A cullet on its surface and type C cullet in its bulk. 
The testing focuses on the  bulk, containing metallic pollutants

A composite beam with type A cullet on its surface and type C cullet in its bulk. 
The testing focuses on the bulk, containing metallic pollutants

A composite beam with type B cullet on its surface and type C cullet (CSP) in its 
bulk. The testing focuses on the surface type containing Fritted glass

A composite beam with type B cullet on its surface and type C cullet (Metallic) 
in its bulk. The testing focuses on the surface type containing Fritted glass 

21 m
m

28 mm

21 m
m

28 mm

13 mm

8 mm

11 mm

10 mm

(j) (k)

21 m
m

28 mm

21 m
m

28 mm

13 mm

8 mm

13 mm

8 mm

(a)

A homogeneous beam comprising type A glass cullet. This implies conducting 
tests using Float glass

21 m
m

28 mm
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6.2  Mould preparation
Making the moulds is a crucial step in the casting 
process, as emphasised in section 2.3.4: Casting. Various 
types of moulds can be used, including disposable and 
permanent moulds, which are listed in Table 06. Due to 
its low manufacturing costs and ease of production, the 
disposable mould was chosen for this thesis. Given the 
relatively low production volume, a disposable mould 
is suitable. However, for higher production volumes, 
permanent moulds would be recommended.

Since disposable moulds were chosen, a new mould 
needed to be created for each beam. In total, 58 moulds 
were produced for the beams. The procedure began with 
constructing a glass reservoir and a 3D-printed element 
shaped as a rectangular beam, based on the research of 
Bristogianni et al. (2021b). The reservoir is necessary due 
to the change in volume of the glass cullets before and 
after melting, caused by trapped air between the cullets. 
Its precise measurements are 21 mm in width, 28 mm in 
height, and 350 mm in length.

The following steps are the stages involved in producing 
a mould (Figure 43):

1. Place the 3D printed beam at a position that is 
acceptable for it and has enough room surrounding 
it.

2. 

3. 

4. 

5. 

6. 

Use clay to anchor the beam to the surface along 
its edges.

Because clay dries quickly, make sure it stays wet 
by misting it with a cleaner.

To make the model’s release from the mould easier, 
lightly coat the model’s exterior with petroleum 
jelly.

Build a wooden box around the 3D printed part, 
allowing a two-centimeter overhang on all sides. 
Maintain a consistent clearance by ensuring that 
the gap between the 3D printed part and the 
wooden planks is uniform on all sides. Fix the 
wooden planks to create a box and fasten them 
tightly

Use clay to seal the wooden box’s edges to stop 
leaks when the liquid plaster is poured in.

The wooden box is then filled with the creamy 
plaster mixture. To make sure there are no trapped 
air bubbles, it is crucial to verify the depth after 
pouring—ideally, it should be at least 2 cm in the 
centre of the wooden box. In addition, any trapped 
bubbles can be released by lightly tapping at the 
surface of each wooden board. After that, the 
mould is given at least an hour to dry. Every mould 
used in this thesis is given a minimum of 75 minutes 
to dry.

7. 

8. 

9. 

Services 2003, 2019). One litre of water is added 
to every 2.8 kg of Crystalcast to make the mixture. 
The mixture is made by gradually adding Crystalcast 
to the water until a creamy consistency is reached. 

After the mould is completely dry, the 3D printed 
part is removed, cleaned, and prepared for the next 
mould, starting again from step 1. Any clay that 
had not dried is reused once the mould itself has 
been cleaned. The beam is then washed with warm 
water to remove any residual petroleum jelly and 
left to dry completely for at least a day before it is 
used in the oven.

In this phase, the silica plaster mixture is ready to 
be cast for the beams. The silica plaster that is used 
is Crystalcast M2482 containing 73% silica powder 
(cristobalite, quartz), 23% calcium sulphate 
(gypsum), and 1% organics (Goodwin Refractory 

6.3  Cullet preparation
The cullets used for these experiments are based on 
previous research, including Matskidou’s 2022 thesis. She 
analysed the effects of different quality grades of cullets. 
The following selection of cullets was made with the help 
of her observations and conclusions (Matskidou, 2022):

Float glass containing CSP pollutants, which is a 
grade C cullet, offers the most promising results for 
composite panels. Even with heavy contamination, 
homogeneity and high compatibility can be 
achieved through effective remelting.

For cullet size, shard shape is chosen. This shape 
inhibits bubble formation, allowing remelting at 
a lower temperature (1070°C) and for a shorter 
duration, resulting in a more translucent product.

It is advised to further investigate the compatibility 
between the layers in the composite.

There is a direct connection between the type of 
flaws and cullet contamination, composition, and 
annealing schedules.

Following an examination of all the tiles created 
throughout her investigation, the following criteria were 
used to select the cullets: compatibility, transparency, 

(a)

(b)

Figure 43: Preparation of the crystal silica moulds for the beams. (a) 
step 1, (b) step 5, (c) step 6,(d) step 7 and (e) step 8

(c)

(d)

(e)
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6.4  Fire Rounds

The temperatures used for the production of the beams 
are carefully discussed with Dr. Bristogianni each time. 
Generally, the homogeneous beams are heated to a 
maximum temperature of 1120°C, while the composite 
beams are heated to a maximum temperature of 1070°C. 
The higher maximum temperature for the homogeneous 
beams ensures greater homogeneity, as they consist of a 
single type of cullet that can fully mix. For the composite 
beams, a slightly lower temperature is chosen to ensure 
that the layered system remains intact.

Both the homogeneous and composite beams are 
annealed at around 580°C. They are heated at a rate 
of 50°C per hour until reaching the desired maximum 
temperature. Subsequently, they are cooled down to a 
temperature 20°C above the annealing point at a rate 
of -160°C per hour. They anneal for an additional ten 

hours, followed by five hours of gradual cooling to the 
annealing point at a rate of -3°C per hour. After this, they 
are gradually cooled to the strain point at the same rate 
before being quickly cooled to room temperature.

This heating and cooling process replicates the 
methodology Dr. Bristogianni employed in her 
investigation of the flexural strength and stiffness of cast 
glass (Bristogianni et al., 2021b).

mould response, presence of cracks, breakage, and 
bubble level. Since the main goal of this thesis is to 
create recycled cast glass panels from C&D waste, 
structural performance is evaluated. The focus is on the 
presence of fractures, breakage, and bubbles in the tiles. 
If fractures are discovered before the beam is tested for 
structural performance, the beam is not suitable for the 
end application.

An overview of the chosen cullets used in this experiment 
is provided in Table 12.

As previously mentioned in paragraph 6.1.2 Experimenting 
with homogenous and composite beams, the setup of this 
research involves four types of experiments. The name of 
each fire round corresponds to the type of experiment 
being conducted.

6.5.3 Fire Round 1A, Homogeneous beams, behaviour 
of one single pollutant

Six beams were set up inside the oven for the first 
fire schedule. Three beams had HR glass; the other 
three beams had CSP pollutants. The cullets in this fire 
round were cleaned, but no pollution of any kind was 
eliminated. The objective of this experiment was to 
determine the impact of the CSP pollutants and the HR 
cullets in a cast beam arrangement. The organisation of 
the Fire Round is depicted in diagram in Figure 44. An 
illustration of the beam placement in the oven may be 
found in Figure 45.

6.5.4 Fire Round 1B, Homogeneous beams, behaviour 
of one single pollutant

Six beams were placed into the oven during this fire 
round. Three beams were made of black Fritted glass, 
two beams had a soft coating, and one beam had HR 
glass. Since silicone and ceramics within the composition 
caused all of the HR beams to shatter during Fire round 
1A, it was decided that  for this round these elements 
were removed.

This test was set-up to determine the impact of one 
specific contamination. The organisation of the fire round 
is depicted in diagram in Figure 46. An illustration of the 
beam placement in the oven may be found in Figure 47.

6.4.1 Set-up of the Fire Rounds

A weight list had to be made in order to prepare the 
beams. This may be seen in Appendix B. The amount of 
weight that each kind of cullet required to be put into 
the moulds.

6.5.2 Name of the Fire Rounds

Fire Round 1: Based on experiment type 1, involves 
homogeneous beams containing type A, B, or C 
cullet.

Fire Round 2: Based on experiment type 2, involves 
composite beams with different surface-bulk ratios.

Fire Round 3: Based on experiment type 3, involves 
composite beams with different bulk materials.

Fire Round 4: Based on experiment type 4, involves 
composite beams with different surface materials.

Some fire rounds include multiple sub-rounds, which are 
categorised with letters (A, B, C, etc.).

For example, Fire Round 2A refers to a fire round for 
composite beams with different surface-bulk ratios, and 
it is the first sub-round.

Cullet type: Grade C Cullet: HR glass

Temperature: 1120 degrees

Cullet type: 

Grade C Cullet: HR glass

Temperature: 1120 degrees

Grade B Cullet: Fritted glass

Grade C Cullet: CSP Pollutants Grade B Cullet: Soft coated glass

Each composition is assigned a specific name. The name 
starts with the number of the fire round (1, 2, 3, or 4) 
followed by a letter indicating the thickness of the surface 
material:

A = 6 mm, B = 8 mm, C = 10 mm, D = 12 mm

When the bulk or surface material changes, a Roman 
numeral (I, II, III) can be added to the name.

Names of composite compositions

Type C cullet

Combi HR 
Float (Maltha)

Combi CSP 
Float (Maltha)

Heat resistant 
glass

CSP Pollutants

Shards

Shards

Type C cullet Combi HR 
Float (Maltha)

Heat resistant 
glass Shards

Type B cullet SNX 60/28 
(Guardian)

Soft coating Shards

Sunguard 
Solar Light 
Blue 52

Soft coating Shards

Lacobel LT 
Black (AGC)

Ceramic frit Shards

Name

Coating 
SNX 60/28 
(Guardian)

Type B cullet Type C cullet

NameType of 
contamination

Type of 
contamination

Soft coating

Soft coatingSunGuard 
Solar Light 
Blue 52
(Guardian)

Fritted glassLacobel LT 
Black
(AGC)

Combi HR 
Float
(Maltha)

Heat resistant 
glass

CSP pollutantsCombi CSP 
Float
(Maltha)

Metallic 
pollutants

Combi HR 
float, metallic 
pollutants
(Maltha)

Figure 44: llustratic diagram of Fire Round 1A Figure 45: Fire Round 1A placed in the oven

Figure 47: Fire Round 1B placed in the ovenFigure 46: Illustratic diagram of Fire Round 1B

Table 12: Overview of used cullets during experiments
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6.5.6 Fire Round 1D, Homogeneous beams, behaviour 
of one single pollutant

Cullet type: Grade A Cullet: Float glass

Temperature: 1070 degrees

Three beams were made of Float glass to determine 
the influence of the composite beams compared to the 
homogeneous Float glass beams. This test aims to see if 
there is an optimal configuration for the composite beams 
that allows them to achieve structural performance 
comparable to that of the fully Float glass beams. The 
organisation of the fire round is depicted in the diagram 
in Figure 50, and an illustration of the beam placement in 
the oven can be found in Figure 51. 

6.5.7 Fire Round 2A, Composite beams, Influence of 
the ratio between surface and bulk

Surface 

Grade B Cullet: Fritted glass

Temperature: 1070 degrees

Bulk 

Grade A Cullet: Float glass

This fire round marked the first placement of composite 
compositions. Seven beams were produced for this fire 
round. Six beams contain CSP pollutants in the bulk, and 
one beam contains Fritted glass in the bulk. First, the 
beams with CSP pollutants will be discussed, followed 
by the beam with Fritted glass. Three beams have a 
composition of 2B, and three beams have a composition 
of 2C. The beam with Fritted glass in the bulk has a 
composition of 3B-I. This experiment was designed to 
discover out how a composite composition affects the 
structural performance. The organisation of the fire round 
is depicted in diagram in Figure 52. An illustration of the 
beam placement in the oven may be found in Figure 53.

Grade C Cullet: CSP Pollutants
A lower temperature is used here so that the three beams 
can be placed in the same oven as the composite beams. 
This decision was made for logistical reasons. 

Three beams were made of glass with metallic pollutants. 
This test was designed to determine the impact of a 
particular parameter. The organisation of the fire round 
is depicted in diagram in Figure 48. An illustration of the 
beam placement in the oven may be found in Figure 49.

6.5.5 Fire Round 1C, Homogeneous beams, behaviour 
of one single pollutant

Cullet type: Grade C Cullet: Met. Pollutants

Temperature: 1070 degrees
Composition 
2B 

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2C

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
3B-I

Type A Cullet 

Type B Cullet

Float glass

Lacobel LT 
Black (AGC)

Sheet

Shards

Composition 
2A

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2B

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2C

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Type A cullet Float glass - Sheets

Figure 48: Illustratic diagram of Fire Round 1C 

Type C cullet Combi 
Metallic Float 
(Maltha)

Metallic 
Pollutants

Shards

Figure 49: Fire Round 1C placed in the oven

Figure 50: Illustratic diagram of Fire Round 1D

Figure 51: Fire Round 1D placed in the oven

Figure 53: Fire Round 2A placed in the ovenFigure 52: Illustratic diagram of Fire Round 2A

Figure 55: Fire Round 2B placed in the ovenFigure 54: Illustratic diagram of Fire Round 2B 
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In this fire round, six beams were arranged: two beams 
with composition 2A, two beams with composition 2B, 
and two beams with composition 2C. However, due to 
multiple beams breaking during the previous fire round, 
fire round 2A, an additional safety check was conducted 
on this bulk. Silicone and ceramic inclusions were 
removed. The goal of this fire round was to examine the 
effects of different ratios between surface and bulk and to 
observe the effect of removing inclusions in the bulk. The 
organisation of the fire round is depicted in the diagram 
in Figure 54. An illustration of the beam placement in the 
oven can be found in Figure 55.

6.5.9 Fire Round 2C, Composite beams, Influence 
of the ratio between surface and bulk with higher 
temperature

6.5.8 Fire Round 2B, Composite beams, Influence of 
the ratio between surface and bulk

Bulk Grade C Cullet: CSP Pollutants

Surface 

Temperature: 1070 degrees

Grade A Cullet: Float glass

To determine whether the relationship between the 
surface and bulk would change at higher temperatures, 
a different temperature schedule was used in this fire 
round. The connection between the bulk and surface is 
expected to be more important. This is explained in more 
detail in Chapter 9: Mechanical behaviour optimisation.

6.5.10 Fire Round 2D, Composite beams, Influence of 
the ratio between surface and bulk

For this fire round, the last few composite compositions 
were placed in the oven. There was one beam with 
composition 2A, two beams with composition 2B, 
one beam with composition 2C, and three beams with 
composition 2D. However, the Float glass was cut in half 
for one beam of composition 2B and one of composition 
2C to observe the influence of the tinted side of the Float 
glass. The goal of this fire round was to investigate the 
different surface-to-bulk ratios. A diagram showing how 
the fire schedule is organised is displayed in Figure 56, 
while Figure 57 illustrates the arrangement of beams in 
the oven.

Bulk Grade C Cullet: CSP Pollutants

Surface 

Temperature: 1070 degrees

Grade A Cullet: Float glass

6.5.11 Fire Round 3A, Composite beams, Influence of 
the bulk material

Bulk Grade C Cullet: Met. Pollutants

Surface 

Temperature: 1070 degrees

Grade A Cullet: Float glass

Six beams are manufactured during this fire round. Three 
beams contain the 3B-II composition, and three beams 
contain the 3C composition. The objective of this fire round 
was to examine the effects of using a different bulk type, 
other than cullets with CSP contaminants. Additionally, 
it aimed to observe if the structural performance varies 
when the bulk and surface ratios of cullets containing 
metallic contaminants are different. The organisation of 
the fire round is depicted in the diagram in Figure 58, and 
Figure 59 provides an illustration of the beam placement 
in the oven.

Six beams are manufactured during this fire round. 
Three beams contain the 4B-I composition, and three 
beams contain the 4B-II composition. The goal of this fire 
round is to determine whether the composition would 
be affected by another surface material with a lower 
cullet quality grade. The schematic presented in Figure 
60 shows how the fire round is organised, and Figure 61 
shows how the oven’s beam placement is done.

6.5.12 Fire Round 4A, Composite beams, Influence of 
the surface material

Bulk Grade C Cullet: CSP Pollutants

Surface 

Temperature: 1070 degrees

Grade B Cullet: Fritted glass

Grade C Cullet: Met. Pollutants

Figure 57: Fire Round 2D placed in the oven Figure 56: Illustratic diagram of Fire Round 2D

Composition 
2A

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2B

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2C

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2D

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Figure 58: Illustratic diagram of Fire Round 3A

Composition 
3B-II

Type A Cullet 

Type C Cullet

Float glass

Combi 
Metallic Float 
(Maltha)

Sheet

Shards

Composition 
3C

Type A Cullet 

Type C Cullet

Float glass

Combi 
Metallic Float 
(Maltha)

Sheet

Shards

Figure 59: Fire Round 3A placed in the oven 
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6.6  Feasibility validation
Following that, the beams were created in the oven, and 
the mould for the cast glass beams had to be carefully 
removed. Each beam had to be examined to determine 
its feasibility for the structural performance test. Each 
beam is evaluated based on several characteristics: 
compatibility, transparency, mould reaction, presence of 
cracks, breakage, and level of bubbles. Additionally, the 
end criteria determine whether the beam succeeded or 
failed the structural performance test.

Names of cast glass beams

To evaluate each beam, the beams should be coded so 
that they can be easily recognised.

{Name Researcher} – {Name Fire Round} – {Type of 
Beam} – {Bulk type} – {Number in this batch} 
Name researcher: Véronique (V)
Name Fire Round: 1A, 1B, 1C, 2A, 2B, 2C, 2D, 3A or 4A
Type of beam: Homogeneous (H) or Composite (C)
Surface thickness: 6 (mm), 8 (mm), 10 (mm) or 12 (mm). 
Generally, this is Float glass. When an “R” is added, it 
indicates Fritted glass instead of Float glass.
Bulk type: Float glass (Fl), CSP pollutants (C), HR glass 
(HR), Metallic pollutants (M), Fritted glass (F), Soft coated 
glass: SNX 60/26 (S)or Solar light Blue (B)

Example 1:
V – 1A – H – C – 1

This beam is created in Fire Round 1A. It is homogeneous, 
meaning that the majority of the cullets are CSP 
pollutants. And it is the first beam of this set. 

Example 2:
V-2D-C8-C-2

This beam is created in Fire Round 2D. It is a composite 
beam, 8 mm Float glass and with CSP Pollutants in the 
bulk. And it is the second beam of this set. 

Example 3:
V-4A-CR8-C-2

This beam is created in Fire Round 4a. It is a composite 
beam, 8 mm Fritted glass and with CSP Pollutants in the 
bulk. And it is the second beam of this set. 

6.6.1 Fire Round 1A, Homogeneous beams, behaviour 
of one single pollutant

Homogeneous beams: CSP Pollutants

   Beam V-1A-H-C-1
   Material characteristics
The product:  Combi CSP Float (Maltha)
Cullet grade:   Class C
Contamination:  CSP Pollutants
Cullet Type:   Small shards
Forming temperature:  1120 °C

   Feasibility characteristics
Compatibility:    high
Transparency:   translucent
Mould reaction:  absent
Cracks presence:  present
Breakage:   absent
Bubbles level:   medium 
Structural performance:succeeded

Beam V-1A-H-C-2
Material characteristics
Combi CSP Float (Maltha)
Class C
CSP Pollutants
Small shards
1120 °C

Feasibility characteristics
high 
translucent
absent
present
absent
low
succeeded

Beam V-1A-H-C-3
Material characteristics
Combi CSP Float (Maltha)
Class C
CSP Pollutants
Small shards
1120 °C

Feasibility characteristics
high
translucent
present
present
present
medium
failed

Six beams were being created in Fire Round 1A. 
Unfortunately, four beams failed during this fire round 
due to the presence of ceramic and silicone traces. As 
illustrated in Figure 39, there is a significant difference 
in thermal expansion between silicone and glass 
ceramics compared to soda lime glass. When the thermal 
expansion of these materials varies too much, it creates 
tension between two spots, leading to stress, cracks, 
and ultimately, beam breakage. Since these beams have 

   Beam V-1A-H-HR-1
   Material characteristics
The product:   Combi HR Float (Maltha)
Cullet grade:   Class C
Contamination:  HR glass
Cullet Type:   Small shards
Forming temperature:  1120 °C

   Feasibility characteristics
Compatibility:  low
Transparency:  translucent
Mould reaction: absent
Cracks presence: present
Breakage:  present
Bubbles level:  low
Structural performance:failed

Homogeneous beams: HR glass

Beam V-1A-H-HR-2
Material characteristics
Combi HR Float (Maltha)
Class C
HR glass
Small shards
1120 °C

Feasibility characteristics
medium
translucent
absent
present
present
low
failed

Beam V-1A-H-HR-3
Material characteristics
Combi HR Float (Maltha)
Class C
HR glass
Small shards
1120 °C

Feasibility characteristics
low
opaque
present
present
present
low
failed

Homogeneous beams with CSP Pollutants
(Figure 62)

Homogeneous beams with HR glass
(Figure 63)

Figure 60: Illustratic diagram of Fire Round 4A
Figure 61: Fire Round 4A placed in the oven, (a) CSP Pollutants, (b) 
Metallic Pollutants

Composition 
4B-I

Type B Cullet 

Type C Cullet

Lacobel LT 
Black (AGC)

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
4B-II

Type B Cullet 

Type C Cullet

Lacobel LT 
Black (AGC)

Combi 
Metallic Float 
(Maltha)

Sheet

Shards

(a) (b)

(a) (b) (c)

Figure 62: Feasibility validation of Fire Round 1A, Beams with CSP pollutants. (a) beam V-1A-H-C-1, (b) beam V-1A-H-C-2 and (c) beam V-1A-H-C-3

(a) (b) (c)

Figure 63: Feasibility validation of Fire Round 1A, Beams with HR glass. (a) Beam V-1A-H-HR-1, (b) beam V-1A-H-HR-2 and (c) Beam V-1A-H-HR-3
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6.6.2 Fire Round 1B, Homogeneous beams, behaviour 
of one single pollutant

Six beams were being created in this fire round. Three 
beams contain black Fritted glass. It was intriguing to 
observe throughout this test whether the black frit would 
retain its colour or fade due to the high temperature 
of the oven. What happened was that the black hue 
disappeared in the oven. It cannot be directly compared 
to the black frit utilised in Dr. Bristogianni’s 2022 research 
due to its different composition. Bristogianni’s PhD 
composition included chromium(III) oxide, a molecule 
with a very high melting point (2435 degrees), which 
did not melt in the oven. After conducting an XRF test 
at Mechanical Engineering, it can be confirmed that 
chromium(III) oxide is absent from the new mixture. The 
black hue of the frit is caused by the presence of two 
molecules: MgO (magnesium oxide) and Fe2O3 (iron(III) 
oxide).

In Fire Round 1A, all the beams containing HR glass 
failed due to ceramic traces. For this fire round, one 
beam with HR glass was made without these traces. As 
a result of the removal of these pollutants, the HR glass 
did not break. Lastly, two beams with a soft coating were 
constructed for this test. SunGuard Solar Light Blue 52 
was present in one beam, while SunGuard eXtraSelective 
SNX 60/28 was present in the other. There was no sign 
of silicone on the Sunguard Solar Light. However, for the 

Homogeneous beams: Fritted glass

Beam V-1B-H-F-1
Material characteristics
The product:   Lacobel LT Black (AGC)
Cullet grade:   Class B
Contamination:  Fritted glass
Cullet Type:   Small shards
Forming temperature:  1120 °C

Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Beam V-1B-H-F-2
Material characteristics
Lacobel LT Black (AGC)
Class B
Fritted glass
Small shards
1120 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

Beam V-1B-H-F-3
Material characteristics
Lacobel LT Black (AGC)
Class B
Fritted glass
Small shards
1120 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

already failed, they cannot be tested during the four-
point bending test.

Regarding the beams with CSP pollutants, silicone 
traces caused Beam V-1A-H-C-3 to fracture. All of the 
homogenous HR Glass beams shattered. Large fractures 
began to form in beam V-1A-H-HR-3, and the ceramics 
in the middle caused the beam to break. Additionally, 
the ceramics caused large cracks in the middle. Beam 
V-1A-H-HR-2 almost survived, but unfortunately, it had 
ceramics at the edge.

Homogeneous beams: HR glass

   Beam V-1B-H-HR-1
   Material characteristics
The product:   Combi HR Float 
   (Maltha)
Cullet grade:   Class C
Contamination:  HR glass
Cullet Type:   Small shards
Forming temperature:  1120 °C

   Feasibility characteristics
Compatibility:  high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Beam V-1B-H-B-1
Material characteristics
SunGuard Solar Light Blue 52 
(Guardian)
Class B
Soft coated glass
Small shards
1120 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

SNX 60/28 coated glass

Beam V-1B-H-S-1
Material characteristics
SunGuard SNX 60/28 
(Guardian)
Class B
Soft coated glass
Small shards
1120 °C

Feasibility characteristics
medium
translucent
absent
present
present
medium
failed

6.6.3 Fire Round 1C, Homogeneous beams, behaviour 
of one single pollutant

Three beams with metallic pollutants are being created 
in this fire round. All the beams passed the structural 
performance test. However, the metal traces began to 
interfere with the mould, resulting in mould reactions in 
all the glass beams. Blue traces are also appearing in these 
compositions, suggesting that some mirror fragments 
were mistakenly added, assuming they were metal.

6.6.4 Fire Round 1D, Homogeneous beams, behaviour 
of one single pollutant

6.6.5 Fire Round 2A, Composite beams, Influence of the 
ratio between surface and bulk

Seven beams were being formed during this fire round. 
Since the beams were only cleaned and no harmful 
pollutants were removed from the batch, many beams 
broke during this process. It turned out that some 
pollutants, particularly ceramics and silicone, damaged 
the beams due to the discrepancy in thermal expansion 
between ceramics, silicone, and glass. The beams display 
multiple colours from the tinted glass, with different 
coloured streaks appearing.

Three beams made of Float glass are being created 
in this fire round. All the beams passed the structural 
performance test, demonstrating high compatibility. The 
beams are translucent, but they become transparent 
when water is applied to the glass.

Homogeneous beams with Fritted glass 
(Figure 64)

Homogeneous beams with HR glass 
(Figure 65)

Homogeneous beams with soft coating SNX 60/28 
(Figure 66)

Homogeneous beams with soft coating blue solar 
(Figure 67)

beam containing SunGuard eXtraSelective SNX 60/28, 
the silicone was held to the glass, and there was no way 
to remove the traces, which undoubtedly impacted the 
beam’s performance, since this beam failed.

Homogeneous beams with Metallic pollutants
(Figure 68)

Homogeneous beams with Float glass
(Figure 69)

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 70)

Surface: Float glass. Bulk: CSP Pollutants

Composite beams: Surface 10 mm and Bulk 11 mm
(Figure 71)

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 72)

Surface: Float glass. Bulk: Fritted glass

(a) (b) (c)

Figure 64: Feasibility validation of Fire Round 1B, Beams Fritted glass. (a) Beam V-1B-H-F-1, (b) Beam V-1B-H-F-2 and (c) Beam V-1B-H-F-3

(a) (b)(c)

Figure 65: Feasibility validation of Fire Round 
1B, Beam V-1B-H-HR-1

Figure 66: Feasibility validation of Fire Round 
1B, Beam V-1B-H-S-1

Blue solar light coated glass

Figure 67: Feasibility validation of Fire Round 
1B, Beam V-1B-H-B-1 
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Homogeneous beams: Metallic pollutants

   Beam V-1C-H-M-1
   Material characteristics
The product:   Combi Mag. Float (Maltha)
Cullet grade:   Class C
Contamination:  Metallic Pollutants
Cullet Type:   Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:   translucent
Mould reaction: present
Cracks presence: present
Breakage:  absent
Bubbles level:  medium
Structural performance:succeeded

Beam V-1C-H-M-2
Material characteristics
Combi Mag. Float (Maltha)
Class C
Metallic Pollutants
Small shards
1070 °C

Feasibilitycharacteristics
high
translucent
present
absent
absent
high
succeeded

Beam V-1C-H-M-3
Material characteristics
Combi Mag. Float (Maltha)
Class C
Metallic Pollutants
Small shards
1070 °C

Feasibility characteristics
high
translucent
present
absent
absent
medium
succeeded

Homogeneous beams: Float glass

   Beam V-1D-H-FL-1
   Material characteristics
The product:   Float glass (Pilkington)
Cullet grade:   Class A
Contamination:  -
Cullet Type:   Sheets
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:   translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Beam V-1D-H-FL-2
Material characteristics
Float glass (Pilkington)
Class A
-
Sheets
1070 °C

Feasibilitycharacteristics
high
translucent
abesent
absent
absent
low
succeeded

Beam V-1D-H-FL-3
Material characteristics
Float glass (Pilkington)
Class A
-
Sheets
1070 °C

Feasibility characteristics
high
translucent
abesent
absent
absent
low
succeeded

(a) (b) (c)

Composite beams: Surface: Float 8 mm, Bulk: CSP

   Beam V-2A-C8-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    medium
Transparency:  translucent
Mould reaction: absent
Cracks presence: present
Breakage:  absent
Bubbles level:  medium
Structural performance:succeeded

Beam V-2A-C8-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
medium
translucent
absent
present
present
low
failed

Beam V-2A-C8-C-3
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
medium
translucent
absent
present
present
low
failed

Composite beams: Surface: Float 10 mm, Bulk: CSP

   Beam V-2A-C10-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature: 1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Beam V-2A-C10-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
medium
translucent
absent
present
present
low
failed

Beam V-2A-C10-C-3
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
present
present
low
failed

(a) (b) (c)

Figure 68: Feasibilty validation of Fire Round 1C, Beams Metallic pollutants. (a) Beam V-1C-H-M-1, (b) Beam V-1C-H-M-2 and (c) Beam V-1C-H-M-3

Figure 69: Feasibilty validation of Fire Round 1D, Beams with Float glass. (a) Beam V-1D-H-FL-1, (b) Beam V-1D-H-FL-2 and (c) Beam V-1D-H-FL-3

(a) (b) (c)

Figure 70: Feasibility validation of Fire Round 2A, (a) Beam V-2A-C8-C-1, (b) Beam V-2A-C8-C-2 and (c) Beam V-2A-C8-C-3

Figure 71: Feasibility validation of Fire Round 2A, (a) Beam V-2A-C10-C-1, (b) Beam V-2A-C10-C-2 and (c) Beam V-2A-C10-C-3

(a) (b) (c)
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Composite beams: Surface: Float 8 mm, Bulk: Fritted glass

   Beam V-2A-C8-F-1
   Material characteristics
The product:  Float glass + 
   Lacobel LT Black (AGC)
Cullet grade:   Class A + Class B
Contamination:  Float glass + Fritted glass
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Composite beams: Surface: Float 6 mm, Bulk: CSP

   Beam V-2B-C6-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:  Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  medium
Structural performance:succeeded

Beam V-2B-C6-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
absent
absent
medium
succeeded

Composite beams: Surface: Float 8 mm, Bulk: CSP

Beam V-2B-C8-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
absent
absent
low
succeeded

   Beam V-2B-C8-C-2
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Composite beams: Surface: Float 10 mm, Bulk: CSP

Beam V-2B-C10-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

Beam V-2B-C10-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
absent
absent
low
succeeded

6.6.8 Fire Round 2D, Composite beams, Influence of the 
ratio between surface and bulk

The final composite beams, aimed at determining the 
ratio between surface and bulk, were completed during 
this fire round. As mentioned in paragraph 6.5.10, Fire 
Round 2D, Composite beams, influence of the ratio 
between surface and bulk, the Float glass was cut in half 
for one beam of composition 2B and one of composition 
2C to observe the influence of the tinted side of the Float 
glass. At a temperature of 1070 degrees, no Voronoi 
pattern could be observed on the surface, nor was there 
any difference between the two sides. All the beams 
showed mould reactions. The cullets began to interfere 
with the mould, likely due to a coating.

As stated in paragraph 6.5.8, “Fire Round 2B, Composite 
beams: Influence of the ratio between surface and bulk,” 
some pollutants, specifically ceramics and silicones, 
were removed. The contaminants that cause damage to 
the beams were manually selected and eliminated from 
the bulk material, as will be discussed in paragraph 9.1: 
“Influence of cullet selection.” As a result, the beams from 
Fire Round 2B have high compatibility and all passed the 
structural performance test. No cracks or breakages were 
observed.

6.6.7 Fire Round 2C, Composite beams, Influence of the 
ratio between surface and bulk with higher temperature

For Fire Round 2C another temperature schedule was 
being used to try to optimise the mechanical behaviour 
of the beams. This will be explained in paragraph 9.2 
influence of a higher temperature schedule.

6.6.6 Fire Round 2B, Composite beams, Influence of 
the ratio between surface and bulk

Composite beams: Surface 6 mm and Bulk 15 mm
(Figure 73)

Surface: Float glass. Bulk: CSP Pollutants

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 74)

Composite beams: Surface 10 mm and Bulk 11 mm
(Figure 75)

Composite beams: Surface 6 mm and Bulk 15 mm
(Figure 76)

Surface: Float glass. Bulk: CSP Pollutants

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 77)

Composite beams: Surface 10 mm and Bulk 11 mm
(Figure 78)

Composite beams: Surface 12 mm and Bulk 9 mm
(Figure 79)

Figure 72: Feasibility validation of Fire Round 2A, beam V-2A-C8-F-1 Figure 73: Feasibility validation of Fire Round 2B, (a) Beam V-2B-C6-C-1 and (b) Beam V-2B-C6-C-2

(a) (b) (a)

Figure 74: Feasibility validation of Fire Round 2B, (a) Beam V-2B-
C8-C-1 and (b) Beam V-2B-C8-C-2

Figure 75: Feasibility validation of Fire Round 2B, (a) Beam V-2B-
C10-C-1 and (b) Beam V-2B-C10-C-2

(b) (b)(a)
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6.6.9 Fire Round 3A, Composite beams, Influence of 
the bulk material

6.6.10 Fire Round 4A, Composite beams, Influence of 
the bulk material

During Fire Round 3A, the focus was on examining the 
impact of using a different bulk material. In previous tests, 
cullets with CSP pollutants were placed in the bulk. In 
this fire round, however, cullets with metallic pollutants 
were used. Noteworthy, all the beams exhibited a clearly 
visible mould reaction. The metal began to interfere 
with the mould, and metal traces started to melt into the 
beam due to the higher density of the metal. The metal 
in the glass began to melt and interfere with it. All the 
beams showed high compatibility and overall passed the 
structural performance test. However, one beam, V-3A-
C-M10-3, failed due to a small inclusion.

During Fire Round 4A, the focus was on examining the 
influence of using a different type of surface material. 
In the previous composite compositions, Float glass was 
always used. For this fire round, the influence of using B 
cullet type on the surface was being tested. Three beams 
were being made with CSP pollutants in the bulk to 
compare the results with Fire Rounds 2A, 2B, and 2D, and 
three beams were being made with metallic pollutants in 
the bulk to compare with the results of Fire Round 3A.

For the beams with CSP pollutants in the bulk, the results 
varied. One beam, V-4A-CR8-C-1, broke due to a large 
ceramic inclusion in the middle. The other beams passed 
the feasibility validation. In all beams, the frit burned off, 
resulting in translucent beams.

For the beams with metallic pollutants in the bulk, the 
results were quite comparable to each other. They all 
showed moderate to high mould reactions, with the 
metal beginning to interfere with the mould. One beam 
broke after initially passing the structural performance 
test; it failed during polishing due to excessive stress at 
a peak point.

Feasibility characteristics
high
translucent
present
absent
absent
low
succeeded

Surface: Float glass. Bulk: Metallic Pollutants

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 80)

Composite beams: Surface 10 mm and Bulk 11 mm
(Figure 81)

Surface: Fritted glass. Bulk: CSP Pollutants

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 82)

Surface: Fritted glass. Bulk: Metallic Pollutants

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 83)

Beam V-2D-C8-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
present
absent
low
succeeded

Beam V-2D-C8-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Composite beams: Surface: Float 8 mm, Bulk: CSP

Composite beams: Surface: Float 10 mm, Bulk: CSP

Figure 76: Feasibility validation of Fire Round 2D, 
Beam V-2D-C6-C-1

Beam V-2D-C6-C-1
Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:   Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction:  present
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance: succeeded

(a) (b)(a)

Composite beams: Surface: Float 6 mm, Bulk: CSP

Composite beams: Surface: Float 12 mm, Bulk: CSP

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent 
Mould reaction:  present
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance: succeeded

Beam V-2D-C12-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasability characteristics
high
translucent 
present
absent
absent
low
succeeded

Beam V-2D-C12-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasability characteristics
high
translucent
present
absent
absent
low
succeeded

(a) (b)

   Beam V-2D-C10-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:   Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

Figure 79: Feasibility validation of Fire Round 2D, (a) Beam V-2D-
C12-C-1, (b) Beam V-2D-C12-C-2 and (c) Beam V-2D-C12-C-3

Figure 77: Feasibility validation of Fire Round 2D, (a) Beam V-2D-C8-C-1 and 
(b) Beam V-2D-C8-C-2

(c)

Beam V-2D-C12-C-3
Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:   Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction:  present
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance: succeeded

Figure 78: Feasibility validation of Fire Round 2D, (a) Beam V-2D-C10-C-1

(a)
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(a) (b) (c)

(a) (b) (c)

(a) (b) (c)
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Beam V-3A-C8-M-2
Material characteristics
Float glass + 
Combi Mag. Float (Maltha)
Class A + Class C
Float glass + Metal.Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
absent
absent
low
succeeded

Beam V-3A-C8-M-3
Material characteristics
Float glass + 
Combi Mag. Float (Maltha)
Class A + Class C
Float glass + Metal.Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
absent
absent
low
succeeded

   Beam V-3A-C10-M-1
   Material characteristics
The product:   Float glass + 
   Combi Mag. Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + Metal.Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: present
Cracks presence: present
Breakage:  absent
Bubbles level:  medium
Structural performance:succeeded

Beam V-3A-C10-M-2
Material characteristics
Float glass + 
Combi Mag. Float (Maltha)
Class A + Class C
Float glass + Metal. Pollutants
Sheet + Small shards
1070 °C

Feasibiliy characteristics
high
translucent
present
absent
absent
low
succeeded

Beam V-3A-C10-M-3
Material characteristics
Float glass + 
Combi Mag. Float (Maltha)
Class A + Class C
Float glass + Metal.Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
present
present
low
failed

   Beam V-3A-C8-M-1
   Material characteristics
The product:   Float glass + 
   Combi Mag. Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + Metal.Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: present
Cracks presence: absent
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

   Beam V-4A-CR8-C-1
   Material characteristics
The product:   Fritted glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class B + Class C
Contamination:  Fritted glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: absent
Cracks presence: present
Breakage:  present
Bubbles level:  low
Structural performance:failed

Beam V-4A-CR8-C-2
Material characteristics
Fritted glass + 
Combi CSP Float (Maltha)
Class B + Class C
Fritted glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
present
absent
medium 
succeeded

Beam V-4A-CR8-C-3
Material characteristics
Fritted glass + 
Combi CSP Float (Maltha)
Class B + Class C
Fritted glass + CSP Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

   Beam V-4A-CR8-M-1
   Material characteristics
The product:   Fritted glass + 
   Combi Mag. Float (Maltha)
Cullet grade:   Class B + Class C
Contamination:  Frit glass + Metal.Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: present
Cracks presence: absent
Breakage:  absent
Bubbles level:  medium
Structural performance:succeeded

Beam V-4A-CR8-M-2
Material characteristics
Fritted glass + 
Combi Mag. Float (Maltha)
Class B + Class C
Frit glass + Metal.Pollutants
Sheet + Small shards
1070 °C

Beam V-4A-CR8-M-3
Material characteristics
Fritted glass + 
Combi Mag. Float (Maltha)
Class B + Class C
Frit glass + Metal.Pollutants
Sheet + Small shards
1070 °C

Feasibility characteristics
high
translucent
present
present
present
medium
failed

Feasibility characteristics
high
translucent
present
absent
absent
medium
succeeded

Composite beams: Surface: Float 8 mm, Bulk: Metallic

Figure 80: Feasibility validation of Fire Round 3A, (a) Beam V-3A-C8-M-1, (b) Beam V-3A-C8-M-2 and (c) Beam V-3A-C8-M-3

Composite beams: Surface: Float 10 mm, Bulk: Metallic

Figure 81: Feasibility validation of Fire Round 3A, (a) Beam V-3A-C10-M-1, (b) Beam V-3A-C10-M-2 and (c) Beam V-3A-C10-M-3

(a) (b) (c)

Composite beams: Surface: Fritted 8 mm, Bulk: CSP

Composite beams: Surface: Fritted 8 mm, Bulk: Metallic

Figure 82: Feasibility validation of Fire Round 4A,(a) Beam V-4A-CR8-C-1, (b) Beam V-4A-CR8-C-2 and (c) Beam V-4A-CR8-C-3

Figure 83: Feasibility validation of Fire Round 4A, (a) Beam V-4A-CR8-M-1, (b) Beam V-4A-CR8-M-2 and (c) Beam V-4A-CR8-M-3
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6.7  Discussion and conclusion
The following tables provide an overview of the structural 
feasibility validations for each beam. The beams are 
evaluated based on compatibility, transparency, mould 
reaction, cracks, breakage, bubbles level, and structural 
performance, as previously mentioned. The grading 
guidelines are displayed in Table 14. Before conducting 
the four-point bending tests, it is crucial to verify the 
values related to compatibility, cracks, breakage, and 
structural performance. If a beam fails under any of 
these conditions, it would not be suitable for use as a 
load-bearing façade cladding.

The results of the feasibility validation for the 
homogeneous beams are shown in Table 15. Tables 16, 
17, and 18 present the results for the composite beams. 
Table 16 focuses on the optimal ratio between surface 
and bulk, featuring Float glass on the surface and CSP 
pollutants in the bulk. Table 17 examines the influence 
of the bulk material, with beams containing Float glass at 
the surface and metallic pollutants in the bulk. Table 18 
investigates the influence of the surface material, using 
Fritted glass on the surface and CSP pollutants or metallic 
pollutants in the bulk.

6.7.1 Results homogeneous beams

For the homogeneous beams, the focus was on a single 
pollutant type. These tests were conducted over multiple 
fire rounds: Fire Round 1A, Fire Round 1B, Fire Round 
1C, and Fire Round 1D. During these rounds, the quality 
grades of the following cullets were tested: Cullet Type A, 
Cullet Type B, and Cullet Type C. The results are presented 
in Table 15.

Class A Cullet

Three beams made from Class A cullet, containing only 
Float glass, were produced. These beams exhibit high 

compatibility and score well in all other characteristics. 
They serve as a reference group for comparing the 
structural performance with composite beams.

Class B Cullet

Beams with Fritted glass

Beams with soft coated glass

Conclusions - Class B Cullet

During Fire Round 1B, homogeneous beams with Fritted 
glass were created. All these beams demonstrate high 
compatibility and are free from cracks and breakage. 
However, they do contain a small number of bubbles.

During Fire Round 1B, homogeneous beams with soft 
coated glass were created. Beam V-1B-H-S-1 contained 
some silicone traces. While making this composition it 
was very difficult to remove the silicone traces. It can 
be helpful to be aware of this issue because, although 
everything is removed manually for this thesis, it would be 
extremely challenging to remove the silicone on a bigger 
scale. The thermal expansion mismatch between silicone 
and glass caused a few cracks in Beam V-1B-H-S-1, which 
caused it to break before the structural performance test. 
In the case of the beam V-1B-H-B-1, things were different. 
This beam turned out really good. Given that the coating 
melted entirely at 1120 degrees in the oven, it had a high 
compatibility.

Similar results are obtained for beams with Fritted 
glass and the beams with a blue solar soft coating. 
Both show a high compatibility. 

At a temperature of 1120 degrees, the coatings and 
the frit burn and disappear. 

Almost all the beams contain white traces on top of 
the beam, containing a bit of surface crystallization. 

-

Grading system

+ ++ +++

Compatibilty Low

Transparency

Mould reaction

Cracks

Breakage

Bubbles level

Structural 
performance

Characteristics

Medium High

Opaque Translucent Transparant

Present Medium Low Absent

Present Medium Low Absent

Present Medium Low Absent

High Medium Low

Failed Succeeded

Figure 84: Ceramic traces on cullets
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Shards

1120 °C +++ ++ ++ + +++ ++ +++

V-1A-H-C-2 Combi CSP 
Float (Maltha)

Class C CSP 
Pollutants

Small 
Shards

1120 °C +++ ++ ++ ++ +++ +++ +++

V-1A-H-C-3 Combi CSP 
Float (Maltha)

Class C CSP 
Pollutants

Small 
Shards

1120 °C ++ ++ ++ - - ++ -

V-1A-H-HR-1 Combi HR Float 
(Maltha)

Class C HR glass Small 
Shards

1120 °C + ++ +++ - - +++ -

V-1A-H-HR-2 Combi HR Float 
(Maltha)

Class C HR glass Small 
Shards

1120 °C ++ ++ ++ - - +++ -

V-1A-H-HR-3 Combi HR Float 
(Maltha)

Class C HR glass Small 
Shards

1120 °C + + + - - +++ -

V-1B-H-F-1 Lacobel LT Black 
(AGC)

Class B Fritted 
glass

Small 
Shards

1120 °C +++ ++ +++ +++ +++ +++ +++

V-1B-H-F-2 Lacobel LT Black 
(AGC)

Class B Fritted 
glass

Small 
Shards

1120 °C +++ ++ +++ +++ +++ +++ +++

V-1B-H-F-3 Lacobel LT Black 
(AGC)

Class B Fritted 
glass

Small 
Shards

1120 °C +++ ++ +++ +++ +++ +++ +++

V-1B-H-HR-1 Combi HR Float 
(Maltha)

Class C HR glass Small 
Shards

1120 °C +++ ++ +++ +++ +++ +++ +++

V-1B-H-B-1 SunGuard Solar 
Light Blue 52 
(Guardian)

Class B Soft 
coated

Small 
Shards

1120 °C +++ ++ +++ +++ +++ +++ +++

V-1B-H-S-1 SunGuard 
eXtraSelective 
SNX 60/28 
(Guardian)

Class B Soft 
coated

Small 
Shards

1120°C ++ ++ +++ + - ++ -

V-1C-H-M-1 Combi Mag.
Float (Maltha)

Class C Metallic 
Pollutants

Small 
Shards

1070 °C +++ ++ + ++ +++ ++ +++

V-1C-H-M-2 Combi Mag. 
Float (Maltha)

Class C Metallic 
Pollutants

Small 
Shards

1070 °C +++ ++ + +++ +++ + +++

V-1C-H-M-3 Combi Mag.
Float (Maltha)

Class C Metallic 
Pollutants

Small 
Shards

1070 °C +++ ++ + +++ +++ ++ +++

V-1D-H-FL-1 Float glass 
(Pilkington)

Class A - Sheets 1070 °C +++ ++ +++ +++ +++ +++ +++

V-1D-H-FL-2 Float glass 
(Pilkington)

Class A - Sheets 1070 °C +++ ++ +++ +++ +++ +++ +++

V-1D-H-FL-3 Float glass 
(Pilkington)

Class A - Sheets 1070 °C +++ ++ +++ +++ +++ +++ +++

Table 14: Grading system of the feasibility validation of the created beams Table 15: Overview structural feasibility validation of the homogeneous beams with cullet grade A, B and C
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6.7.2 Results composite beams - Ratios 

Class C Cullet

Beams with HR glass

Beams with CSP Pollutants

Beams with Metallic Pollutants

Conclusions - Class C Cullet

During Fire Round 1A, three homogeneous beams with 
HR glass were produced. Since no ceramic or silicone was 
removed from this batch, all the beams contained large 
cracks and fractures. The cullets that damaged these 
compositions are shown in Figure 84. For Fire Round 1B, 
one beam with HR glass was made. However, this beam 
did not contain these types of inclusions. As a result, no 
cracks were visible, and the compatibility increased from 
low to high.

During Fire Round 1A, three homogeneous beams with 
CSP pollutants were constructed. The beams exhibited 
similar feasibility characteristics and contained several 
colour streaks, likely due to tinted glass in the batch. 
However, since the batch composition is unclear, it is 
impossible to determine which cullet originated in which 
part of the beam. Consequently, some cracks developed 
in these beams because the thermal expansion of 
specific cullets varied too much from one another. In 
the structural performance evaluation, beams V-1A-
H-C-1 and V-1A-H-C-2 did not break. However, before the 
structural performance test, beam V-1A-H-C-3 broke due 
to an excessive number of cracks.

During Fire Round 1C, three homogeneous beams with 
metallic pollutants were created. The beams have similar 
characteristics and all exhibit medium to high mould 
reactions, with the metal starting to “eat” the mould. 
Additionally, these beams contain a medium to high level 
of bubbles, which is also noteworthy.

Ceramic and silicone inclusions should be 
eliminated from the mixture. Beams with these 
traces fail for the structural performance. 

The compatibility increases from low to high when 
ceramic and silicone inclusions are eliminated from 
the HR glass composition.

The CSP Pollutant mix provides a homogenised 
product with streaks of different colours in the 
glass composition. This composition, however, 
since the composition is unknown each time the 
result can vary meaning the composition can have 
varying results for the material composition. 

Almost all the beams contain white traces on top of 
the beam, containing a bit of surface crystallization. 

The Metallic Pollutant mix contains medium to high 
mould reaction since the metal started to react 
with the mould. 

Composite beams: Surface Float 6 mm, Bulk CSP

Composite beams: Surface Float 8 mm, Bulk CSP

During Fire Round 2B, two composite beams with this 
composition were created. Beams V-2B-C6-C-1 and V-2B-
C6-C-2 are very similar. Although they both received 
decent overall scores, their bubbles level scores are 
medium. The bubbles were found near the top of the 
beams. For the structural performance test, the bubbles 
will be visible from a side view, most likely the back. 
Another beam with this composition was being made 
during Fire Round 2D. Beam V-2D-C6-C-1 shows some 
mould reaction on the side due to an interaction between 
the cullets (probably due to a coating) and the mould.

Multiple beams of this composition were being made 
over several fire rounds. During Fire Round 2A, three 
beams with this composition were made. The CSP 
Pollutant composition is the same as that used in the 
material batch of the CSP Pollutant Homogeneous 
beams. As mentioned previously, since the material 
composition of this batch is unknown, the results will 
vary each time. Two beams broke due to too many cracks 
and fractures: beam V-2A-C8-C-2 and beam V-2A-C8-C-3 
failed the structural performance test. Beam V-2A-C8-C-1 
passed the structural performance test; however, it also 
contained a few cracks and fractures on the side. Since 
the broken sections were outside the beam’s essential 
zone— the tension zone, as shown in Figure 19— this was 
not a problem.

As mentioned previously, some harmful pollutants were 
removed for Fire Round 2B (see paragraph 9.1: Influence 
of cullet selection). During Fire Round 2B, two beams of 
this new composition were produced: Beam V-2B-C8-C-1 

For the composite beams, the focus was on determining 
the optimal ratio between surface and bulk. These tests 
were conducted across multiple fire rounds: Fire Round 
2A, Fire Round 2B, (Fire Round 2C), and Fire Round 
2D. During these rounds, the following ratios between 
surface and bulk were tested: Surface 6 mm with a Bulk 
of 15 mm, Surface 8 mm with a Bulk of 13 mm, Surface 10 
mm with a Bulk of 11 mm, and Surface 12 mm with a Bulk 
of 9 mm. The results are presented in Table 16. 

Beam information Feasibility characteristics
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Composite beams - Ratios - I

Float glass 
8 mm

Class A

Small 
Shards

1070 °C ++ ++ +++ + + ++ +++
Class C

+
Combi CSP 
Float (Maltha)

CSP 
Pollutants

Float glass 

+ +

Sheet 

+

V-2A-C8-C-2

Class A

1070 °C ++ ++ ++ - - +++ -

Float glass Sheet 

V-2A-C8-C-3

Class A

1070 °C ++ ++ ++ - - +++ -

Float glass Sheet 

V-2A-C10-C-1

Class A

1070 °C +++ ++ +++ +++ +++ +++ +++

Float glass Sheet 

V-2A-C10-C-2
Class A

1070 °C ++ ++ +++ - - +++ -
Float glass Sheet 

V-2A-C10-C-3

Class A

1070 °C +++ ++ +++ - - +++ -

Float glass Sheet 

V-2B-C6-C-1

Class A

1070 °C +++ ++ +++ +++ +++ ++ +++

Float glass Sheet 

V-2B-C6-C-2

Class A

1070 °C +++ ++ +++ ++ +++ ++ +++

Float glass Sheet 

V-2B-C8-C-1 1070 °C +++ ++ +++ +++ +++ +++ +++

Float glass Sheet 

Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
6 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
6 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

V-2B-C8-C-2 +++ ++ +++ +++ +++ +++ +++1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A
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6.7.3 Results composite beams - Bulk

Composite beams: Surface Float 10 mm, Bulk CSP

Composite beams: Surface Float 12 mm, Bulk CSP

and beam V-2B-C8-C-2. Both beams exhibit excellent 
results, with no visible cracks or fractures, and show a 
high compatibility.

In Fire Round 2D, two more beams of the same 
composition as those in Fire Round 2B were being 
utilised. These beams also demonstrate good feasibility 
results. However, beam V-2D-C8-C-1 displays a severe 
perpendicular line in the middle, causing the Float glass 
to be cut in half. This line corresponds to the tensile area 
zone.

Multiple beams of this composition were being produced 
over several fire rounds. During Fire Round 2A, three 
beams of this compositon were made. Beam V-2A-
C10-C-1 showed great promise; it exhibits a high degree 
of compatibility and had not yet developed any cracks. 
However, the other two beams, V-2A-C10-C-2 and V-2A-
C10-C-3, failed the structural performance test. Both of 
these beams contained too many cracks and fractures, 
likely due to the unknown material composition.

In Fire Round 2B, two new beams were created with a 
new material composition where harmful pollutants 
were removed. Beam V-2B-C10-C-1 and V-2B-C10-C-2 
both passed the structural performance test and do not 
exhibit any cracks or fractures. However, these beams 
show some mould reaction on the side, likely due to a 
reaction between the cullets and the mould, possibly 
caused by a coating.

During the latest round, Fire Round 2D, another beam 
was fabricated, featuring the same material composition 
as in Fire Round 2B. This particular beam, named V-2D-
C10-C-1, exhibits a severe perpendicular line in the 
middle, resulting in the Float glass was cut in half. This 
line aligns with the tensile area zone.

During Fire Round 2D, three beams with this composition 
were in production. The beams exhibit good structural 
feasibility overall, displaying high compatibility and no 
cracks or fractures. However, they show some mould 
reaction on the side, likely resulting from the cullets with 
a coating reacting with the mould.

Conclusions - Composite beams ratio surface to bulk

At a temperature of 1070 degrees, the surface (Float 
glass) and the bulk (cullets with CSP Pollutants) 
interfere well with each other. 

When the material composition of the bulk is 
unknow (Fire Round 2A), this has a negative 
influence on the overall structural feasibility. 

In some cases the cullets mixed more with the Float 
glass, this is because of their weight, which causes 
them to sink to the bottom due to gravity.

Almost all the beams contain white traces on top of 
the beam, containing a bit of surface crystallization. 

Since composite beams (with CSP pollutants in the 
bulk) often have a high compatibility, a composite 
beam with CSP contaminants in the bulk is a 
promising option for a panel.

Composite beams: Surface Float 8 mm, Bulk Fritted glass

For the subsequent composite beams, the emphasis was 
on determining the impact of the bulk material. These 
tests were carried out over multiple fire rounds: Fire 
Round 2A and Fire Round 3A. During these rounds, the 
following bulk material compositions were examined: 
Surface 8 mm with a Bulk of 13 mm with Fritted glass, 
Surface 8 mm with a Bulk of 13 mm with Metallic 
Pollutants, and Surface 10 mm with a Bulk of 11 mm with 
Metallic Pollutants. The results are outlined in Table 17.

During Fire Round 2A, a single beam with this material 
composition was being fabricated. Beam V-2A-C8-F-1 
achieved a high structural feasibility score. This beam 
demonstrated excellent compatibility, showed no cracks, 
and the black colour of the Fritted glass had completely 
vanished, aligning with the results of the homogeneous 
beams with Fritted glass.

Composite beams: Surface Float 8 mm, Bulk Metallic

Composite beams: Surface Float 10 mm, Bulk Metallic

During Fire Round 3A, three beams of this composition 
were made. All three beams demonstrated high 
compatibility and showed no cracks or breaks, suggesting 
strong feasibility for structural performance. However, a 
notable side effect was the presence of significant mould 
reactions on all beams. In particular, beam V-3A-C8-M-1 
exhibited severe mould reactions, where the metal traces 
and the mould interacted with each other.

Three beams of this composition were made during Fire 
Round 3A. All three beams exhibited high compatibility. 
Additionally, these beams displayed mould reactions 
where the metal traces reacted with the mould. Beams 
V-3A-C10-M-1 and V-3A-C10-M-2 showed no cracks or 

breaks, indicating good structural feasibility. However, 
one beam, V-3A-C10-M-3, failed due to a ceramic 
inclusion. This occurrence is rare because extra attention 

was paid to removing ceramic inclusions during the 
composition process. It suggests that eliminating these 
inclusions is a challenging task, which is likely to pose 
difficulties on a larger scale.

Beam information Feasibility characteristics
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Composite beams - Ratios - II

+++ ++ ++ +++ +++ +++ +++

V-2B-C10-C-2 +++ ++ ++ +++ +++ +++ +++

V-2D-C8-C-1 +++ ++ ++ ++ +++ +++ +++

V-2D-C10-C-1 +++ ++ +++ ++ +++ +++ +++

V-2D-C8-C-2 +++ ++ ++ +++ +++ +++ +++

V-2D-C12-C-1

V-2D-C12-C-2 +++ ++ ++ +++ +++ +++ +++

1070 °C

Float glass Sheet Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

Float glass Sheet Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

V-2D-C12-C-3 +++ ++ ++ +++ +++ +++ +++

1070 °C

Float glass Sheet Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

V-2D-C6-C-1 1070 °C

Float glass Sheet Float glass 
6 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

+++ ++ ++ +++ +++ +++ +++

1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

Float glass Sheet Float glass 
12 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

Float glass Sheet Float glass 
12 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

Float glass Sheet Float glass 
12 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

+++ ++ ++ +++ +++ +++ +++

Table 16: Overview structural feasibility of the compostite beams, focus on ratio between surface and bulk
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6.7.4 Results composite beams - SurfaceConclusions - Composite beams bulk material

Nearly all the beams demonstrated high 
compatibility and feasibility for structural 
performance as they did not show any cracks or 
breaks.

However, a notable side effect of this composition 
was the significant mould reactions observed in 
all the beams. This indicates a potential issue with 
the interaction between the metal traces and the 
mould. 

For the subsequent composite beams, the focus was on 
determining the impact of the surface material. This was 
tested during Fire Round 4A by using Fritted glass instead 
of Float glass for the surface. The following material 
compositions were investigated: Surface 8 mm with a 
Bulk of 13 mm with CSP, and Surface 8 mm with a Bulk of 
13 mm with Metallic Pollutants. The results are presented 
in Table 18.

Composite beams: Surface Fritted 8 mm, Bulk Metallic

Composite beams: Surface Fritted 8 mm, Bulk CSP

Conclusions - Composite beams surface material

Three beams were made with this composition. None 
of the beams experienced mould reactions. In terms 
of structural feasibility, one beam failed, namely beam 
V-4A-CR8-C-1. This failure was attributed to a large 
ceramic inclusion in the middle of the bulk. On the 
other hand, beams V-4A-CR8-C-2 and V-4A-CR8-C-3 both 
succeeded in terms of structural performance feasibility. 
Beam V-4A-CR8-C-3, in particular, is noteworthy as it 
contains no cracks, presenting an interesting outcome.

The black frit is totally vanished from the beams, 
and burned at a temperature of 1070 degrees which 
also already had been seen during Fire Round 2A. 

Three beams were made with this composition. One 
of the beams, beam V-4A-CR8-M-2, failed in terms of 
structural feasibility due to severe cracks. However, the 
other two beams succeeded. All beams exhibit medium 

The line between the Fritted glass and the cullets is 
still remaining. So you can clearly see where the frit 
was located and where bulk composition

to high mould reactions, similar to the beams from Fire 
Rounds 1C and 3A.

All the beams contain a high compatibility

No mould reaction has taken place on the beams 
with CSP Pollutants, however for the beams with 
Metallic Pollutants there is a high mould reaction 
for each beam. 

Beam information Feasibility characteristics
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Composite beams - Surface 

+++ ++ +++ - - +++ -

+++ ++ +++ ++ +++ +++ +++

+++ ++ +++ +++ +++ +++ +++

+++ ++ ++ +++ ++ ++ +++

+++ ++ + - - ++ -

+++ ++ + +++ +++ ++ +++

V-4A-CR8-M-2 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class B

V-4A-CR8-M-3 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class B

V-4A-CR8-M-1 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class B

V-4A-CR8-C-1 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class B

V-4A-CR8-C-2 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class B

V-4A-CR8-C-3 1070 °C

Float glass Sheet Fritted glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class B

Beam information Feasibility characteristics
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Composite beams - Bulk 

+++ ++ ++ +++ +++ +++ +++

+++ ++ ++ +++ +++ +++ +++

+++ ++ ++ ++ +++ ++ +++

+++ ++ ++ +++ +++ +++ +++

+++ ++ ++ - - +++ -

V-3A-C8-M-1 +++ ++ + +++ +++ +++ +++1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-3A-C8-M-2 1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-3A-C8-M-3 1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-3A-C10-M-1 1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-3A-C10-M-2 1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-3A-C10-M-3 1070 °C

Float glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi Mag.
Float (Maltha)

Metallic
Pollutants

+ + +

Class A

V-2A-C8-F-1

Class A

1070 °C +++ ++ +++ +++ +++ +++ +++
Lacobel LT Black 
(AGC)

Float glass Sheet 

Small 
Shards

Class B
+ + + +

Float glass 
8 mm

Fritted 
glass

Table 17: Overview structural feasibility of the compostite beams, focus on different bulk material 

Table 18: Overview structural feasibility of the compostite beams, focus on different surface material 
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7.1  Preparation for structural performance tests

7.1.1 Cutting of the beams

7.1.2 Polishing of the beams

7.1.3 Identifying of each beams

Before undergoing the four-point bending test, all beams 
had to undergo uniform surface and edge treatment. 
To ensure accurate comparison of results, beams were 
standardised to similar dimensions. The glass was set to 
a width of 29–30 mm using a diamond saw, as depicted in 
Figure 85 and Figure 86, illustrating the cutting procedure 
of the glass beams.

After cutting the beams, each beam underwent polishing. 
The beams were arranged for a uniformity check using 
a 60 grit, aiming for a distance of approximately 28–29 
mm. Once adjusted to 28 mm, the edges also received 
surface treatment. The beams were polished to a high 
smoothness level by starting with a 60 grit, followed by 
120, 200, 400, and finally 600 grit. (Figure 87)

could be subjected to the four point bending test. The 
beam’s height is 21 mm, while its width is 28 mm. The 
most attractive surface needed to be chosen, and it was 
typically the one that measured 28 mm by 350 mm and 
was on the mould side rather than the cut side. Next, it 
was necessary to choose the surface that will be in front 
of the four-point bending test. This side, which measures 
21 mm by 350 mm, is also the one that appears to be the 
most attractive or it may have an intriguing fracture or 
pollution on the front view. Once the beam was positioned 
appropriately, it needed to be identified. An overview 
of the name giving process is shown in Figure 88. Every 
beam’s code was positioned in the left corner. The beam 
code is used as explained in paragraph 6.6 Feasibility 
validation – Names of cast glass beams. Following that, 
measurements of the beam’s width and height were 
required. How the beam was measured is visualised in 
Figure 89. All of the measurements were entered into a 
table using this data. Appendix C: Overview beams with 
dimensions. 

7.1.4 Four-point bending test process

Under the guidance of Dr. Veer, the four-point bending 
tests were conducted. The beams were tested using a 
Zwick Z10 displacement-controlled universal testing 
machine in a laboratory air environment, at a rate of 
0.1mm/min. The four-point bending fixtures featured 
a 140 mm span for the loading rollers and a 280 mm 
span for the support rollers, with 10 mm diameter fixed 
loading pins. These fixtures were loosely connected to 
the testing machine to allow some hinging. Figure 90 
provides an overview of how the beams were positioned 
in the test setup.

During the tests, attention was given to several factors: 
the maximum load applied to the beam before failure, 
the location of failure (left, centre, or right), the distance 

of the fracture from the middle of the beam (to assess 
misalignments or torsion), the type of crack observed 
(low energy failure, medium-high energy failure, or high 
energy failure), and the location and shape of the crack, 
which provide information about the stress level. Lastly, 
the reason for the breakage, including any flaws causing 
the failure, was investigated under the microscope. The 
crack patterns and fracture analysis are further discussed 
in the next chapter, Chapter 8: Microscopic validation.

Following polishing, the beams required additional 
inspection. The beams had to be reidentified before they 

Furthermore, it is important to provide a comprehensive 
visual assessment of each beam. Appendix D presents 
this overview, featuring photographs of each beam from 
various angles: front view, top view, back view, bottom 
view, and bird’s-eye view.

1. 2.

3. 4.

5.

Cast glass beam in the mould
Cast glass beam when the mould is 

removed

The beam is cut

The beam is positioned in the 
correct way for the 

four point bending test

140 mm

70 mm70 mm

280 mm

140 mm 140 mm

Name of the beam

Length

Height

Width

1.

4.

1.

2.

3.

Figure 85: Illustration how to prepare the beams for structural analysyis

Figure 86: Cutting the beams with a diamond saw

Figure 87: Polishing beams

Figure 88: Illustration how to identify each beam for the structral performance test

Figure 89: Illustration how to measure each beam for the structural 
performance test

3.

4.2.



07 | MECHANICAL TESTS

Graph 05: General overview of the flexural strength of all the beams during four-point bending test I, II, III and IV
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7.2  Four point bending test results 

7.2.1 General overview

7.1.5 Planning of the four-point bending tests

For this thesis, four four-point bending tests were 
conducted. During Four-point bending test I, beams from 
Fire Rounds 1A, 1B, 2A, and 2B were tested. During Four-
point bending test II, beams from Fire Rounds 2C, 2D, 
3A, and 4A were investigated. During Four-point bending 
test III, beams from Fire Rounds 1C, 2D, and 4A were 
examined. Finally, during Four-point bending test IV, the 
beams from Fire Round 1D were studied.

The maximum load was measured during the four-point 
bending tests. The flexural strength of every beam could 
be determined by applying the calculations found in 
Chapter 3, “Mechanical behaviour of glass.” Formula 2, 
which provides the nominal flexural strength, is used in 
this calculation. It also takes into account the coefficient 
of friction, which is explained in Formula 3. This Chapter 
ignores the elastic behaviour and deflection because 
these are not the main focus of this research. Moreover, 
the Young’s modulus calculation produced false numbers; 
as a result, it has been disregarded.

The strength at the support formula is another value that 
is utilised for the calculations.

Formula 10: Strength at support

P = Maximum load
a = Support span - Loadspan 
b = Beam’s width
d = Beam’s height

Two loads were measured during the four-point bending test: the maximum load and the failure load. 
The flexural strength of every beam could be determined by applying the calcula�ons found in Chapter 
3, "Mechanical Behaviour of Glass." Formula 2, which provides the nominal flexural strength, is used 
in this calcula�on. It also takes into account the coefficient of fric�on, which is explained in Formula 3. 
This chapter ignores the elas�c behaviour and deflec�on because these are not the main focus of this 
research. Moreover, the Young's modulus calcula�on produced erroneous numbers; as a result, it has 
been disregarded. 

The strength at the support formula is another one that is u�lised for the calcula�ons. 

 

 

 

The tables that show the outcomes of these computa�ons can be found in Appendix E. The Four-point 
Bending Test I findings are shown in Table X. Table y displays the outcomes of the second Four-point 
Bending Test, whereas Table z displays the results of the third Four-point Bending Test. 

7.2.1 Four-point bending test I 

General overview 

A broad summary of each beam's flexural strength during the four-point bending test is given in Graph 
05. With the excep�on of Beam V-1B-H-B-1, it is clear from this graph that composite beams perform 
beter than homogeneous beams in most cases. The composite beam (Beam V-2A-C-C-1) with 8 mm 
float glass and 13 mm CSP contaminants in the bulk is the best-performing beam overall. On the other 
hand, beams that are uniformly contaminated with CSP contaminants perform the worst. 
Furthermore, for every beam, the error due to the fric�on coefficient is less than 5%, meaning that all 
of the results are sta�s�cally significant. 

Structural performance – Homogeneous beams 

The performance of homogeneous beams with B cullet is shown in Graph 06. This graph clearly shows 
that, out of the cullets with grade B, V-1B-H-B-1 has the best structural performance. Before the four-
point bending test, beam V-1B-H-S-1, another beam with a so� coa�ng, was present. Unfortunately, 
the silica-caused breaking in this beam led to its failure before to the structural performance test. 

The performance of homogeneous beams with C cullet is shown in Graph 07. It is noteworthy that the 
glass containing HR cullets has the highest flexural strength in this graph. It's interes�ng to note that 
all HR glass beams shatered during Fire Round 1A because to ceramic impuri�es in the beam. On the 
other hand, the ceramic inclusions were eliminated in Fire Round 1B. 

Structural performance – Composite beams – surface versus bulk 

It was predicted that beams with a 10 mm float glass would perform the best because they would be 
the strongest in the tension zone prior to the findings of the four-point bending tests. It was an�cipated 
that, depending on where the neutral zone was located within the beam, beams with 8 mm float glass 
would either perform somewhat worse or similarly well. It was predicted that beams using 6 mm float 
glass would func�on the best, while homogenous beams would exhibit a no�ceable decline in 
performance. The predicted curve is shown in graph 08. Graph 09 illustrates how the actual results 
deviated from these predic�ons. It is noteworthy that the 8 mm float glass beams had superior 

σ = 3𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2

 

The tables that show the outcomes of these computations 
can be found in Appendix E: Overview beams with 
structural performance - Four point bending test I, II, III 
and IV

Graph 05 provides a general overview of the flexural 
strength of each beam across the four four-point bending 
tests. The four experimental groups are as follows:

Experiment Type 3 (dark pink): Composite beams, 
examining the influence of bulk material, tested 
with specimens 1.10 and 2.10-2.14.

Experiment Type 1 (blue): Homogeneous beams, 
tested with specimens 1.1-1.7, 3.1-3.3, and 4.1-4.3.

Experiment Type 2 (pink): Composite beams, 
focusing on the optimal ratio between surface and 
bulk, tested with specimens 1.8, 1.9, 1.11-1.16, 2.8, 
2.9, and 3.4-3.8.

Experiment Type 4 (light pink): Composite beams, 
investigating the influence of surface material, 
tested with specimens 2.15, 2.16, 3.9, and 3.10. overall is V-2A-C8-C-1, a composite beam with 8 mm 

Float glass and CSP Pollutants in the bulk.

In general, composite beams with Float glass and CSP 
Pollutants perform quite well, with the exception of 
beams V-2D-C8-C-1, V-2D-C10-1, and V-2D-C-12-3. These 
beams will be examined in more detail in Chapter 8: 
Microscopic validation, where microscopic analysis will 

The graph reveals varying results. Further analysis, 
focusing on individual parameters, will provide more 
comprehensive conclusions. However, some general 
observations can be made. For Experiment Type 1, 
homogeneous beams with CSP Pollutants (type C cullet) 
perform the worst. Beams with Fritted glass also show 
comparable performance. The best-performing beam 

pinpoint the defects causing their low-grade performance.
Additionally, each beam’s friction coefficient error is less 
than 5%, indicating that all the findings are statistically 
significant.

Flexural strength of cast C&D waste beams of Four-point bending test I, II, III and IV
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Figure 90: Photo of the test set-up of a four-point bending test

Experiment type 1:
Homogeneous beams
Glass with A cullet
Float glass  V-1D-H-Fl-1, V-1D-H-Fl-2 and V-1D-H-Fl-3
Glass with B cullet
Fritted glass V-1B-H-F-1, V-1B-H-F-2 and V-1B-H-F-3
Soft coating V-1B-H-B-1
Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2
HR glass  V-1B-H-HR-1
Metallic  V-1C-H-M-1, V-1C-H-M-2 and V-1C-H-M-3

Experiment type 2:
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1 and V-2B-C6-C-2
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3

Experiment type 3:
Composite beams: Surface + Bulk
Float glass + Fritted glass
8 mm + 13 mm  V-2A-C8-F-1
Float glass + Metallic pollutants 
8 mm + 13 mm V-3A-C8-M-1, V-3A-C8-M-2 and V-3A-C8-M-3
10 mm + 11 mm V-3A-C10-M-1 and V-3A-C10-M-2 

Experiment type 4:
Composite beams: Surface + Bulk
Fritted glass + CSP Pollutants 
8 mm + 13 mm V-4A-CR8-C-2 and V-4A-CR8-C-3
Fritted glass + Metallic Pollutants 
8 mm + 13 mm V-4A-CR8-M-1 and V-4A-CR8-M-3

The results from Fire Round 2C are not integrated in this graph, these will be explained in Chapter 9



Graph 06: Flexural strength of all the homogeneous beams containing type A cullet, type B cullet and type C cullet
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Graph 06 illustrates the structural performance of 
Experiment Type 1: Homogeneous beams. This graph 
includes homogeneous beams made from Cullet types 
A, B, and C.

7.2.2 Structural performance - Homogeneous beams

Class A Cullet (blue): Homogeneous beams with 
Float glass (specimens 4.1-4.3)

Class B Cullet (light blue): Homogeneous beams 
with Fritted glass (specimens 1.3-1.5) and soft 
coated glass (specimen 1.7)

Class C Cullet (pink): Homogeneous beams with 
CSP Pollutants (specimens 1.1 and 1.2), HR glass 
(specimen 1.6), and Metallic Pollutants (specimens 
3.1-3.3)

The graph clearly shows that beams with Cullet Type A 
perform the best. Among Cullet Type B beams, the beam 
with soft coated glass (Beam V-1B-H-B-1) performs quite 
well, outperforming the beams with Fritted glass. There 
was also another soft coated beam, Beam V-1B-H-S-1, 
which failed before the structural performance test due 
to cracks and fractures caused by silicone inclusions. 
This indicates that removing silicone inclusions improves 
structural performance.

In general, Cullet Type B beams perform better than those 
with Cullet Type C. However, there is some variation in 
the performance of Cullet Type C beams. Beams with CSP 
Pollutants (Beams V-1A-H-C-1 and V-1A-H-C-2) perform 
the worst. The performance of beams with Metallic 
Pollutants varies significantly, with beam V-1A-H-M-1 
performing quite well. One beam with HR glass (Beam 
V-1B-H-HR-1) had the ceramic removed, which improved 
its structural performance. When the ceramic is not 
removed, all beams fail, as observed during Fire Round 1.
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Flexural strength of cast homogenous C&D waste beams of cullet type A, B and C

Experiment type 1:
Homogeneous beams
Glass with A cullet
Float glass  V-1D-H-Fl-1, V-1D-H-Fl-2 and V-1D-H-Fl-3
Glass with B cullet
Fritted glass V-1B-H-F-1, V-1B-H-F-2 and V-1B-H-F-3
Soft coating V-1B-H-B-1

Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2
HR glass  V-1B-H-HR-1
Metallic  V-1C-H-M-1, V-1C-H-M-2 and V-1C-H-M-3

Figure 91: Experiment Type 1:  Homogeneous beams of Cullet Type A, Cullet Type B and Cullet Type C

Experiment type 1:
Homogeneous beams
Glass with A cullet
Fire Round 1D: 3 beams were made with the composition Float glass  
Glass with B cullet
Fire Round 1B: 3 beams were made with the composition Fritted glass 
Fire Round 1B: 2 beams were made with a soft coating, the blue solar light coating and the SNX 60/28 coating
Glass with C cullet
Fire Round 1A: 3 beams were made with the composition of HR glass
Fire Round 1B 1 beam was made with the composition of HR glass when harmful pollutants were removed
Fire Round 1A: 3 beams were made with CSP Pollutants in the bulk
Fire Round 1C: 3 beams were made with Metallic Pollutants in the bulk

Experiment type 1:  Total 18 beams
Structural performance feasibility:
Succeeded: 13 beams
Failed:  5 beams 

Master thesis_TU Delft_ Architecture, Urbanism and Building Sciences_Building Technology



Graph 08: Composite beams relation between surface and bulk compared with homogeneous beams 
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7.2.3 Structural performance - Composite beams

Influence of ratio between surface and bulk

The following results are based on Experiment Type 2 
compared with Experiment Type 1. Before the structural 
performance tests were conducted, predictions were 
made on how the structural performance curve would 
proceed for the composite beams compared to the 
homogeneous beams (Graph 07). It was predicted 
that the beams with the highest amount of Float glass 
(homogeneous beams with Float glass) would perform 
the best, followed by composite beams with decreasing 
amounts of Float glass (12 mm, 10 mm, 8 mm, and finally 
6 mm), all performing better than the homogeneous 
beams with CSP pollutants. 

Graph 08 illustrates the actual results from the composite 
beams compared to the homogeneous beams.
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Experiment type 2:
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1, V-2B-C6-C-2 and V-2D-C6-C-1
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3

Experiment type 1:
Homogeneous beams
Glass with A cullet
Float glass  V-1D-H-Fl-1, V-1D-H-Fl-2 and V-1D-H-Fl-3
Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2

Flexural strength of cast C&D waste beams. Composite beams compared with Homogeneous beams
Influence of ratio between surface and bulk
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Graph 07: Expected curve for the relationship between composite 
beams and homogeneous beams

Expected relation between composite beams and homogeneous beams
Influence of ratio between surface and bulk

Figure 92: Experiment Type 2: Composite beams, focus on the optimal ratio between surface and bulk

Experiment type 2:
Composite beams: Optimal ratio between surface and bulk
6 mm Float glass + 15 mm CSP Pollutants in the bulk
Fire Round 2B: 2 beams were made with this composition 
Fire Round 2C:  2 beams were made with this compostion with a higher temperature schedule 
Fire Round 2D: 1 beams were made with this composition 

8 mm Float glass + 13 mm CSP Pollutants in the bulk
Fire Round 2A: 3 beams were made with the composition back when harmful pollutants were still included
Fire Round 2B: 2 beams were made with this compostion
Fire Round 2C: 2 beams were made with this compostion with a higher temperature schedule 
Fire Round 2D: 2 beams were made with this compostion

10 mm Float glass + 11 mm CSP Pollutants in the bulk
Fire Round 2A:  3 Beams were made with the composition back when harmful pollutants were still included
Fire Round 2B: 2 beams were made with this compostion
Fire Round 2C: 2 beams are made with this compostion with a higher temperature schedule 
Fire Round 2D: 1 beams was made with this compostion

12 mm Float glass + 9 mm CSP Pollutants in the bulk
Fire Round 2C:  2 beams were made with this compostion with a higher temperature schedule 
Fire Round 2D: 3 beams were made with this composition 

Experiment type 2:  Total 27 beams
Structural performance feasibility:
Succeeded: 22 beams
Failed:  5 beams 

The results from Fire Round 2C are not integrated in this graph, these will be explained in Chapter 9

Master thesis_TU Delft_ Architecture, Urbanism and Building Sciences_Building Technology
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Graph 09: Comparison between a composite with 6 mm Float 
glass and a homogeneous beam

Graph 10: Comparison between a composite with 8 mm Float 
glass and a homogeneous beam

Graph 11: Comparison between a composite with 10 mm 
Float glass and a homogeneous beam

Graph 12: Comparison between a composite with 12 mm 
Float glass and a homogeneous beam

103.102. Recycled Composite Cast Glass Panels made of C&D waste, Assessing the Structural Performance Master thesis_TU Delft_ Architecture, Urbanism and Building Sciences_Building Technology

Cullet Type A (dark pink): Homogeneous beams 
with Float glass (specimens 4.1-4.3)

Composite beams (dark blue): Composite beams 
with 12 mm Float glass and 9 mm bulk material 
with CSP Pollutants (specimens 3.6-3.8)

Composite beams (light blue): Composite beams 
with 10 mm Float glass and 11 mm bulk material 
with CSP Pollutants (specimens 1.9, 1.15, 1.16, 2.9)

Composite beams (blue): Composite beams with 8 
mm Float glass and 13 mm bulk material with CSP 
Pollutants (specimens 1.8, 1.13, 1.14, 2.8, 3.5)

Composite beams (lightest blue): Composite 
beams with 6 mm Float glass and 15 mm bulk 
material with CSP Pollutants (specimens 1.11, 
1.12, 3.4)

Cullet Type C (light pink): Homogeneous beams 
with CSP Pollutants (specimens 1.1 and 1.2)

It is interesting to compare the results of the composite 
beams with those of the homogeneous beams containing 
Float glass and CSP Pollutants. When testing the cast glass 
beams, failure always occurs in the tensile area, which 
is the part of the beam experiencing tension. In these 
four-point bending tests, the area above the neutral axis 
(the line within the beam that experiences no stress) is 
in compression and does not typically fail. Therefore, 
it is logical to expect that composite beams with a 
higher proportion of Float glass will perform similarly to 
homogeneous beams made entirely of Float glass, since 
both have strong tensile areas.

Furthermore, beam V-1D-H-Fl-1, V-1D-H-Fl-2, and V-1D-
H-Fl-3 behave similarly to beams V-2D-C12-C-1 and 
V-2D-C12-C-2, as well as beam V-2A-C8-C-1 and V-2B-
C8-C-1. However, the best-performing beam overall is 
not a homogeneous Float glass beam but beam V-2A-
C8-C-1, a composite beam with 8 mm Float glass and CSP 
Pollutants in the bulk.

When comparing composite beams to homogeneous 
beams with CSP Pollutants, the composite beams 
generally perform better. However, a few composite 
beams perform poorly, specifically beams V-2D-C12-C-2, 
V-2D-C10-C-1, and V-2D-C8-C-1.

Comparing the actual results (Graph 08) with the expected 
results (Graph 07) shows that the composite beams with 
10 mm Float glass did not behave as predicted. The rest of 
the compositions performed approximately as expected, 

with the 12 mm Float glass composition performing the 
best, except for the 10 mm composition. The 8 mm Float 
glass performed better than the 6 mm Float glass.

To investigate the behaviour of the 10 mm Float glass, 
an XRF test was conducted. It revealed that the material 
composition of the 10 mm Float glass differs from the 6 
mm, 8 mm, and 12 mm Float glass. The 10 mm Float glass 
contains a lower amount of MgO (magnesium oxide), 
resulting in a lower melting point. This causes earlier 
surface crystallization in the 10 mm Float glass compared 
to other compositions. The effects of crystallization will 
be discussed further in Chapter 8: Microscopic validation.

The outcomes of composite beams versus homogeneous 
beams are shown separately in the following graphs. 
Graph 09 compares a composite beam with 6 mm Float 
glass to a homogeneous beam, Graph 10 compares an 
8 mm Float glass composite beam to a homogeneous 
beam, Graph 11 compares a 10 mm Float glass composite 
beam to a homogeneous beam, and Graph 12 compares 
a 12 mm Float glass composite beam to a homogeneous 
beam.

All four graphs clearly show that using Float glass 
enhances structural performance compared to 
homogeneous beams. This means that having a purer 
cullet on the surface and a less pure cullet in the bulk 
improves structural performance compared to less pure 
homogeneous beams. Each graph includes a trend line to 
visualise the impact of having a stronger surface material.
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Flexural strength of cast composite beams with 6 mm Float glass 
compared with homogeneous beams with CSP Pollutants
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Flexural strength of cast composite beams with 8 mm Float glass 
compared with homogeneous beams with CSP Pollutants

Flexural strength of cast composite beams with 10 mm Float glass 
compared with homogeneous beams with CSP Pollutants

Flexural strength of cast composite beams with 12 mm Float glass 
compared with homogeneous beams with CSP Pollutants

Experiment type 2:
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1,V-2B-C6-C-2 and V-2D-C6-C-1
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3

Experiment type 1:
Homogeneous beams
Glass with C cullet
CSP V-1A-H-C-1 and V-1A-H-C-2
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Influence of bulk material

The following results compare Experiment Type 3 with 
Experiment Type 2. In Experiment Type 2, CSP Pollutants 
were used as the bulk material, while Experiment Type 3 
used a different bulk material.

Composite beams with 8 mm Float glass and Fritted 
glass in the bulk (specimen 1.8)

Composite beams with 8 mm Float glass and 
Metallic Pollutants in the bulk (specimens 2.10 – 
2.12)

Composite beams with 10 mm Float glass and 
Metallic Pollutants in the bulk (specimens 2.13 and 
2.14)

Since the bulk of the beam is located in the compression 
area, it was interesting to analyse whether changing 
the bulk material would affect the overall structural 
performance.

Graph 13 compares Fritted glass and CSP Pollutants in 
the bulk. Fritted glass is considered a Class B cullet, while 
CSP Pollutants are considered a Class C cullet. Graph 06 
already showed that homogeneous beams with Fritted 
glass performed better than those with CSP Pollutants. 
When comparing the composite beam with Fritted 
glass (Beam V-2A-C8-F-1) to composite beams with CSP 
Pollutants, the results vary significantly. With only one 
beam, the result is inconclusive.

Graphs 14 and 15 compare Metallic Pollutants and CSP 
Pollutants in the bulk. Generally, composite beams with 
CSP Pollutants perform better than those with Metallic 
Pollutants. This is quite interesting since homogeneous 
beams with Metallic Pollutants perform better than 
those with CSP Pollutants (Graph 06).

In Graph 14, composite beams with CSP Pollutants 
outperform those with Metallic Pollutants, except for 
beam V-2D-C8-C-1. This exception is due to a significant 
perpendicular surface flaw in the Float glass, drastically 
reducing structural performance. Further discussion is 
in Chapter 9: Microscopic validation.

Similar results are seen in Graph 15, where beams 
with CSP Pollutants outperform those with metallic 
pollutants, except for beam V-3A-C10-M-2, which was 
also the best performing 10 mm composite composition 
according to Graph 05.
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Experiment type 2:
Composite beams: Surface + Bulk
Float glass + CSP pollutants
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1

Experiment type 3:
Composite beams: Surface + Bulk
Float glass + Fritted glass
8 mm + 13 mm  V-2A-C8-F-1
Float glass + Metallic pollutants 
8 mm + 13 mm V-3A-C8-M-1, V-3A-C8-M-2 and V-3A-C8-M-3
10 mm + 11 mm V-3A-C10-M-1 and V-3A-C10-M-2 

Figure 93: Experiment Type 3: Composite beams, focus on influence 
of the material composition of the bulk

Experiment type 3:
Composite beams: Influence of the material composition of the bulk
8 mm Float glass + 13 mm Fritted glass in the bulk
Fire Round 2A: 1 beams was made with this compostion

8 mm Float glass + 13 mm Metallic Pollutants in the bulk
Fire Round 3A: 3 beams were made with this compostion

10 mm Float glass + 11 mm Metallic Pollutants in the bulk
Fire Round 3A: 3 beams were made with this compostion

Experiment type 3:  Total 7
Structural performance feasibility:
Succeeded: 6 beams
Failed:  1 beams 
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Graph 14: Overview of the difference between bulk CSP pollutants 
and bulk Metallic pollutants with 8 mm Float glass

Graph 13: Overview of the difference between bulk CSP Pollutants 
and Fritted glass with 8 mm Float glass

Graph 15: Overview of the difference between bulk CSP pollutants 
and bulk Metallic pollutants with 10 mm Float glass
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performance of the two beams with Fritted glass differs 
significantly, with Beam V-4A-CR8-C-3 performing nearly 
identically to the beams with Float glass.

Next, we discuss the beams with Metallic Pollutants in 
the bulk (Graph 17). The beams with Fritted glass (Beams 
V-4A-CR8-M-1 and V-4A-CR8-M-3) perform significantly 
worse than those with Float glass on the surface.

To determine if creating a composite beam with 
Fritted glass improves the structural performance of 

homogeneous beams, the following graphs were created. 
Graph 18 shows the comparison between homogeneous 
beams of CSP Pollutants and composite beams with 
Fritted glass on the surface and CSP Pollutants in the 
bulk. This graph shows barely any difference between 
homogeneous beams and composite beams. Graph 19 
compares homogeneous beams with Metallic Pollutants 
to composite beams with Fritted glass on the surface 
and Metallic Pollutants in the bulk. This graph indicates 
a decrease in structural performance when creating a 
composite beam.

Influence of surface material

The following results compare Experiment Type 4 with 
Experiment Types 2 and 3. In Experiment Type 2, Float 
glass was used on the surface with CSP Pollutants in the 
bulk. Experiment Type 4 used Fritted glass (a Class B 
cullet) on the surface and metallic pollutants in the bulk, 
instead of Float glass (a Class A cullet).

Composite beams with 8 mm Fritted glass and CSP 
Pollutants in the bulk (specimens 2.15 and 2.16)

Composite beams with 8 mm Fritted glass and 
metallic pollutants in the bulk (specimens 3.9 and 
3.10)

Since the surface of the beam is located in the tension 
area, changing the surface material to a lower type of 
cullet would result in significant changes in structural 
performance. These differences are expected to be 
greater than those resulting from changing the bulk 
material.

This experiment focuses on comparing 8 mm Fritted 
glass with 8 mm Float glass, as 8 mm thickness generally 
performed best in previous experiments. Graph 16 shows 
the comparison for composite beams with CSP Pollutants 
in the bulk, and Graph 17 shows the comparison for 
composite beams with metallic pollutants in the bulk.
First, the beams with CSP Pollutants in the bulk will be 
discussed (Graph 16). The beams with Fritted glass (V-4A-
CR8-C-2 and V-4A-CR8-C-3) perform worse than the beams 
with Float glass. Beam V-2D-C8-C-1 is an exception due 
to a surface flaw, as previously discussed. The structural 
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Figure 94: Experiment Type 4: Composite beams, focus on influence 
of the material composition of the surface

Experiment type 4:
Composite beams: Influence of the material composition of the surface
8 mm Fritted glass + 13 mm CSP Pollutants in the bulk
Fire Round 4A: 3 beams was made with this compostion

8 mm Fritted glass + 13 mm Metallic Pollutants in the bulk
Fire Round 4A: 3 beams was made with this compostion

Experiment type 4:  Total 6
Structural performance feasibility:
Succeeded: 4 beams
Failed:  2 beams 

Experiment type 2: Composite beams: Surface + Bulk
Float glass + CSP pollutants
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2

Experiment type 4: Composite beams: Surface matrial
Fritted glass + CSP Pollutants 
8 mm + 13 mm V-4A-CR8-C-2 and V-4A-CR8-C-3
Fritted glass + Metallic Pollutants 
8 mm + 13 mm V-4A-CR8-M-1 and V-4A-CR8-M-3

Experiment type 1: Homogeneous beams
Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2
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Graph 16: Overview of the difference between Float glass of 8 mm 
and Fritted glass of 8 mm at the surface with a bulk of CSP pollutants

Graph 17: Overview of the difference between Float glass of 8 mm and 
Fritted glass of 8 mm at the surface with a bulk of Metallic pollutants

Graph 18: Overview of the difference between homogeneous beams 
with CSP Pollutants and composite beams with Fritted glass and CSP 
Pollutants in the bulk 

Graph 19: Overview of the difference between homogeneous beams 
with Metallic Pollutants and composite beams with Fritted glass and 
Metallic Pollutants in the bulk
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7.3 Discussion and conclusion
7.3.1 Homogeneous beams

Beams with Cullet Type A exhibit the highest 
structural performance, followed by beams with 
Cullet Type B, and finally, beams with Cullet Type C.

A beam’s structural performance improves when 
ceramic and silicone inclusions are removed from 
its composition.

Cullet Type C with CSP Pollutants has the lowest 
structural performance.

Cullet Type C with Metallic Pollutants shows 
varying results.

Composite beams with Float glass on the 
surface and CSP Pollutants in the bulk show an 
improvement compared to homogeneous beams 
with CSP Pollutants.

7.3.2 Composite beams

Influence of ratio between surface and bulk

Influence of bulk material

Homogeneous beams with Float glass perform 
similarly to composite beams with 12 mm Float 
glass and CSP Pollutants in the bulk.

The relationship between composite beams and 
homogeneous beams is not as expected. The 
composition with 10 mm Float glass performs 
worse than expected, likely due to differences in 
material composition. The surface with 10 mm 
Float glass has less MgO.

Among the four four-point bending tests, a 
composite beam with 8 mm Float glass on the 
surface and 13 mm CSP Pollutants in the bulk 
shows the best structural performance (Beam 
V-2A-C8-C-1).

Influence of surface material

Using a higher purity cullet (Cullet Type A) on the 
surface and a lower purity cullet (Cullet Type C) in 
the bulk improves structural performance.

Composite beams with Fritted glass in the bulk 
do not show conclusive results compared to 
composite beams with CSP Pollutants in the bulk.

Composite beams with Metallic Pollutants in 
the bulk perform worse than beams with CSP 
Pollutants in the bulk, which is interesting since 
homogeneous beams with Metallic Pollutants 
perform better than those with CSP Pollutants.

The bulk material located in the compression zone 
also affects the overall structural performance of 
a beam.

Since the surface of the beam is located in the 
tension area, changing the surface material to a 
lower type of cullet results in significant changes 
in structural performance. These differences are 
greater than those resulting from changing the 
bulk material.

For composite beams with Float glass on the surface 
and CSP Pollutants in the bulk versus Fritted glass 
and CSP Pollutants in the bulk, the results vary too 
much.

For composite beams with Float glass on the surface 
and Metallic Pollutants in the bulk comparing with 
Fritted glass and Metallic Pollutants in the bulk, the 
composite beams with Fritted glass perform much 
worse.
Composite beams with Float glass on the surface 
perform better than those with Fritted glass on 
the surface because Float glass is a Type A cullet, 
whereas Fritted glass is a Type B cullet.

There is barely any difference in structural 
performance between homogeneous beams with 
CSP Pollutants and composite beams with Fritted 
glass on the surface and CSP Pollutants in the bulk.

Structural performance decreases when comparing 
homogeneous beams with Metallic Pollutants to 
composite beams with Fritted glass on the surface 
and Metallic Pollutants in the bulk.

Creating a composite beam with Type B cullet on 
the surface and Type C cullet in the bulk does not 
improve the structural performance compared to 
homogeneous beams made of Type C cullet.

Figure 95: Experiment Type 1:  Homogeneous beams of Cullet Type A, Cullet Type B and Cullet Type B

Figure 96: Experiment Type 2: Composite beams, focus on the optimal ratio between surface and bulk

Figure 97: Experiment Type 3: Composite beams, focus on influence 
of the material composition of the bulk

Figure 98: Experiment Type 4: Composite beams, focus on influence of 
the material composition of the surface
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8.1  Crack patterns

The information presented in this chapter is based on 
George D. Quinn’s book, Fractography of ceramics and 
glasses (Quinn, 2020). Dr. Bristogianni assisted with most 
of the microscopic testing and helped evaluate the results. 
Additionally, the inclusions are analysed using her articles 
on the features of inclusions. Information regarding the 
potential flaw categories investigated in this chapter is 
provided in paragraph 3.6, “Flaw categories.”

After the four-point bending tests, the beams were 
evaluated based on their fracture behaviour. Analysis 
focused on several key aspects: the crack pattern and 
its location, including whether it started directly under 
a load pin indicating misalignment; the vertical position 
of the fracture along the beam’s height; whether the 
fracture occurred at the surface or within the bulk of 
the material; and its position on the surface, whether it 
occurred at an edge or in the centre of the surface.

The shape and location of the crack pattern provide 
valuable insights into the nature of the failure. Microscopic 
validation further refines these relationships. Appendix F 
presents a comprehensive failure analysis for each beam 
tested in the four-point bending tests. Specifically, Table 
28 details the failure analysis for the beams tested in the 
first bending test, Table 29 for the second test, Table 30 
for the third test, and Table 31 for the fourth test.

8.1.1 Theory behind cracks

In addition to indicating the origin of a fracture, the 
general patterns of crack extension and branching also 
provide insights into the stress level, energy level involved 
in the fracture, and its flaw source. Most brittle fractures 
originate from a single point and propagate outward. Both 
tensile stress and flaw categories significantly influence 
the likelihood of beam fracture. Figure 99 provides an 
illustrated overview of the theory behind crack patterns.

The law of normal crack propagation is a fundamental 
principle governing crack behaviour. According to this 
criterion, fractures propagate perpendicular to the 
maximum local tensile stress, or normal stress.

During the four-point bending test, a load is applied to 
the beam to determine its flexural strength. This test 
results in a stress distribution where the highest tensile 
stress occurs at the bottom of the beam, as discussed in 
Chapter 3: “Mechanical tests”. Tensile stress decreases 
towards the interior of the beam, reaching zero at the 
neutral axis located at its centre. On the opposite side 

of the neutral axis, compressive stresses counterbalance 
tensile stresses. Understanding this balanced stress 
distribution is crucial for assessing the beam’s structural 
integrity and performance under load.

Even minor misalignments in beam positioning under 
load or differences in elastic properties can cause tensile 
stresses that lead to fracture. Increased stress at the 
fracture point correlates with more noticeable fracture 
marks and higher stored energy in the beam, as shown 
in Figure 100. Conversely, interpreting weak sections 
with minimal stored energy can be challenging. When 
a beam fractures under low stress, it typically results in 
two fragments with relatively smooth fracture surfaces, 
as shown in Figure 101.

COMPRESSION

TENSION

Compression curl 

Origin
Origin

Origin

Low energy failure
Fracture surface is perpendicular to 

tensile surface

Medium - High energy failure
Upper fragment is not important and 

can be discarded

Crack branch and double 
compression curl causes a

 ‘Y’ shaped pattern

Break at or near load pin. Beware of 
misalignments or twisting errors 

note angle to tensile surface

Secondary break 

High energy failure

Crack branches and curves 
back to tensile face

Low energy failure

Primary fracture outside gage length. 
Legitimate due to severe flaw

Medium - High energy failure

Secondary fracture at a 
load pin

Primary - Origin near, but 
not directly at a load pin

Medium - High energy failure

Primary fracture - Origin 

Secondary break 
often at an angle 

A secondary fracture caused by the 
elastic release wave - reflection 
off the end faces. Note this often 
occurs at load pins. Note the 
mirror is on what originally 
was the compression side

Figure 99: Illustratic overview of the theory of crack patterns (Quinn, 2020)

Figure 100: Beam with a high energy failure. This is a composite beam

Figure 101: Beam with a low energy failure. This is a homogeneous 
beam with Metallic Pollutants

Beam V-1C-H-M-2

Beam V-2D-C12-C-2
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8.1.2 Shape of the crack patterns

8.1.3 Origin of the fracture

08 | MICROSCOPIC VALIDATION

The region where a crack extends from a fault at its 
origin is known as the fracture mirror. Fracture mirrors 
are valuable as they provide evidence of high-energy 
failure when well-defined boundaries are present, 
indicating significant stress in that area. Figure 102 
illustrates a fracture resulting from high-energy failure. 
In contrast, a fracture with unclear boundaries suggests 
low-energy failure and minimal stress, often indicating a 
weak section, as shown in Figure 103. Typically, fracture 
mirrors for low-energy failures are ten to thirteen times 
larger than those for high-energy failures.

The two most common shapes for crack patterns are 
compression curls and double compression curls. The 
compression curl, also known as the cantilever curl, has the 
following characteristics: the fracture originates exactly 
opposite the curl on the fracture surface. The concept 
here is straightforward: a beam exhibiting a compression 
curl experienced bending during loading. Compression 
curls typically occur in low-energy failure fractures and 
have big fracture mirrors. Figure 101 provides an example 
of a compression curl. To further clarify this concept, 
Figure 105 also depicts a compression curl.

On the other hand, the double compression curl pattern 
appears when a beam withstands increased tension. 
These patterns are indicative of high-energy failures 
and feature smal(ler) mirrors. Figure 100 illustrates an 
example of a double compression curl. Additionally, 
Figure 104 depicts another example of a double 
compression curl.

As shown in Figure 99, secondary fractures may also 
occur. Reverberations and stress reflections at loading 
locations often lead to secondary fractures following 
the initial fracture. If the beam was unevenly loaded 

and the initial flaw causing the fracture is unclear, stress 
variations may occur. Secondary fractures tend to occur 
at a slight non-perpendicular angle to the specimen axis, 
as depicted in Figure 106.

A primary fracture perpendicular to the beam’s centre 
is typically indicative of properly aligned specimens and 
fixtures, as illustrated in Figure 107.

After analysing the location and shape of the crack, 
the next step is to determine the cause of the fracture 
— specifically, which flaw triggered the fracture. The 
investigated flaw categories include bulk flaws and surface 
flaws. As explained in Section 6.1.1 of the literature review 
on recycled cast glass, intrinsic defects stem from melting 
reactions, such as surface crystallization. Extrinsic defects 
result from cullet contamination, which includes coatings, 
adhesives, or poorly homogenised batches leading to bulk 
inclusions like ceramics.

Inclusions such as stones due to cullet contamination and 
poorly homogenised batches are examined as extrinsic 
factors. Infolds, caused by poorly interfered cullets 
resulting in small gaps, also influenced by gas bubbles, 
are considered intrinsic factors. Crystallization resulting 
from glass interfaces due to melting reactions in the oven 
is categorised as intrinsic. Lastly, machining surface flaws 
arise from surface and edge treatments using diamond 
saws for cutting beams or polishing, also categorised as 
intrinsic factors.

8.2 Microscopic evaluation
A summary of the microscopic analyses for each beam 
from the four four-point bending tests is available in 
Appendix G. This appendix contains four tables: Table 
32 presents the results of the first four-point bending 
test, Table 33 presents the results of the second test, 
Table 34 presents the results of the third test, and Table 
35 presents the results of the fourth test. These tables 
discuss and examine the observed problems (flaw 
categories). For each beam, the origin of the fracture is 
checked to determine if it stems from an inclusion, infold, 
crystallization, machining, or possibly a combination of 
these flaw categories. Three images in the microscopic 
photos depict these faults: a bottom-up view of the beam 
in the tension zone, an overview of the fracture’s location, 
and a close-up of the fracture itself. This paragraph 
emphasises the most intriguing fractures discovered in 
the analyses.

Figure 102: Beam with a high energy failure. A small mirror located at 
the fracture. This is a composite beam.

Figure 103: Beam with a low energy failure. A big mirror located at the 
fracture. This is a compositie beam with Fritted glass.

Beam V-2B-C6-C-1

Beam V-4A-CR8-C-3

Beam V-2B-C8-C-1

Beam V-1B-H-F-3

Figure 104: A double compression curl, a typical crack for composite 
beams

Figure 105: A compression curl, a typical crack pattern for 
homogeneous beams 

Figure 106: A non-perpendicular compression curl

Figure 107: A perpendiculair compression curl

Beam V-2D-C8-C-1

Beam V4A-CR8-C-1
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8.2.1 Flaw types

Inclusions

Inclusions occur due to extrinsic flaws. As previously 
explained, these types of flaws are located in the bulk of 
the material and arise from cullet contamination, such as 
adhesive or coating residues, or from poorly homogenised 
batches containing stones. These various contaminants 
and stones have different thermal expansion properties 
and melting points compared to glass, resulting in hard, 
rock-like inclusions within the glass composition. This 
leads to stress areas around the glass. Further details 
on this can be found in paragraph 8.3, “Stress in flaw 
categories.”

During microscopic tests, two types of inclusions were 
often observed in the material composition: ceramic and 
silicone. Silicone forms small white rocks (silica) when 
subjected to high temperatures. Ceramic inclusions have 
very high stress levels and are transparent or translucent. 
They are the most common type of stones, frequently 
causing glass breakage issues. Glass ceramics form glassy 
knots in the oven because they do not melt completely. 
When heated to glass-melting temperatures, glass 
ceramics can recrystallise into opaque or milky white 
masses of microscopic zirconia crystals. In contrast, silica 
inclusions are opaque stones with low to moderate stress 
levels.

The flaw category, inclusions, was prevalent in the initial 
batches, including during Fire Rounds 1A and 2A. The 
material compositions used in these beams contained 
the entire batch without any pollutants removed. 
Consequently, the Fire Round 1A batch with HR glass 

for the homogeneous beams contained many ceramic 
inclusions (Figure 108). Due to these inclusions, all the 
beams failed the structural feasibility tests. Similarly, the 
material composition of CSP Pollutants in the beams also 
contained large inclusions. However, two beams with 
the CSP Pollutant composition did not fail the structural 
feasibility tests. Despite this, these beams had very low 
structural performance, with their flexural strength being 
the lowest compared to all the other C&D waste beams. 
Figure 109 shows an inclusion in a homogeneous beam 
with CSP Pollutants.

Multiple flaw categories are often found together. An 
inclusion can severely undermine a beam’s structural 
integrity, resulting in existing damage, surrounding 
cracks, or breakage during the polishing process.

Composite beams, consisting of a surface of Float glass and 
a bulk of CSP pollutants, occasionally exhibited inclusions 
(Figure 110). However, these inclusions were typically 
located within the bulk of the composite compositions 
and not on the surface. Despite the presence of these 
inclusions, these composite beams demonstrated higher 
structural performance and greater flexural strength 
compared to homogeneous beams containing inclusions. 
Importantly, the cracks and fractures in these composite 
beams did not originate from these inclusions but 
from other flaws on the surface. This underscores that 
inclusions situated at the surface are more likely to lead 
to catastrophic failures compared to those embedded 
within the bulk. This finding emphasises that enhancing 
the purity of glass at the surface can indeed improve 
structural performance.

(a)

Figure 108: Ceramic inlcusions in a homogeneous beam with HR glass (a) Glassy knots and (b) White opaque mass

Figure 109: Microscopic photos of the flaw type, inclusions from beam V-1A-H-C-2, (a) Location of crack, (b) Zoomed-in location of the crack (c) 
location of the fracture and (d) Zoomed-in photoof the fracture

Beam V-1A-H-HR-2 Beam V-1A-H-HR-2

(b)

(c) (d)

Figure 110: Inclusion in a composite beam in the bulk, Beam V-2B-C8-C-3 (a) location of the crack, (b) side view and (c) front view

(a)

(b)

(c)
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Infolds

Infolds are intrinsic flaws that manifest during the glass 
manufacturing process and are highly influenced by the 
temperature schedule. They occur when cullets fail to 
completely fuse together. This incomplete fusion leaves 
small gaps between cullets, significantly reducing the 
strength of the glass. Additionally, infolds can occur 
when there is insufficient fusion between the cullets and 
the surface composition, resulting in small air gaps. 

These infolds are typically localised on the surface, 
creating tiny gaps where mould debris can concentrate. 
As the glass undergoes surface and edge treatments, 
these flaws can become more pronounced, allowing 
more debris to infiltrate these gaps and provoke stress 
concentrations in these areas. Unlike larger stone 
inclusions, which are visible and can be more easily 

detected, infolds create hidden stress points that can 
lead to structural weaknesses under loading conditions.

Figure 111 provides camera and microscopic images of 
this surface flaw, depicting infolds in a beam caused by 
inadequate cullet fusion.

Another type of infold arises from gas bubbles embedded 
in the glass surface. As previously discussed, the 
composition of 10 mm Float glass differs significantly 
from other thicknesses. Detailed microscopic analysis 
of the 10 mm glass surface reveals numerous visible air 
bubbles and signs of crystallization. This type of infolds is 
shown in Figure 112.

Crystallization

To understand the behaviour of the cast glass specimens, 
various temperature schedules are employed, and 
the firing and cooling speeds are adjusted accordingly. 
When glass is formed at temperatures just below its 
crystallization range and then cooled slowly, there is a 
risk of crystallization occurring. To mitigate this risk, the 
heating ramp is set to a gradual 50 degrees per hour 
during the firing process. 

The scheduled fire rounds involve manually quenching the 
glass below its softening point to prevent crystallization, 
which is considered a surface imperfection (one of 
the flaw categories). Crystallization can occur when 
components are formed at temperatures lower than the 
liquidus point or within the crystallization peak zone. 
Subtle variations in thermal history related to these 
processes are typically undetectable without detailed 
analysis. These variations can influence the material 

composition of the glass, potentially affecting its structural 
properties. However, noticeable defects such as bubble 
veils or crystallization, which arise due to specific thermal 
profiles during manufacturing, can have a pronounced 
impact on the glass’s strength. If these defects are visible 
on the surface or within the glass, they can create stress 
concentrations that compromise its structural integrity 
and increase the likelihood of failure. This phenomenon is 
shown in the beams containing 10 mm Float glass during 
Fire Round 2C, which will be further discussed in the next 
chapter.

As mentioned earlier, crystallization is an intrinsic surface 
flaw in glass that occurs due to specific temperature-
dependent melting reactions. It typically occurs at 
temperatures higher than the glass’s melting point. 
Therefore, beams produced at 1120 degrees have a 

(a) (b)

(c)

Figure 111: Microscopic photos of the flaw type, infolds from beam V-2A-C8-F-1, (a) Location of the crack, (b) Zoomed-in image of the crack, (c) 
Overview of the fracture and (d) Zoomed in photo of the infold

(d)

(a) (b)

(c) (d)

Figure 112: Microscopic photos of the flaw type, infolds from beam V-2A-C10-C-1, (a) Location of the crack, (b) Zoomed-in image of the crack, (c) 
Overview of the fracture and (d) Zoomed in photo of the infold
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Machining (cutting and grinding) 

higher chance to crystallization compared to composite 
beams processed at 1070 degrees. Specifically, beams 
from Fire Rounds 1A and 1B were subjected to the 1120 
degrees temperature schedule.

Interestingly, Fire Round 2C also utilised the 1120 degrees 
temperature schedule for a batch of composite beams, 
which will be discussed further in Chapter 9: Mechanical 
behaviour optimisation.

To prevent crystallization, the scheduled firing rounds 
involve manually quenching the glass below its softening 
point. Crystallization is considered a surface imperfection 
that can occur if glass components are formed at 
temperatures lower than the liquidus point or within 
the crystallization peak zone. While subtle variations in 
thermal history affecting the glass network are usually 
imperceptible, visible defects such as bubble veils or 

crystallization, resulting from specific thermal profiles, 
can significantly compromise the glass’s strength and 
durability. An example of a beam with crystallization as a 
surface flaw is provided in Figure 113.

One of the most common intrinsic flaws in cast glass 
specimens is machining errors, which occur during post-
treatment processes such as cutting and grinding of cast 
glass beams. These processes can introduce imperfections 
on the surface of the beam. Many specimens fracture at 
the edges or surface of the beam, with machining errors 
being the most prevalent type of flaw, as evidenced by 
the tables in Appendix G: Microscopic analysis.

Lower strength specimens often fail due to the presence 
of stones or crystalline interfaces, whereas higher 
strength specimens typically fail more frequently due 

to machining errors. However, the exact reasons why 
certain glass samples exhibit lower strength cannot be 
fully explained solely by the type, size, quantity, and 
position of these surface faults.

Machining can intensify other types of defects, including 
inclusions or infolds. The excessive stress applied during 
grinding can cause some beams to crack. Inadequate 
annealing during cutting and grinding processes can 
lead to infolds (chips) and cleavage (debris) damage, 
which may only become apparent during polishing. 
Due to more pronounced machining imperfections 
on the surface compared to the bulk, increased stress 
and machining errors contribute to fractures at lower 
strength levels, resulting in multiple beam failures during 
surface treatment.

Figure 114 shows a beam that failed due to machining 
flaws, featuring numerous scratches on its surface 
from the grinding process. An interesting aspect of this 
machining failure from beam V-2D-C12-C-3 is the presence 
of a significant inclusion, identified as the white stone 
embedded in the beam. Despite this large inclusion located 
within the bulk of the glass, the beam ultimately failed at 
the surface due to the machining errors. This highlights 
how surface defects introduced during machining can be 
more detrimental to the overall structural performance of 
the beam than internal inclusions.

8.3 Stress in flaw categories
To analyse whether certain flaws lead to internal stresses, 
several beams with typical flaws were tested using cross-
polarised light microscopy. The stresses were examined 
for inclusions, infolds, crystallisation, and machining 
flaws.

Figure 114: Microscopic photos of the flaw type, machining from beam V-2D-C12-C-3, (a) Location of the crack, (b) Zoomed-in image of the crack, 
(c) Overview of the fracture and (d) Zoomed in photo of the area with scratches

(a)

(c)

(b)

(d)

(a) (b)

(c) (d)

Figure 113: Microscopic photos of the flaw type, crystallization from beam V-1B-H-HR-1, (a) Location of the crack, (b) Zoomed-in image of the 
crack, (c) Overview of the fracture and (d) Zoomed in photo of the area with crystallization
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For a clearer understanding of stress distribution in the 
beams, four images were provided per beam. The first 
image provides an overview, indicating the location 
of the crack and distinguishing between high and low 
energy failures. A zoomed-in photo of the crack pattern 
follows. Beams with compression curls, indicative of 
low energy failure, exhibit large, reflective surfaces 
known as “big mirrors.” In contrast, beams with double 
compression curls, indicative of high energy failure, show 
small, compact mirrors.

As previously explained, cracks resulting from high 
energy failures display more localised stress, resulting 
in a clear mirror with distinct boundaries, whereas low 
energy failures show a large mirror with lower stress 
and less defined boundaries where the mist stops. An 
overview of the fracture origin is presented in the third 
image, followed by a zoomed-in photo of the fracture in 
the fourth picture.

Figure 115 displays polarised microscopic photos of 
a beam containing an inclusion. In this fracture, the 
inclusion (white spot) itself does not exhibit stress, but 
stress is localised around it, contributing to the beam’s 
failure.

Figure 116 shows polarised microscopic photos of a beam 
with an infold. Stress is localised around the gap caused by 
the infold. Figure 116d illustrates that stress distribution 
around the infold is less pronounced compared to an 
inclusion, where a distinct colour streak around the flaw 
indicates concentrated stress.

Figure 117 presents polarised microscopic photos of a 
beam containing crystallisation. Stress is visibly localised 
around the crystallisation, as depicted in Figure 117d. 

Inclusions

Infolds

Crystallization

(a) (b)

(c) (d)

Figure 115: Microscopic cross polarised photos of the flaw type, inclusions from beam V-1A-H-C-1, (a) Location of the crack, (b) Zoomed-in image 
of the crack, (c) Overview of the fracture and (d) Zoomed in photo of the area with the inclusion

Figure 116: Microscopic cross polarised photos of the flaw type, infolds from beam V-2A-C8-F-1, (a) Location of the crack, (b) Zoomed-in image 
of the crack, (c) Overview of the fracture and (d) Zoomed in photo of the area with infolds

(a) (b)

(c) (d)

(a) (b)

(c) (d)

Figure 117: Microscopic cross polarised photos of the flaw type, crystallization from beam V-1B-H-F-2, (a) Location of the crack, (b) Zoomed-in 
image of the crack, (c) Overview of the fracture and (d) Zoomed in photo of the area with crystallization
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8.4 Discussion and conclusion
8.4.1 Crack patterns

Figure 118 displays polarised microscopic photos of 
a beam with machining flaws from surface and edge 
treatments. Interestingly, stress around the scratches 
from machining is not notably pronounced. However the 
mirror shows some colour streaks of stress.

Appendix F, “Overview beams with failure analysis,” 
provides a comprehensive analysis of all beams tested 
in the four-point bending tests. It includes details on the 
location of failure along the beams—whether under a 
load point (left, right, or centre at distances of -175 mm 
to 0 mm to 175 mm), the vertical position of the fracture 
origin (0 mm to 21 mm from bottom to top), and the 
horizontal position of the fracture on the beam’s surface 
(0 mm to 28 mm from the edges to the centre). And 
provides an image of the crack. 

Since failures occur at various locations and not 
exclusively under load points, the results are  applicable. 
If failures were concentrated solely under load points, it 
would suggest potential misalignments.

Upon reviewing Appendix F, it is evident that some beams 
exhibit such misalignments. It is crucial to consider 
twisting or misalignments during the analysis.

The beams that contain possible misalignments are 

Homogeneous beams:

V-1B-H-F-1

V-1C-H-M-3

Composite beams: relation between surface and bulk:

V-2A-C10-C-1

V-2C-C12-C-1

V-2D-C12-C-3

Composite beams: influence of bulk material:

V-3A-C10-M-3

The failure analysis will be discussed per Experiment 
Type.

A high energy failure is experienced for all the 
homogeneous beams with A cullet grade. 

A medium-high energy failure is typically 
experienced by homogeneous beams with a B 
cullet grade.

The stress fracture of homogeneous beams with a 
C cullet grade is low.

As a result of the ceramic being removed, the beam 
with the HR glass is now an exception and exhibits 
a high energy failure.

Experiment type 1: Homogeneous beams

Regardless of energy level, homogeneous beams 
with type B and C cullet exhibit a compression curl 
upon failure.

Experiment type 2: Composite beams: influence of 
ratio between surface and bulk

Composite beams with Float glass and CSP 
Pollutants have in general a high energy failure

Beam V-2B-C10-C-2 is an irregularity; this indicates 
a low stress fracture of that kind. Furthermore, low 
energy failure also occurs in beams V-2D-C8-C-1 and 
V-2D-C10-C-1. These are an additional exemption. 
A large surface imperfection caused these beams to 
break. The Float glass in each of these beams was 
split in half and arranged sequentially. As a result of 
this experiment, the impact of the Float glass sides 
was seen. In the tension area, it produced an open 
perpendicular area. This defect is so strong that it 
greatly reduces the strength. This demonstrates 
how surface imperfections can significantly reduce 
flexural strength.

Beams with Metallic Pollutants in the bulk show 
most of the time a low energy failure. Beam V-3A-
C-M8-2 and V-3A-C8-M-3 are exceptions.

There is an intriguing double compression curl in 
Beam V-3A-C8-M-2. The split occurs nearly at the 
top of the very long perpendicular line. 

Experiment type 3: Composite beams: influence of the 
material composition of the bulk

Experiment type 4: Composite beams: influence of the 
material composition of the surface

Beams focusing on surface material, incorporating 
Fritted glass, exhibit a diverse array of crack 
patterns.

Beams with CSP Pollutants in the bulk and Fritted 
glass on the surface show both low and high energy 
failures, yet exhibit low flexural strength overall. 
Remarkably, beam V-4A-CR8-C-3 displays a double 
compression curl.

Beams with Metallic Pollutants in the bulk and 
Fritted glass on the surface demonstrate low energy 
failures and exhibit compression curls.

8.4.2 Flaw types

Appendix G: “Overview beams with microscopic analysis” 
provides a comprehensive review of the research 
conducted at the microscopic level. Each beam tested 
in the four-point bending test undergoes detailed 
microscopic analysis, capturing surface conditions (tensile 
area), fracture locations, and close-ups of fractures.

Defect categories such as inclusions, infolds, crystallization, 
and machining (surface and edge treatment) are examined 
and correlated with the crack patterns (fracture origins) 
and the structural performance (flexural strength) of 
the beams. Additionally, these defect types are analysed 
under polarised light to assess internal stresses.

Graph 20 uses the tables from Appendix G to visualise the 
relationship between different flaw types and the flexural 
strength of each beam. This graph aims to bring light 
to any correlations between specific flaw types and the 
occurrence of beam failures.

It’s important to note that this graph includes only the 
beams tested in the four-point bending tests. Beams 
that failed the structural feasibility assessment are not 
represented in this graph, although they were also 
investigated. The most common flaw in these excluded 
beams was an inclusion (ceramic or silica).
Using this graph, each flaw type will be discussed and the 
following conclusions can be drawn:

The most destructive types of flaws to the beams 
are inclusions. Most of the time, a localised 
inclusion in a beam is a significant failure to the 
beam. Due to excessive inclusions, a total of 13 
beams fractured before the structural performance 
test either when they were taken out of the oven 
or during the surface treatment process while the 
beams were being polished.

Inclusions

Machining

(a) (b)

(c) (d)

Figure 118: Microscopic cross polarised photos of the flaw type, machining from beam V-4A-CR8-C-3, (a) Location of the crack, (b) Zoomed-in 
image of the crack, (c) Overview of the fracture and (d) Zoomed in photo of the area with scratches
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Infolds

Crystallization

Machining

This type of surface flaw have tiny gaps or chips 
in the surface. Due to infolds in the surface the 
strength of the specimen (beam) will reduced. 
Infolds happen when cullets did not probably 
interfere with each other. As a result, these tiny 

spaces allow debris to enter and the growth of 
mould. Infolds occur in each experiment type and 
do not correlate with a specific strength for the 
beams in which these flaws are present.

As Graph 20 displays is that crystallization most 
often is for homogeneous beams, which is due to 
the higher temperature schedule used for two fire 
rounds of these beams : Fire Round 1A and Fire 
Round 1B. Crystallisation is the most impactive 
flaw category after inclusions. Crystallisation 
happens while the oven is operating (intrinsic 
flaw). Formation processes occurring in the 
crystallisation peak zone and at temperatures 
below the liquidus point may lead to partially 
crystallised components.

The most common defect for cast glass is 
machining due to surface and edge treatment. This 
is a superficial error. When surface cracks develop, 
the beams’ strength will decrease. Fractures with 
lower strength were produced by greater stress 
and machining errors because the surface of the 
material had more severe defects than the bulk. 
This type of flaw is most common for the higher 
performance cast glass beams

Another analysis conducted examines the relationship 
between the flaw type and the location of the fracture 
origin, as shown in Graph 21. This analysis utilises data 
from Appendix F: Overview beams with failure analysis 
and Appendix G: Overview beams with microscopic 
analysis.

Inclusions are localised in the middle of the material 
compositions. Those inclusions that failed before 
the structural performance test were found on the 
edge of the surface, indicating that surface flaws at 
an edge are more critical than surface flaws in the 
middle of the surface.

Infolds are surface flaws typically located around 
the edges. However, they can also occur in the 
middle of the beam, as shown by specimen 1.9 
Beam V-2A-C10-C-1.

Crystallization is another type of surface flaw 
commonly found at the edges, but these flaws can 
also be present in the middle of the beam.

Machining flaws are usually confined to the edges. 
However, beams V-2B-C10-C-1 and V-2B-C10-C-1 
show exceptions to this pattern.

The results from Fire Round 2C are not integrated in this graph, these will be explained in Chapter 9
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Relation between flaw types and the fracture origin location 

Graph 20: Flaw types compared with the structural performance of cast C&D beams

Graph 21: Flaw categories compared with the location of the fracture of cast C&D beams

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Relation between flaw types and the flexural strength of cast homogeneous and composite beams 

Experiment type 1: (Pink)
Homogeneous beams
Glass with A cullet
Float glass  V-1D-H-Fl-1, V-1D-H-Fl-2 and V-1D-H-Fl-3
Glass with B cullet
Fritted glass V-1B-H-F-1, V-1B-H-F-2 and V-1B-H-F-3
Soft coating V-1B-H-B-1
Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2
HR glass  V-1B-H-HR-1
Metallic  V-1C-H-M-1, V-1C-H-M-2 and V-1C-H-M-3

Experiment type 2: (Light blue)
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1 and V-2B-C6-C-2
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3

Experiment type 3: (Dark blue)
Composite beams: Surface + Bulk
Float glass + Fritted glass
8 mm + 13 mm  V-2A-C8-F-1
Float glass + Metallic pollutants 
8 mm + 13 mm V-3A-C8-M-1, V-3A-C8-M-2 and V-3A-C8-M-3
10 mm + 11 mm V-3A-C10-M-1 and V-3A-C10-M-2 

Experiment type 4: (Blue)
Composite beams: Surface + Bulk
Fritted glass + CSP Pollutants 
8 mm + 13 mm V-4A-CR8-C-2 and V-4A-CR8-C-3
Fritted glass + Metallic Pollutants 
8 mm + 13 mm V-4A-CR8-M-1 and V-4A-CR8-M-3

The width of a beam is 28 mm. The back of the beam is set on 0 mm and the front is set on 28 mm.

The results from Fire Round 2C are not integrated in this graph, these will be explained in Chapter 9
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9.1.1 Contaminants on the cullets
9.1  Influence of cullet selection

To enhance the mechanical behaviour of cast glass 
beams, several adjustments were implemented. This 
chapter outlines these strategies with the aim of creating 
beams that exhibit higher structural performance in four-
point bending tests, while also ensuring high recyclability.

The cullets used in the experiments are stored in large 
buckets filled with sand and soil. Figure 119 provides 
an impression of the cullets’ appearance before the 
selection and removal of harmful pollutants. Initially, the 
cullets needed to be washed with water, followed by the 
removal of harmful pollutants. Numerous contaminants 
can adversely affect the beam’s performance. To ensure 
clearer findings, it is crucial to identify the characteristics 
of pollutants in this batch, as a single pollutant can 
significantly influence the overall material composition.

After the initial firing rounds, Fire Rounds 1A and 2A, it 
became evident that many beams broke. Those that did 
not fail had an unknown material composition. Therefore, 
it is important to precisely control the pollutants added 
to the material composition to achieve more consistent 
results.

To isolate the characteristics of CSP pollutants in the 
composite beams of Experiment Type 2, “Influence of 
the ratio between surface and bulk in composite beams,” 
CSP pollutants needed to be completely separated from 
other contaminants. Therefore, the following pollutants 
were manually selected and removed from the overall 
CSP batch (Figure 120).

Silicone 

Metal traces

Yellow tinted glass

Dark tinted glass

Plastics

Papers

For compositions containing Metallic Pollutants, all 
the previously mentioned contaminants, including the 
cullets containing CSP pollutants, are removed from the 
buckets. This ensures a focused investigation into metallic 
contaminations, ensuring any flaws are solely attributed 
to Metallic Pollutants and no other contaminants.

9.1.2 Tiles with contaminants

To evaluate the effects of these individual pollutants, 
contaminants are initially assessed in tiles. However, 
since the goal is to produce beams with specific structural 
performance, different dimensions of tiles may yield 
results differing from those of beams. Therefore, when 
considering overall structural performance, it is important 
to acknowledge that these findings may not directly apply 
to beams.

Nevertheless, for a deeper understanding of these 
pollutants and their impact on overall performance, 
harmful pollutants on the tiles are investigated using 
cross-polarised light and microscopic research, which 
will be further discussed in paragraph 9.1.4: Stress in 
pollutants.

Ceramic

Given the significant number of beams that broke during 
the initial firing rounds, Fire Round 1A (homogeneous 
beams) and Fire Round 2A (composite beams), it was 
informative to explore the types of pollutants contributing 
to these fractures and those potentially used in the 
composition. Consequently, specific pollutants were 
intentionally placed in two corners of the tiles, with the 
remaining tiles containing clear glass. The contaminants 
listed in 9.1.1 were observed: 

9.1.3 Feasibility evaluation – Tiles 

Figure 123 depicts the tiles as they emerged from the 
oven, each evaluated for its structural integrity. It is 
noteworthy that none of the tiles cracked. However, it is 
likely that some of these same pollutants would fracture 
if they were incorporated into a beam especially the tile 
including silicone.

Tile 1 reveals an intriguing pattern with metallic and 
silicone pollutants. At 1070 degrees Celsius, the metallic 
pollutants melted and began to interact with the glass. 
White markings indicative of a reaction with the mould 
are visible where the metal traces are present. Similarly, 
clear white traces are evident in areas where silicone is 
located.

Under high temperatures, silicone undergoes 
transformation into various byproducts such as silicon 
dioxide (silica). However, the silicone does not completely 
convert into silica during this process, as evidenced by 
pink/white traces of silicone. This suggests that silica 
formation requires a longer duration in the oven.

Tile 2, featuring cullets containing plastic and tinted 
glass, demonstrates that these contaminants do not 

Mirror Tile 1 contained cullets with silicone and metal 
contaminants.

Tile 2 included cullets made of plastic and yellow-
tinted glass.

Tile 3 featured glass fragments with a dark tint on 
one side and mirror cullets.

The objective of these tiles was to identify the types 
of cullets responsible for the damage observed in 
previous firing rounds. The arrangement of the firing 
rounds is illustrated in Figure 121, while the placement 
of the tiles within the oven can be seen in Figure 122.  
The tiles were placed in the oven for several hours, not 
for 100 hours like the beams produced.

compromise structural integrity. The plastic melts 
completely, becoming invisible at 1070 degrees. The 
behaviour of the tinted glass at this temperature is 
particularly noteworthy, especially compared to how 
clear glass cullets react. Surprisingly, the piece of tinted 
glass remained in place without causing significant 
disturbance. Some minor signs of mould reaction are 
visible.

Figure 119: Cullets with CSP Pollutants before the 
seletion of removing other contaminants

Figure 120: Overview of contaminants in the buckets with CSP Pollutants

Tile 1

Type C Cullet

Silicones

Tile 2

Type B Cullet

Yellow tinted 
glass

Plastic 
Pollutants Shards

Tile 3

Mirror

Dark tinted 
glass Shards

Type C Cullet

Type B Cullet

Metallic 
Pollutants Shards

Shards

Shards

ShardsType C Cullet

Type B Cullet

Figure 121: Illustratic diagram - Tiles

Figure 122: Tiles are placed in the oven
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   Tile 1 
   Material characteristics
The product:   Combi Mag Float (Maltha)
Cullet grade:  Class C
Contamination:  Silicone + Metal Pollutants
Cullet Type:   Small shards

Forming temperature:  1070 °C

   Feasibility characteristics
Compatibility:    high
Transparency:  translucent
Mould reaction: present
Cracks presence: present
Breakage:  absent
Bubbles level:  low
Structural performance:succeeded

Tile 2 
Material characteristics
Combi CSP Float (Maltha)
Class B
Yellow tinted glass + Plastic
Small shards

1070 °C

Feasibility characteristics
medium
translucent
absent
present
absent
low
succeeded

Tile composition with pollutants

Tile 3
Material characteristics
Combi Mag Float (Maltha)
Class B + C
Small Metal Pollutants + 
Dark tinted glass
Small shards
1070 °C

Feasibility characteristics
high
translucent
absent
absent
absent
low
succeeded

Tile 3, featuring cullets containing dark-tinted glass and 
mirror fragments, shows interesting behaviour. The 
mirror-fused cullet turned blue and contained some 
trapped white bubbles. The dark-tinted glass behaves 
similarly to the yellow-tinted glass in Tile 2; it melts but 
does not blend with the translucent cullets. Overall, 
the compatibility across all tiles is medium to high, as 
the different cullets remain distinguishable from one 
another. While they may have started to merge at higher 
temperatures, they have not fully fused.
To better understand the effect of each individual 
pollutant, the tiles are analysed and checked for internal 
stresses. To visualise these stresses more clearly, 
microscopic photos are taken with and without polarised 
light. Figure 124 displays these results.

9.1.3 Stress in pollutants

The microscopic photos reveal that metallic pollutants, 
shown in Figures 124a and 124b, cause noticeable 
internal stress around the affected areas. In contrast, 
silicone pollutants, displayed in Figures 124c and 124d, do 
not allow any light to pass through. While some internal 
stress is present around the silicone, it is not significant.

Cullets containing plastic, depicted in Figures 124e and 
124f, show no visible internal stresses. This indicates that 
the plastic has been completely removed during this short 
temperature schedule and does not pose any harm. The 
cullets with tinted glass, visualised in Figures 124g and 
124h, also exhibit minimal internal stresses. However, the 
dark tinted glass in Figures 124i and 124j contains slightly 
more internal stress compared to the lighter tinted glass.

Lastly, the cullets containing mirror material, shown in 
Figures 124k and 124l, display some internal stresses. 

(a) (b) (c)

(a) (b)

(c) (d)

(e) (f)

Figure 123: Feasibility validation of tiles for understanding the characteristcs of specific contaminants. (a) Tile 1 with silicone and metallic 
pollutants, (b) Tile 2 with yellow tinted glass and plastics and (c) Tile 3 with cullets with mirror and dark tinted glass
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9.2  Influence of a higher temperature schedule
9.2.1 Fire Round 2C, Composite beams, Influence 
of the ratio between surface and bulk with a higher 
temperature schedule

Experiment type 2: Composite beams, this experiment 
investigates the influence of the ratio between surface 
and bulk materials. The initial fire round was conducted 
at a temperature of 1070 degrees. However, an 
alternative fire round, Fire Round 2C, was performed 
using the same material compositions as Fire Round 2B, 
but with a higher temperature schedule. Specifically, 
Fire Round 2C included a four-hour period at 1120 
degrees. This adjustment was made to examine the 
impact on glass behaviour and to determine if the higher 
temperature would influence the outcomes of the 
structural performance tests. The rationale behind the 
higher temperature schedule was to create beams with 
greater compatibility, where cullets would interact more 
closely with each other, reducing surface flaws: infolds.

For this fire round, eight beams were created, all containing 
CSP pollutants in the bulk and Float glass on the surface. 
The compositions were distributed as follows: two beams 
with composition 2A, two with composition 2B, two with 
composition 2C, and two with composition 2D.

The primary objective of this fire round was to 
investigate how varying temperatures affected the bond 
between the bulk and surface and whether increased 
homogeneity/ higher compatibility would enhance 
structural performance. The organisation of the fire round 
is depicted in the diagram in Figure 125. An illustration of 
the beam placement in the oven can be found in Figure 
126.

(g) (h)

(i) (j)

(k) (l)

Figure 125: Illustratic overview of Fire Round 2C Figure 126: Fire Round 2C placed in the oven 

Composition 
2A

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2B

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2C

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Composition 
2D

Type A Cullet 

Type C Cullet

Float glass

Combi CSP 
Float (Maltha)

Sheet

Shards

Figure 124: Microscopic photos with cross polarised light to show the internal stresses per pollutant. (a) Metallic Polllutant, (b) Polarised Metallic 
Polllutant, (c) Sillicone, (d) Polarised Sillicone, (e)Plastics, (f) Polarised Plastics, (g) Yellow tinted glass, (h) Polarised Yellow tinted glass, (i) Dark 
tinted glass, (j) Polarised Dark tinted glass, (k) Mirror and (l) Polarised Mirror
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   Beam V-2C-C6-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:  Sheet + Small shards
Forming temperature:  1070 °C and 1120°C

   Feasibility characteristics
Compatibility:    high
Transparency:   translucent
Mould reaction:  present
Cracks presence:  absent
Breakage:   absent
Bubbles level:   low
Structural performance: succeeded 

Beam V-2C-C8-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C and 1120°C

Feasibility characteristics
high
translucent
present
present
present
low
failed

Beam V-2C-C6-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C and 1120°C

Feasibility characteristics
high
translucent
absent
present
absent
low
succeeded

   Beam V-2C-C8-C-2
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:  Class A + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C and 1120°C

   Feasibility characteristics
Compatibility:   high
Transparency:   translucent
Mould reaction:  absent
Cracks presence:  present
Breakage:   absent
Bubbles level:   medium
Structural performance: succeeded

9.2.2 Feasibility evaluation - Fire Round 2C

Composite beams: Surface 6 mm and Bulk 15 mm
(Figure 127)

Composite beams: Surface 8 mm and Bulk 13 mm
(Figure 128)

Composite beams: Surface 10 mm and Bulk 11 mm
(Figure 129)
Composite beams: Surface 20 mm and Bulk 9 mm
(Figure 130)

From the eight beams created for Fire Round 2C, one 
beam, V-2C-C8-C-1, failed due to a machining error during 
polishing. The beam contained an inclusion that was 
exposed during grinding, causing it to break immediately.

It was anticipated that the compositions’ homogeneity 
would be higher and that the surface and bulk layers 
would mix more compared to Fire Rounds 2A, 2B, and 
2D.

A noteworthy finding in every beam was the significant 
mould reaction, which was more pronounced than in 
earlier fire rounds (Experiment Type 2). It is hypothesised 
that mould reactions become more reactive at higher 
temperatures. Another effect of the high temperature 
was the appearance of tiny surface cracks on the beams. 
For instance, Beam V-2C-C8-C-1 exhibited serious cracks 
in the middle.

The beams with the 10 mm Float glass were particularly 
interesting. This type of Float glass showed many trapped 
bubbles beneath the surface, forming a pattern visible 
in Figure 131. Microscopic examination revealed that 
the 10 mm Float glass had numerous tiny spaces on its 
surface. The creation of microcracks and trapped bubbles 
beneath the surface is attributed to a different material 
composition, as confirmed by an XRF test.

Based on validation, Beams V-2C-C6-C-1, V-2C-C6-C-2, 
and V-2C-C12-C-1 had the highest structural feasibility 
scores overall.

Table 36 provides an overview of the feasibility validations 
of the beams from Fire Round 2C.

Figure 127: Feasibility validation of Fire Round 2C, (a) Beam V-2C-C6-C-1 and (b) Beam V-2C-C6-C-2

Figure 128: Feasibility validation of Fire Round 2C, (a) Beam V-2C-
C-C8-1 and (b) Beam V-2C-C8-C-2

Figure 129: Feasibility validation of Fire Round 2C, (a) Beam V-2C-
C10-C-1 and (b) Beam V-2C-C10-C-2

Beam V-2C-C10-C-1
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class A + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C and 1120°C

Feasibility characteristics
medium
translucent
present
present
absent
high
succeeded

Beam V-2C-C10-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class B + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C and 1120°C

Feasibility characteristics
medium
translucent
present
present 
absent
high
succeeded

   Beam V-2C-C12-C-1
   Material characteristics
The product:   Float glass + 
   Combi CSP Float (Maltha)
Cullet grade:   Class B + Class C
Contamination:  Float glass + CSP Pollutants
Cullet Type:   Sheet + Small shards
Forming temperature:  1070 °C and 1120°C

   Feasibiliy characteristics
Compatibility:    high
Transparency:   translucent
Mould reaction:  present
Cracks presence:  absent
Breakage:   absent
Bubbles level:   low
Structural performance: succeeded

Beam V-2C-C12-C-2
Material characteristics
Float glass + 
Combi CSP Float (Maltha)
Class B + Class C
Float glass + CSP Pollutants
Sheet + Small shards
1070 °C and 1120°C

Feasibility characteristics
high
translucent
present
present
present
low 
succeeded

Figure 130: Feasibility validation of Fire Round 2C, (a) Beam V-2C-C12-C-1 and (b) Beam V-2C-C12-C-2 

Composite beams: Surface: Float 8 mm, Bulk: CSPComposite beams: Surface: Float 6 mm, Bulk: CSP

Composite beams: Surface: Float 10 mm, Bulk: CSP

Composite beams: Surface: Float 12 mm, Bulk: CSP
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The structural feasibility is divided into seven categories. 
For each category, the influence of a higher temperature 
schedule compared to a standard 1070-degree 
temperature schedule will be explained. These 
comparisons are made using the overview in Tables 16 
and 36.

Compatibility: This category examines how the cullets 
interact/ interfere with each other and with the surface 
(Float glass). There is barely any difference between 
the two temperature schedules, both showing good 
compatibility. To determine if compatibility has indeed 
increased, microscopic research will be conducted. If the 
cullets interact more effectively with each other, there 
should be fewer infolds and bubbles on the surface. This 

will be further discussed in paragraph 9.2.4, “Microscopic 
validation of Fire Round 2C.”

Transparency:  Both the beams with the 1070 degrees 
temperature schedule and the higher temperature 
schedule show translucency for all the beams.

Mould reaction: The beams produced with a higher 
temperature schedule show more mould reaction.

Cracks: Less beams contained cracks for the higher 
temperature schedule compared with the lower 
temperature schedule. However the beams with the 
10 mm Float glass beam V-2C-C10-C-1 and beam V-2C-
C10-C-2 seem to contain many microcracks under the 
Float glass. This needed to be further investigated under 
the microscope. This will further explained in section 
9.2.4. Beam V-2C-C8-C-1 contained severe cracks in the 
middle, which led to its breakage.

Breakage: During Fire Round 2C, one beam broke, beam 
V-2C-C-C-3. This beam broke during the polishing process. 
Furthermore one beam contains some breakage at the 
compression zone, beam V-2C-C12-C-2. At the lower 
temperature schedule more beams contained breakages

Bubbles level: In general the bubbles level is for all the 
beams quit similar. With the exception of the beams 
with the 10 mm Float glass during Fire round 2C. These 
beams seems to have a lot trapped air bubbles under the 
surface.

Structural performance: The beams produced during Fire 
Round 2C seem to have a higher feasibility for structural 
performance than the beams with a lower temperature 
schedule (Fire Round 2A, 2B and 2D)

9.2.3 Structural performance - Fire Round 2C

General overview

In Chapter 7: Mechanical tests, the expected curve for 
the relationship between composite and homogeneous 
beams was introduced (Graph 07). Subsequently, the 
actual relationship between composite beams with CSP 
pollutants in the bulk and Float glass on the surface, and 
homogeneous beams containing CSP pollutants, was 
presented (Graph 08).

The following graph, Graph 22, shows the relationship 
between composite beams with CSP pollutants in the 
bulk and Float glass on the surface, and homogeneous 
beams with CSP pollutants. In this case, the composite 
beams were made with a higher temperature schedule, 
as discussed earlier. As in Graph 08, homogeneous beams 
with Float glass are also included in Graph 22 to visualise 
the relationship between the higher temperature 
composite beams and the homogeneous beams with 
Float glass. The shape of the curve in Graph 22 is more 
comparable to the expected curve in Graph 07.

The following conclusions can already made with the help 
of Graph 22.

The following conclusions can already be drawn from 
Graph 22. Homogeneous beams containing Float glass 
perform slightly better than the other types in this 
comparison. Composite beams with 12 mm, 8 mm, and 
6 mm Float glass show similar results in the structural 
performance test, all outperforming homogeneous 
beams with CSP pollutants. Since composite beams with 
6 mm Float glass perform similarly to those with 12 mm 
Float glass, it is more sustainable to choose the 6 mm Float 
glass composite beams. This allows for more Class Cullet 
C to be used in the bulk, meaning that more material can 
be recycled.

Lastly, the composition with 10 mm Float glass performs 
the worst, particularly beam V-2C-C10-C-2. This beam 
even performs worse than the homogeneous beams 
with CSP pollutants. As noted in the structural feasibility 
overview, beams containing 10 mm Float glass have many 
trapped bubbles and micro cracks beneath the surface. 
These surface flaws significantly reduce the overall 
structural performance.

Cullet Type A (dark pink): Homogeneous beams 
with Float glass (specimens 4.1-4.3)

Composite beams (dark blue): Composite beams 
with 12 mm Float glass and 9 mm bulk material 
with CSP Pollutants (specimens 2.6 and 2.7)

Composite beams (light blue): Composite beams 
with 10 mm Float glass and 11 mm bulk material 
with CSP Pollutants (specimens 2.4 and 2.5

Composite beams (blue): Composite beams with 8 
mm Float glass and 13 mm bulk material with CSP 
Pollutants (specimen 2.3)

Composite beams (lightest blue): Composite beams 
with 6 mm Float glass and 15 mm bulk material 
with CSP Pollutants (specimens 2.1 and 2.2)

Cullet Type C (light pink): Homogeneous beams 
with CSP Pollutants (specimens 1.1 and 1.2)

Beam information Feasibility characteristics
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Composite beams - Ratios - Influence of temperature

+++ ++ +++ ++ +++ +++ +++

+++ ++ ++ - - +++ -

+++ ++ +++ ++ +++ ++ +++

++ ++ ++ ++ +++ + +++

++ ++ + ++ +++ + +++

+++ ++ ++ +++ +++ +++ +++

+++ ++ ++ +++ +++ +++ +++
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V-2C-C6-C-1 +++

V-2C-C6-C-2

V-2C-C8-C-2

V-2C-C10-C21

V-2C-C10-C-1

V-2C-C12-C-1

V-2C-C12-C-2

1070 °CFloat glass Sheet Float glass 
6 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
6 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

V-2C-C8-C-1

1070 °CFloat glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
8 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
10 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
12 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °CFloat glass Sheet Float glass 
12 mm

Small 
Shards

Class C
+

Combi CSP 
Float (Maltha)

CSP 
Pollutants

+ + +

Class A

1070 °C

1070 °C

1070 °C

1070 °C

1070 °C

1070 °C

1070 °C

1070 °C

+

+

+

+

+

+

+

+

Structural feasibility - Influence of a higher temperature 
schedule

Table 36: Overview feasibility validation of Fire Round 2C
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Flexural strength of cast C&D waste beams. Composite beams compared with Homogeneous beams
Influence of ratio between surface and bulk  with a higher temperature schedule

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Graph 23: Relationship between a composite with 6 mm Float 
glass (1070 degrees) 6 mm Float glass with a higher temperature 
schedule

Graph 24: Relationship between a composite with 8 mm Float glass 
(1070 degrees) 8 mm Float glass with a higher temperature schedule

Graph 25: Relationship between a composite with 10 mm Float 
glass (1070 degrees) 10 mm Float glass with a higher temperature 
schedule

Graph 26: Relationship between a composite with 12 mm Float 
glass (1070 degrees) 12 mm Float glass with a higher temperature 
schedule
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Influence of a higher temperature schedule

Experiment type 2:
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2C-C6-C-1 and V-2C-C6-C-2
8 mm + 13 mm  V-2C-C8-C-2
10 mm + 11 mm  V-2C-C10-C-1 and V-2C-C10-C-2
12 mm + 9 mm V-2C-C12-C-1 and V-2C-C12-C-2

Experiment type 1:
Homogeneous beams
Glass with A cullet
Float glass  V-1D-H-Fl-1, V-1D-H-Fl-2 and V-1D-H-Fl-3
Glass with C cullet
CSP  V-1A-H-C-1 and V-1A-H-C-2

To understand the influence of a higher temperature 
schedule, a separate graph is shown for each material 
composition in Experiment Type 2, comparing the 
standard 1070-degree schedule with the higher 
temperature schedule.

Graph 23 presents the comparison for composite beams 
containing 6 mm Float glass. Similarly, Graph 24 illustrates 
the performance of beams with 8 mm Float glass. For the 
composite beams with 10 mm Float glass, see Graph 25. 
Lastly, Graph 26 showcases the comparison for beams 
containing 12 mm Float glass.

Experiment type 2: Higher temperature schedule
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2C-C6-C-1 and V-2C-C6-C-2
8 mm + 13 mm  V-2C-C8-C-2

10 mm + 11 mm  V-2C-C10-C-1 and V-2C-C10-C-2

12 mm + 9 mm V-2C-C12-C-1 and V-2C-C12-C-2

In terms of flexural strength, Graph 23 demonstrates 
that there are hardly any variations between the 
composite compositions with 6 mm Float glass as 
surface material.

The summary for the 8 mm surface material 
compositions is displayed in Graph 24. Since only 
one beam with an 8 mm composition passed the 
structural feasibility test, no definitive conclusions 
can be drawn from this graph. This result appears 
to be invalid.

The results for the 10 mm Float glass in Fire Round 
2C appear to be somewhat inconsistent (Graph 
25). The difference between V-2C-C10-C-1 and 
V-2C-C10-C-2 is too significant to draw reliable 
conclusions. Due to this discrepancy, it is difficult 
to compare these results with those of the 10 mm 
compositions under the 1070-degree temperature 
schedule.

The beams with 12 mm Float glass generally 
exhibit similar results, with the exception of beam 
V-2D-C12-C-3, which shows significantly lower 

flexural strength compared to the other 12 mm 
compositions. As noted in Appendix G, this beam 
had a severe edge flaw (see Table 34). Comparing 
these beams to those in Fire Round 2C, they 
generally perform slightly worse than beams V-2D-
C12-C-1 and V-2D-C12-C-2.

9.2.4 Microscopic validation of Fire Round 2C

To better understand the structural feasibility and 
mechanical behaviour results of the four-point bending 
test, microscopic research was conducted. As previously 
mentioned, it was anticipated that beams from Fire 
Round 2C would exhibit fewer infolds because the cullets 
would interfere more effectively at higher temperatures.

Experiment type 2: 1070 temperature schedule
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1,V-2B-C6-C-2 and V-2D-C6-C-1
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3
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Flexural strength of cast composite beams with 6 mm Float glass 
compared with higher temperature schedule
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Flexural strength of cast composite beams with 8 mm Float glass 
compared with with higher temperature schedule

Flexural strength of cast composite beams with 10 mm Float glass 
compared with higher temperature schedule

Flexural strength of cast composite beams with 12 mm Float glass 
compared with with higher temperature schedule

Graph 22: Relationship between homogeneous beams and composite beams with a higher temperature schedule
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(a) (b)

Graph 27: Flaw types compared with the structural performance of cast C&D beams, influence of temperature
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9.3 Discussion and conclusion
To optimise the mechanical behaviour of the cast glass 
composite beams and ensure fewer beams would fail 
during structural feasibility, two methods were applied. 
The first was to investigate the influence of specific 
pollutants, and the second was to explore the impact 
of a higher temperature schedule, aiming to achieve a 
more beams with a higher compatibility.

Influence of a higher temperature schedule

Influence of cullet selection

To better understand the outcomes of the cast glass 
beams, the compositions were refined by focusing 
on a single type of pollutant instead of multiple. In 
Experiment 2, only cullets with CSP pollutants were 
used, and all others were removed. In Experiment 
3, only cullets with metallic pollutants were used, 
and the rest were removed.

Because the silicone and ceramic impurities were 
removed, less beams contained cracks and severe 
breakage. However removing these pollutants is a 
difficult task. So on a bigger scale this will cause 
logistical problems.

White traces are the result of silicones converting 
to silica. These regions have modest to moderate 
levels of localised stress. 

When metallic contaminants come into contact 
with mould, the metal “eats” the mould. 
Furthermore, the metallic pollutants melted and 
began to interact with the glass. The area around 
these particles have some noticeable stress. 

Both yellow tinted and dark tinted glass 
demonstrates that the colour does not noticeably 
affect the tiles. The dark tinted glass exhibits slightly 
more internal stress compared to the yellow tinted 
glass.

The plastic has completely disappeared from the 
tiles, indicating that these pollutants do not affect 
the beams. Minimal internal stresses are localised 
in this area.

The mirror on the cullets, turned blue (meaning 
that it contains Copper). It shows some internal 
stresses.

A higher temperature schedule results in more 
mould reaction between the glass and the mould 

Composite beams with 6 mm, 8 mm, and 12 mm 
Float glass demonstrate similar flexural strength 
results at this higher temperature schedule.

Tiles containing specific pollutants are manufactured to 
study internal stresses and their impact on structural 
feasibility.

There is minimal difference in flexural strength 
between composite beams with 6 mm and 12 mm 
Float glass surfaces at 1070 degrees and those at a 
higher temperature schedule.

A higher temperature schedule resulted in an 
increased presence of trapped bubbles in the 
10 mm Float glass compositions. These beams 
exhibit numerous surface flaws that diminish their 
structural performance.

Using a microscope, the beams were thoroughly examined 
to identify the types of flaws that could cause significant 
damage. Appendix G provides a comprehensive summary 
of all beams and the microscopic analysis conducted 
on them. Based on the insights from this chapter and 
Appendix G, Graph 27 was created. This graph provides 
an overview of flaw categories for Experiment Type 2 
(1070 temperature schedule) compared to the higher 
temperature schedule.

Graph 27 illustrates that compatibility did indeed 
improve, as fewer composite beams exhibit infolds, 
indicating increased interference among cullets at higher 
temperatures. Additionally, the graph clearly shows that 
machining is the most prevalent flaw in composite beams. 
Finally, the graph highlights that surface crystallization 
significantly decreases structural performance.

Since beam V-2C-C10-C-2 exhibited the poorest 
performance overall, it was intriguing to investigate 
the defects and flaws that contributed to its subpar 
results. Figure 131 provides an overview of surface and 
microscopic images of this beam. During the structural 
feasibility tests, it was observed that the Float glass 
exhibited several surface flaws. There is localised 
crystallization between the cullets, resembling the 
glass has fractured into multiple pieces. Additionally, 
numerous black spots, indicative of trapped bubbles, 
are visible. The presence of elements such as MgO in the 
cast glass material compositions significantly influences 
these occurrences. Specifically, the 10 mm compositions 
contain less MgO than the others, making the effect more 
noticeable at this temperature.

In terms of flaw categories, beams created using a 
higher temperature schedule show fewer infolds, 
indicating improved compatibility.

Figure 131: Surface flaw analysis of beam V-2C-C10-C-2. (a) Overview surface and (b) Microscopic view
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Relation between flaw types and the flexural strength of cast composite beams, influence of temperature

Experiment type 2: Higher temperature schedule (Pink)
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2C-C6-C-1 and V-2C-C6-C-2
8 mm + 13 mm  V-2C-C8-C-2

10 mm + 11 mm  V-2C-C10-C-1 and V-2C-C10-C-2

12 mm + 9 mm V-2C-C12-C-1 and V-2C-C12-C-2

Experiment type 2: 1070 temperature schedule (Blue)
Composite beams: Surface + Bulk
Float glass + CSP pollutants
6 mm + 15 mm  V-2B-C6-C-1,V-2B-C6-C-2 and V-2D-C6-C-1
8 mm + 13 mm  V-2A-C8-C-1, V-2B-C8-C-1, V-2B-C8-C-2, 
  V-2D-C8-C-1 and V-2D-C8-C-2
10 mm + 11 mm  V-2A-C10-C-1, V-2B-C10-C-1, V-2B-C10-C-2,
  and V-2D-C10-C-1
12 mm + 9 mm V-2D-C12-C-1, V-2D-C12-C-2 and V-2D-C12-C-3
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10 | DESIGN APPLICATION

10.1  Introduction to the design application
The majority of glass used in the built environment ends 
up in landfills in our contemporary economy. However, 
with the help of modern technologies, we may strive 
to meet EU requirements and increase the amount 
and quality of glass recycling. Glass companies have set 
goals to become carbon neutral by 2050 (Rijksoverheid, 
2023a, 2023b; Schuttelaar & Partners, 2018). However, 
obstacles like logitsics, different glass compositions, 
and degradation of thin-walled glass products during 
recycling still need to be addressed (Bristogianni & 
Oikonomopoulou, 2010). It is clear that circularity is 
essential to the manufacture of glass. Reusing post-
consumer glass shows promise, especially when it comes 
to high-quality surfaces (Rota et al., 2023). as previously 
discussed in this thesis’s literature.

Glass is completely recyclable in theory, but its 
widespread usage in construction is limited by difficult 
disassembly processes and adhesive and coating 
contamination. Furthermore, most facilities only handle 
container glass, leaving Float glass in need of proper 
infrastructure for collection and treatment. Although 
glass may be recycled indefinitely in theory without 
losing quality, this is not always the case in practice. 
Recyclers mostly come from specialised businesses and 
only a tiny portion gets recycled. Because cast glass units 
can handle greater impurities and use waste glass as a 
raw material, they provide a solution (Bristogianni et 
al., 2019). With the help of this innovative technology, 
we can recycle glass that has been contaminated while 
still using it, preventing the majority of building and 
demolition debris from ending up in landfills.

10.2  The design application

10.1.1 Introduction to the case study

Nowadays architectural claddings for facades are made of 
plastics and concrete. Producing these panels generates 
a significant amount of CO2, and they ultimately end up 
in landfills. This is problematic, as the volume of C&D 
waste in landfills continues to grow with the use of these 
panels. Additionally, these panels are made from raw 
materials, and recycling is not currently implemented.

Trespa is the firm selected for the case study. For more 
than 60 years, Trespa® products have been used by 
architects and builders worldwide in a wide range of 
construction projects, from apartment buildings to 
private homes. Most cladding panels today are made 
from Trespa (panels of resin, glue, and fibers pressed 
together) or Ethernit (concrete panels). 

10.1.2 Introduction to the Recycled Composite Cast 
Glass Panels made of C&D waste

For these reasons, there is a pressing need to develop 
more sustainable cladding materials that reduce landfill 
waste, minimise CO2 emissions, and eliminate the need 
for raw materials.

Recycled Composite Cast Glass Panels made from C&D 
waste offer a compelling solution, especially considering 
the widespread use of Trespa cladding in various 
structures. These innovative panels can effectively 
replace traditional claddings.

Unlike Trespa and Eternit panels, which contribute to 
increasing C&D waste and require raw materials with 
high CO2 production costs, Recycled Composite Panels 
help alleviate C&D waste issues. These panels are crafted 
entirely from 100% recycled materials and are fully 
recyclable themselves. Moreover, their substructure, 
whether metal or wood, can be easily replaced, ensuring 
the panels remain truly eco-friendly.

10.2.1 Design prinicple

The recycled composite panel is made of C&D and 
when the panel is not longer used it can be recycled 
into another product. The goal with this application 
was to use a closed loop methodology. based on the 
structural performance of the recycled cast glass beams 
and experimental study conducted at the departments 
of Mechanical and Civil engineering. The panels will 
feature a structure comprising a purer cullet layer on the 
surface and a layer with more impurities within the bulk, 
as depicted in Figure 40. This will form a three-layered 
system: surface - bulk - surface. The outermost surface 
will have a slightly thicker glass layer compared to the 
inner surface.

10.2.2 Manufacturing of the panels

With the aim of utilising the casting process, this cladding 
panel has been developed using glass waste sourced 
from the building and demolition industry.

In the initial research, disposable moulds were employed, 
but for larger-scale production, permanent moulds will 
be created to expedite panel manufacturing. The first 
step in this process is the creation of permanent moulds.

For this thesis and subsequent research, a single panel 
(350 x 350 mm) was created using a silica plaster mould. 

The following steps outline the manufacturing process 
for this panel (see Figure 132):

Mould creation: The first step involves creating the 
mould.

Placement of surface layer: Next, an 8 mm thick 
Float glass surface layer is placed in the mould, 
ensuring a small offset of 5 mm to facilitate fitting.

1. 

2. 

Cullet placement: An 8 mm layer of cullets, including 
class C cullets, is then placed.

3. 

4. Placement of top surface: Finally, a 6 mm thick Float 
glass top surface is placed.

5. After assembly, the panel is placed in the oven.

(a) (b)

(c) (d)

Figure 132: Manufacturing steps of the recycled composite cast glass panel. (a) Mould, (b) Placement of the surface, (c) Placement of the cullets 
and (d) placement of the top surface
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The production of these panels presents logistical 
challenges. Each panel requires 100 hours at 1070 
degrees Celsius, making it a lengthy and intensive 
process that must be carefully planned logistically. When 
scaling up production, it’s essential to determine the size 
of ovens needed.

Permanent moulds offer the advantage of minimising 
post-processing requirements, which significantly 
reduces production time. This contrasts with the time-
consuming tasks involved in creating beams during this 
research phase.

10 | DESIGN APPLICATION

10.2.3 Aesthetics of the panels

The primary aim of this project was to develop recycled 
components suitable for building façades. These 
components offer similar capabilities to regular Float glass 
but provide a more recyclable and translucent alternative 
suitable for a wider range of outdoor applications. It’s 
important to note that the appearance of this glass differs 
significantly. Instead of being transparent, it becomes 
translucent and exhibits colour streaks due to varying 
compositions.

While the idea of transparent cladding is appealing, it isn’t 
practical. The reality is that we must increase recycling of 
C&D waste to align with EU goals. Each panel will have a 
unique appearance because the material compositions, 
influenced by varying ratios of contaminants, result 
in distinctive patterns that foster imaginative designs 
(Figure 133 and Figure 134).

Due to its unique properties, heavily influenced by the 
diverse composition of cullet placed in the central layer of 
the composite, no two panels are alike. The mixed cullet 
yields distinctive colour properties, creating an intriguing 
visual effect. Uneven cullet distribution contribute to 
allow light to pass through these translucent panels. 
Recycled glass, being less transparent than Float glass, 
effectively disperses light across spaces.

10.2.4 Connections and details

This innovative glass panel opens up intriguing possibilities 
for building applications. The glass façade panels come 
in various sizes, including strips and rectangles, and can 
also vary in thickness. However, focusing on achieving 
the maximum possible thickness for the cladding would 
enable greater recycling of materials, contributing to the 
reduction of enormous landfill volumes generated by the 
building and demolition industry.

Currently, the panels are targeted to have a thickness of 
around 2 cm, but exploring thicker options is feasible. 
Concrete panels, for instance, can be as thick as 10 cm, 
suggesting that similar thicknesses could be achieved for 
glass panels with appropriate substructures. This approach 
aims to significantly reduce landfill contributions from 
the construction sector.

One of the advantages of these panels is that new details 
are not necessary; the existing connections for Trespa 
and Eternit can be used for these panels (Figure 135 and 
Figure 136). There should not be any screws in the cladding 

(a) (b)

Figure 134: Render of Recycled composite panels on a building
Figure 133: From Eternit facade panels to recycled glass panels. (a) Building with Eternit panels, (b) Building with recycled composite panels
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where it connects to the load-bearing part. Instead, 
it should be attached to the rear of the component. 
Blind connections are problematic for Trespa panels 
because they require more material, leading to higher 
CO2 production costs and more waste. However, for the 
Reycled Composite panels, a blind connection is not an 
issue at all. This allows the panels to be made thicker, 
meaning more glass waste is recycled (Figure 137).

Other potential connections could involve using a clamp 
on the outer edge of the entire panel (Figure 138a and 
Figure 138c)or embedding the clamp into the bulk layer 
for a few centimetres (Figure 138b). Creating this groove 
is straightforward using a diamond saw to make a small 
cut in the panel.

The glass used for the facade panels is exceptionally 
weather-resistant and durable. These panels are also 
easily replaceable and recyclable for making new facade 
panels. Further research is needed to ensure safety 
measures, but potential ideas include using lamination. 
Previous tests indicated that plastic completely melts 
without showing internal stresses under a microscope, 
making it recyclable for reapplication in laminations. 
Another method could involve chemical treatment of the 
panels, with a maximum thickness of 2 cm.

The Recycled Composite Panels offer a straightforward 
solution for durable facade construction. Often, 
simplicity is key in engineering solutions. Further 
research is essential for these panels, yet they represent 
a promising step towards a more circular approach.Figure 135: 3D image of the connection of the Recycled Composite 

panel

1. Stainless steel clamp 
screwed onto timber
2. Thermal insulation
3. Weather barrier 
(vapour permeable)
4. Ventilated cavity
5. Re3 Composite panel
6. Adjustment block 
thickness 8 mm
7. Ventilation profile

Figure 136: Connection methods for the Recycled Composite Panels

Figure 137: Diagrams for possible bolt connections of the Recycled Composite Panel

Straight insert Threat cutting screw Conical insert Rivet screw

Figure 138: Diagrams for possible clamp connections. (a) Clamp on the outer edge, (b) Clamp in the bulk layer and (c) Clamp on the 
outer edge on an angle

(a) (b) (c)
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CONCLUSION

An overview of the major conclusions drawn from 
different parts of the experimental design, mechanical 
testing, microscopic analysis, and mechanical 
optimisation is given in this chapter. It also answers the 
main research question and the related sub questions. 
After that, an  analysis of the conclusions made by this 
thesis will take place. 

The primary objective of this thesis was to advance 
sustainable construction practices by effectively utilising 
C&D waste glass, which currently does not return to 
architectural glass, in the production of structural glass 
panels. Architectural glass waste from C&D currently 
operates in an open loop system. Introducing new 
innovative panel manufacturing processes can transition 
this system to a closed loop approach, emphasising 
circularity.

Aligned with EU circular economy regulations, this 
project aimed to maximise the potential of recycled glass, 
particularly flat glass commonly found in construction 
materials. By reducing energy consumption and CO2 
emissions, this project supports the EU’s objectives of 
achieving zero waste and promoting a circular economy.

In recent years, there has been significant advancement 
in the production and recycling of glass, particularly 
in the realm of cast glass panels. Researchers from TU 
Delft have played a pivotal role in these developments. 
When inspecting cast glass components for quality 
control using a microscope, common flaws identified 
include inclusions, crystallized interfaces, bubbles, 
infolds, and surface damage resulting from machining, 
post-processing. The severity of these defects varies 
depending on their location within the cast component, 
whether on the surface or within the bulk.

Flaws within the bulk of the glass panels are often 
tolerated. However, when these flaws manifest on 
the surface and interact with other defects, they can 
diminish the glass’s strength. This underscores the 
concept of using a composite panel approach, where 
glass with higher purity and fewer contaminants should 
be positioned on the surface, while glass with lower 
purity and more contaminants should be placed within 
the bulk (Bristogianni, 2023).

Bristogianni and Oikonomopoulou (2023) emphasise 
that surface imperfections and flaws are often the 
primary causes of failure in Float glass and large cast glass 
components. Therefore, by using higher-quality glass on 

the surface to counterbalance the weaker quality of glass 
in the bulk, this composite structure aims to enhance the 
strength and durability of the glass.

Studies from TU Delft have explored this topic to some 
extent. However, much remains unknown about the 
optimal geometry and parameters of these composite 
panels. The ideal ratio of low-quality cullet in the bulk to 
high-quality cullet at the surface is yet to be determined. 
Additionally, the specific material compositions for 
the low-quality bulk and high-quality surface are also 
unknown. To address this gap, the main research question 
was formulated:

“What is the effect of the different parameters in respect 
to the geometry and glass composition of composite cast 
glass beams to their overall structural performance made 
out of C&D flat glass waste?”

To assess the structural feasibility of these recycled 
panels, multiple beams were created to examine their 
mechanical and microscopic behaviour. Once the material 
compositions and beam geometries are thoroughly 
understood, this information can aid in the development 
of recycled composite cast glass panels.

For the setup of this research, four types of experiments 
are outlined, as depicted in Figure 42.

Experiment Type 1: Homogeneous beams: These 
beams served as a reference group for comparison 
with the composite beams. They allowed for an 
investigation into the influence of employing a 
composite strategy with higher quality glass on the 
surface.

Experiment Type 2: Composite beams with 
different surface-bulk ratios: These experiments 
aimed to find the optimal ratio between the surface 
and bulk materials and to observe how this ratio 
affects structural performance.

Experiment Type 3: Composite beams with 
different bulk materials: These tests explored the 
impact of various bulk materials on the overall 
structural performance.

Experiment Type 4: Composite beams with 
different surface materials: These experiments 
analysed how different surface materials affect the 
overall structural performance.

1. 

2. 

In order to provide a more comprehensive understanding 
of the outcomes for both homogeneous and composite 
beams, several sub questions were formulated.

What are the main practical implications and 
limitations of recycling C&D glass elements?

How can casting be utilised in the manufacturing 
of glass panels for built environment applications, 
specifically in transforming C&D glass waste into 
reusable cast glass products for facade envelopes, 
and what are the advantages and limitations of 
this method?

The primary challenge is the inability to fully separate 
glass from foreign matter, particularly contaminants 
embedded in the glass, such as ceramic frit, lamination, 
and adhesives. A more thorough separation process of 
IGUs could enhance the purity of the cullet, significantly 
reducing traces of metal.

To be recycled, flat glass must be free of impurities 
such as metals, organic compounds, stones, porcelain 
(CSP), glass ceramics, and hazardous elements. These 
contaminants often originate from IGU components 
or other building materials used during renovation or 
demolition. According to DeBrincat et al. (2018), even 
minimal pollution levels in a furnace can lead to several 
days of production loss, negating the financial and 
environmental benefits of recycling. This contamination 
can cause significant harm (Geboes et al., 2023).

Another issue is recipe incompatibility. It is very difficult 
to verify whether a glass is soda-lime or borosilicate, 
complicating the recycling process.

The current method for producing architectural glass is 
the Float glass process, which creates thin-walled flat 
glass. However, altering the recipes in the Float line is 
challenging, and Float glass must be free of impurities. 
Consequently, most Float glass ends up in landfills.

Recent studies from TU Delft have proposed an 
alternative approach: casting architectural glass. Casting 
allows for the creation of volumetric shapes and offers 
flexible design possibilities. It works well with mixed or 
imperfect glass and, importantly, enables the reuse of 
cullet, reducing the amount of material that ends up 
in landfills. A key advantage of casting is its ability to 
produce volumetric glass components that can tolerate 
more contamination in the bulk, as these are less likely to 
affect structural integrity compared to surface impurities.

This tolerance is due to the fact that glass strength is 
significantly influenced by its surface and edge quality. 
Littleton (1942) observed that “we never test the strength 
of glass; all we test is the weakness of its surface.” Float 
glass typically breaks from its surface, so in theory, a 
stronger surface is more crucial than the bulk. This leads 
to the concept of composite panels, where purer cullet 
is used on the surface and lower-purity cullet in the 
bulk. This bulk layer can contain more impurities and 
contaminants without compromising the overall strength.

There is an urgent need for innovative, flexible glass 
recycling techniques that can handle variations in glass 
composition and tolerate higher levels of contamination 
in the final products. One such innovative approach is 
casting volumetric glass components from glass waste.

Advantages of casting:

Flexibility in design: The casting process allows for 
a wide range of design possibilities, enabling the 
creation of various shapes.

Reduced waste: Since cullet can be reused, less 
material ends up in landfills.

Tolerance for impurities: Casting can accommodate 
mixed glass properties and higher levels of 
contamination.

Limitations of casting:

Novelty: As a new glass production process, casting 
is still in the early stages of research. Further 
investigation is needed to determine its viability for 
large-scale glass recycling.

3. Which glass composition family group is the most 
promising in the creation of recycled glass beams?

Soda-lime silica glass was selected for the manufacturing 
of the cast glass beams in this research because it is 
the most cost-efficient option and is widely used in the 
building sector. This type of glass is commonly found in 
C&D waste. Soda-lime glass has a lower melting point 
compared to borosilicate glass, making it more affordable. 
Additionally, it is in higher demand and more readily 
available than borosilicate glass.
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4. 

5. 

6. 

How do variations in geometrical parameters, 
specifically the surface-bulk thickness, affect the 
structural performance of recycled composite C&D 
cast beams?

How does temperature affect the homogeneity 
and structure of the composite panel, particularly 
regarding the viscosity of molten glass, the cooling 
process, and the annealing schedule?

How does a composite C&D beam compare with a 
homogeneous C&D beam of similar external glass 
quality in terms of structural performance?

To address this question, it was essential to first 
understand the structural performance characteristics 
of homogeneous beams. Beams containing Class A 
cullet (Float glass compositions) exhibited the highest 
structural performance. Beams with B cullet generally 
performed better structurally than those with C cullet. 
This difference can be attributed to the higher degree of 
contamination often present in C cullet beams compared 
to B cullet beams, a finding consistent with existing 
literature.

B cullet can be more easily cleaned of contaminants, such 
as coatings or frit, at temperatures of 1070 degrees and 
above. In contrast, C cullet beams face greater challenges 
because the inclusions have different thermal expansion 
characteristics from the glass, leading to trapped stress 
within the beam.

Considering the structural performance outcomes of the 
composite beams, experiment type 2 was compared with 
experiment type 1. The composite beams had Float glass 
on the surface and CSP pollutants in the bulk, allowing 
for a comparison with homogeneous beams made 
entirely of Float glass (Type A) and those containing CSP 
pollutants (Type C).

All the composite beams with Float glass (6 mm, 8 mm, 10 
mm and 12 mm) on the surface and CSP pollutants in the 
bulk showed an improvement in structural performance 
compared to homogeneous beams with CSP pollutants.

Homogeneous beams made of Float glass performed 
similarly to composite beams with 12 mm Float glass and 
CSP pollutants in the bulk. This indicates that creating 
a composite structure facilitates the recycling of type C 
cullet, as the structural performance of homogeneous 
Float glass beams matches that of composite beams with 
12 mm Float glass.

To address this question, the outcomes of Experiment 
2, encompassing compositions 2A, 2B, 2C, and 2D, were 
compared.

All compositions demonstrated an increase in structural 
performance compared to homogeneous beams with 
CSP pollutants (Graph 08).

The composite beams with 8 mm Float glass exhibited 
the highest structural performance, although there were 
some variations among these beams. Following closely 
were the beams with 12 mm Float glass. Two of these 
beams, V-2D-C12-C-1 and V-2D-C12-C-2, performed 
almost as well as pure Float glass. However, the third 
beam, 2D-C12-C-3, showed significantly lower structural 
performance due to a substantial edge flaw.

The beams with 6 mm Float glass also performed well, 
though not as highly as the 8 mm and 12 mm compositions. 
The worst performance was observed in the composite 
beams with 10 mm Float glass. XRF analysis revealed 
that this composition contained less MgO, resulting in a 
different material composition. Consequently, the 10 mm 
Float glass beams did not provide an accurate basis for 
comparison.

To assess the influence of a higher temperature schedule, 
Experiment Type 2 involved composite beams with Float 
glass on the surface and CSP pollutants in the bulk, 
produced initially at 1070 degrees. These were compared 
with beams of the same compositions processed at 1070 
degrees followed by four hours at 1120 degrees, known 
as Fire Round 2C, comprising 8 beams.

Comparing the feasibility validation of Fire Round 2C 
beams with those from Fire Rounds 2A, 2B, and 2D reveals 
a notable effect of the higher temperature schedule on 
the structural appearance of the beams. Fire Round 2C 
produced beams with improved compatibility, confirmed 
through microscopic examination which revealed fewer 
infolds, indicating enhanced structural consistency.

However, every beam from Fire Round 2C also exhibited 
a low to medium level of mould reaction, higher than 
observed in fire rounds processed solely at 1070 degrees. 
Additionally, nearly all beams displayed noticeable 
microcracks, particularly prominent in beams with 10 mm 
Float glass where numerous bubbles formed beneath 
the surface. Ultimately, it is evident that temperature 
significantly impacts the uniformity and structural 
integrity of composite beams.

What information does the crack pattern provide 
about the properties of the glass beam?

7. How do different flaws/defects in glass, such as 
inclusions, crystallization, infolds and machining 
manifest in the beams created from recycled 
glass, and how do they impact the structural 
performance?

Regarding mechanical performance, the flexural strength 
of composite beams treated at 1070 degrees versus those 
exposed to the higher temperature schedule showed 
minimal differences for beams with 6 mm, 8 mm, and 12 
mm Float glass on the surface. However, the 10 mm Float 
glass compositions exhibited increased bubble formation 
at higher temperatures, severely compromising the 
beams’ structural integrity due to these surface flaws.

For the microscopic validation, the focus was on four 
types of flaws: inclusions, infolds, crystallization, and 
machining.

Graph 20 utilises data from Appendix G to illustrate 
the relationship between different flaw types and the 
flexural strength of each beam. This graph aims to reveal 
any correlations between specific flaw types and beam 
failures.

From the encountered flaws, inclusions are the most 
destructive flaws for the beams (extrinsic flaw). Localised 
inclusions often lead to significant beam failures. Due 
to excessive inclusions, a total of 13 beams fractured 
either during removal from the oven or during surface 
treatment while being polished.

Composite beams, with Float glass on the surface and CSP 
pollutants in the bulk, occasionally exhibited inclusions 
(Figure 110). These inclusions were typically found within 
the bulk of the composite compositions rather than on the 
surface. Despite these inclusions, the composite beams 
demonstrated overall good structural performance and 
higher flexural strength compared to homogeneous 
beams with similar inclusions. Importantly, cracks and 
fractures observed in these composite beams did not 
originate from these inclusions but from other surface 
flaws. This underscores that inclusions on the surface 
are more likely to cause catastrophic failures than those 
embedded within the bulk, highlighting the importance 
of improving surface glass purity for enhanced structural 
integrity.

Infolds (intrinsic flaw) are small gaps or chips on the 
surface that reduce specimen (beam) strength. Infolds 
occur when cullets do not properly interfere with each 
other, allowing debris to enter and mould growth. 

8. 

Infolds were observed in all experiment types but did not 
correlate with specific beam strengths.

After inclusions, crystallization is the next critical concern 
(intrinsic flaw). Graph 20 indicates that crystallization 
predominantly affects homogeneous beams, likely due 
to the higher temperature schedules used in Fire Rounds 
1A and 1B. Crystallization occurs during oven operations 
and can lead to partially crystallized components at 
temperatures below the liquidus point.

Finally, machining is the most common defect for cast 
glass (intrinsic flaw) due to surface and edge treatments. 
Surface cracks from machining reduce beam strength, 
with severe defects on the surface impacting strength 
more than those in the bulk. This flaw is most prevalent in 
high-performance cast glass beams.

Inclusions are the most harmful flaws, originating from 
material compositions. However, cullet selection and 
removal of pollutants like ceramic and silicone can 
mitigate their impact. In composite beams, inclusions are 
less harmful compared to surface flaws. Crystallization 
is influenced by temperature and can be minimised 
by optimising temperature schedules. Infolds can also 
be minimised by adjusting temperature schedules; 
higher temperatures reduce infolds but may increase 
crystallization. Machining flaws are challenging to 
eliminate and significantly affect structural performance, 
highlighting intrinsic flaws as the most detrimental to 
overall beam integrity.

As mentioned in paragraph 8.1: Crack patterns, insights 
into stress levels, fracture energies, and origins can 
be derived from observing general patterns of crack 
extension and branching.

Chapter 3: Mechanical tests, explored how stress 
distribution places the highest tensile stress at the 
bottom during bending loads. The equilibrium between 
tensile and compressive forces can be disrupted by minor 
misalignments in elastic properties, potentially leading to 
fractures.

Fracture locations reveal stress levels through fracture 
mirrors, typically 10 to 13 times larger than the original 
flaw. Well-defined fracture mirror boundaries suggest 
high-energy fractures for composite beams, whereas 
indistinct boundaries indicate low-energy fractures such 

CONCLUSION
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CONCLUSION

9. How can recycled C&D waste beams be optimised 
using experimental research?

as homogeneous beams. Compression curls on fracture 
surfaces, like cantilever curls, indicate low bending 
loads. Double compression curls indicate a high flexural 
strength. Secondary fractures often result from stress 
reverberations and reflections, typically occurring at 
non-perpendicular angles to the specimen axis. 

To understand the behaviour of cast glass C&D waste 
beams, an investigation into their geometrical and 
material compositions is conducted through a setup 
involving four types of experiments.

Experiment type 1: homogeneous beams, focussed 
on a comprehensive analysis of three different type of 
homogeneous beams, type A cullet, type B cullet and 
type C cullet. In this test the beams containing class A 
performed the best, followed by B and as last type C

Experiment type 2: composite beams, focussing on 
analysing the optimal ratio between surface and bulk. 
Different ratios were being used. These beams all 
contained Class A cullet at the surface (Float glass) and 
Class B cullet in the bulk (CSP Pollutants). The following 
ratios were being used:

Surface: 6 mm and Bulk: 15 mm

Surface: 8 mm and Bulk: 13 mm

Surface: 10 mm and Bulk: 11 mm

Surface: 12 mm and Bulk 9 mm

For these compositions the beams containing 8 mm 
Float glass performed the best, followed by the beams 
containing 12 mm, then 6 mm and as last the beams with 
10 mm Float glass. 

Experiment type 3: composite beams, focussing on the 
material composition of the bulk. Different material 
for in the bulk are applied (Fritted glass and Metallic 
Pollutants) to see the influence of another material in the 
compression zone of the beam. 

Given that 8 mm Float glass showed the best performance 
and 10 mm Float glass showed the worst, it was 
intriguing to investigate whether introducing a different 
bulk material would influence structural performance 
and potentially increase flexural strength. Interestingly, 
beams containing CSP pollutants performed better than 
those containing Fritted glass or Metallic Pollutants in 
the bulk.

Experiment type 4: composite beams, focussing on the 
material composition of the surface. Fritted glass was 
being used instead of Float glass to assess the impact of 
switching from an A class cullet to a B class cullet in the 
tensile area. These beams are compared with those from 
experiment types 2 and 3, where beams containing Float 
glass showed better performance.

Overall, this indicates that a composite beam with 8 mm 
Float glass and 13 mm CSP Pollutants in the bulk exhibits 
the highest structural performance. The quality of this 
beam is comparable to that of a homogeneous type A 
cullet beam, marking a significant improvement from 
using type C cullet to type A cullet.

Furthermore, additional strategies were implemented to 
optimise the mechanical behaviour. The first approach 
involved examining the influence of cullet selection. This 
experiment specifically introduced pollutants into tiles 
to assess their impact on structural performance. It was 
found that silicone and ceramic inclusions had the most 
detrimental effect among all pollutants tested. Removing 
these impurities resulted in an increase in the beam’s 
flexural strength.

The second strategy investigated the impact of higher 
temperature schedules on composite beams, aiming to 
reduce infolds and enhance compatibility between cullets 
and Float glass. Structural feasibility research, as detailed 
in overview tables 36 and 16, compared the effects of 
these schedules across seven categories.

Cullets and Float glass exhibit good compatibility across 
both temperature ranges. At 1070 degrees and the higher 
schedule (1070 degrees with four hours at 1120 degrees), 
all beams demonstrate translucency. Higher temperature 
schedules result in increased mould reaction but fewer 
fractures. Beams featuring 10 mm Float glass display 
numerous microcracks. Conversely, lower temperature 
schedules show more instances of breakage. Bubbles 
levels are comparable except for beams with 10 mm 
Float glass at 1120 degrees, which exhibit a high number 
of trapped air bubbles. Beams produced at higher 
temperatures show greater potential for structural 
performance. Microscopically, they exhibit fewer surface 
flaws such as infolds.

10. 

11. 

Is there an optimum balance between class B and 
C waste for achieving structural performance while 
maximising material recyclability? 

How should a created panel be reintegrated into 
the building market after its production from 
recycled materials?

“What is the effect of the different parameters in respect 
to the geometry and glass composition of composite cast 
glass beams to their overall structural performance made 
out of C&D flat glass waste?”

Yes! Composite beams significantly enhance the 
structural performance of recycled C&D glass beams.

Regarding the beams subjected to the higher temperature 
schedule, it’s important to note that compositions with 
12 mm, 8 mm, and 6 mm all demonstrated excellent 
structural performance. Notably, the 12 mm composition 
utilised 9 mm of bulk material, whereas the 6 mm Float 
composition used 15 mm. This suggests that grade C 
cullet was employed for the 6 mm Float compositions, 
maximising the use of recycled material. However, the 
higher temperature schedule also implies increased 
energy consumption during production, which impacts 
sustainability negatively. Moreover, since the differences 
between the higher temperature schedule and the 
normal schedule (1070 degrees) are minimal, opting for 
the normal temperature schedule is more sustainable.

Following the four four-point bending tests, beam V-2A-
C8-C-1 exhibited the best performance. This beam 
featured class A cullet on the surface (Float glass) and 
class C cullet with CSP Pollutants in the bulk.

The decision was made to utilise the findings of this 
research to develop a new building application, a 
cladding. Currently, these claddings are typically made 
from harmful materials such as plastics and concrete, 
contributing significantly to CO2 emissions during 
manufacturing and often ending up in landfills. Utilising 
these C&D waste panels could reduce CO2 emissions and 
decrease the amount of C&D waste in landfills.

Cast glass, capable of handling impurities and utilising 
waste glass, is essential for reintroducing panels 
composed of recycled materials into the building 
market while diverting C&D waste from landfills. These 
panels should be designed with a closed-loop process 
to ensure complete recyclability at the end of their life 
cycle. They offer similar functionality to Float glass but 
are more recyclable, making them suitable for building 
façades. Each panel is unique due to variations in cullet 
composition, providing diverse visual effects.

Recycled Composite Cast Glass Panels made from C&D 
waste, constructed entirely from recycled materials and 

designed for infinite recycling cycles, can significantly 
reduce C&D waste and CO2 emissions.

No additional installation instructions are necessary as 
these panels are compatible with current connection 
methods. They should be fastened to the back of the load-
bearing portion rather than using screws on the cladding, 
ensuring secure and blind connections. The thicker panels 
allow for more material usage, thereby utilising more C&D 
waste. This ensures easy integration into existing building 
methods, making them an eco-friendly and practical 
choice for sustainable development.

To enhance panel safety, lamination could be considered, 
though this adds some additional contaminants. 
Microscopic tests conducted in Chapter 9 investigated the 
influence of plastics and found minimal internal stresses, 
suggesting that lamination might be a viable option. 
Another safety enhancement could involve chemical 
treatment, feasible for panels up to a maximum thickness 
of 2 cm, which is also suitable for the recycled composite 
panels.

Investigating the mechanical and microscopic differences 
in the structural behaviour of composite cast glass C&D 
waste beams constituted the primary objective of this 
thesis. The ultimate aim of the project was to introduce 
a novel application: the Recycled Composite Cast Glass 
cladding system made from C&D waste. This innovative 
architectural solution provided valuable insights into 
enhancing the feasibility of recycled cast glass panels for 
load-bearing façade applications.

To address these objectives, the following main research 
question guided the study:

Material compositions of the surface and the bulk: The 
placement of higher purity glass on the surface (Cullet A) 
and lower purity glass (Cullet C) in the bulk significantly 
influences structural performance. High-quality Float glass 
on the surface enhances strength by minimising surface 
flaws that can lead to failure, while glass with impurities 
or contaminants in the bulk area tolerates higher levels 
of imperfections without compromising overall strength.



Figure 140: Photo of overview of the beams
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Material composition of the surface

The type of material used at the surface impacts structural 
integrity. Beams containing Float glass at the surface 
have a higher structural performance than beams with 
Fritted glass. 

Ratio between surface and bulk: Experimentation with 
different ratios of surface-to-bulk materials has shown that 
an optimal balance is crucial. Beams with configurations 
where Float glass thickness varies from 6 mm to 12 mm 
on the surface and corresponding bulk thicknesses have 
demonstrated varying levels of structural performance. 
Generally, configurations with thicker Float glass on the 
surface exhibit improved strength. However the beam 
with 8 mm Float glass performs in the end the best.

Impact of cullet selection: Conscious consideration of 
cullet placement in the compositions plays a crucial role in 
optimising overall structural performance. By eliminating 
harmful pollutants such as ceramic and inclusions, the 
performance can be significantly enhanced.

Impact of temperature schedules: Temperature 
variations during casting and annealing significantly 
affect the structural integrity of composite panels. 
Higher temperature schedules have been observed 
to reduce flaws like infolds and enhance compatibility 
between different glass compositions. However, this 
temperature can lead to issues like increased microcracks 
and bubble formation, thereby compromising structural 
performance.

Microscopic analysis of defects: Microscopic flaws 
such as inclusions, infolds, crystallization, and 
machining defects have a profound impact on structural 
performance. Inclusions, especially those on the surface, 
are particularly detrimental and can cause catastrophic 
failures. Crystallization, influenced by temperature, 
infolds, and machining defects are also critical factors 
that must be carefully managed to ensure structural 
reliability.

This thesis demonstrates that by optimising material 
compositions and geometries, composite cast glass 
beams made from recycled C&D flat glass waste can 
achieve exceptional structural performance. Enhanced 
surface cullet quality and effective management of bulk 
materials contribute to increased strength and durability 
of the beams. These recycled panels not only have the 
potential to significantly reduce environmental impact 
but also integrate into existing building systems.

Moreover, this innovative approach not only offers a 
cost-effective solution for recycling unwanted flat glass 
but also is the start of practical applications in building 
façades. By diverting waste from landfills and promoting 
environmentally responsible building practices, this 
technique supports sustainable construction methods.

Material composition of the bulk

The type of material used in the bulk (such as Fritted 
glass or metallic pollutants) impacts structural integrity. 
Beams containing CSP pollutants in the bulk have shown 
better performance compared to those with other types 
of contaminants. This suggests that careful selection and 
understanding of bulk material properties are critical to 
achieving desired structural outcomes. 

Figure 139: My first created cast glass C&D glass beam and I
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RECOMMENDATION

A number of recommendations for additional research 
can be made in light of the primary conclusions of 
this thesis as well as the challenges faced, particularly 
during the experimental phase. These options are 
covered in this chapter’s recommendations. All of the 
recommendations are aimed at developing a façade 
application that prioritises structural performance. The 
content focuses on C&D waste, with an emphasis on 
developing a building application that can be utilised to 
redirect glass waste from landfills and towards closed-
loop systems. The casting technique is the main subject 
of the investigation.

This research is just getting started, and further studies 
should be conducted to ensure that glass can be recycled 
more effectively and that there is less glass C&D waste 
dumped in landfills. Since it hasn’t been thoroughly 
studied, research and development on creating 
architectural thick-walled glass components using the 
casting process to withstand the high contamination 
rates of undefined composition recycled cullet is still 
in its early stages. This study outlines the preliminary 
findings on the viability of a recycled panel. While the 
recyclability and structural performance of the composite 
panel design are highly promising, further research is still 
needed.

1. Sufficient beams were created during this research 
to allow for an assessment of the microscopic 
and mechanical validity. To ensure the impact of 
each contamination, additional beams must be 
produced in order to do a more accurate statistical 
analysis. If there had been more data to consider, 
a couple of the findings drawn during this thesis 
would have been different. Generally speaking, 
some outcomes could be the consequence of pure 
randomness. In summary, which beams require 
additional analysis:

Experiment type 1: Homogeneous beams

Class B Cullet: 

Beams with a soft coating: Two different kinds of 
soft coatings were applied in this thesis. But since 
there wasn’t enough material, it would be wise 
to test a number of additional beams with soft 
coatings. It would also be crucial to determine 
where and how much silicone is tolerated before 
removing the silicone. 

Class C Cullet: 

Beams with HR glass: Care should be taken to 
adjust the ceramics slightly, as well as the amount 
and location of the permitted ratio of ceramics 
before the beam breaks.

Experiment type 2: Composite beams, influence 
of ratio between surface and bulk.

Containing Float glass at the surface and CSP 
Pollutants in the bulk.

Beams with 2 mm Float and 19 mm bulk

Beams with 4 mm Float and 17 mm bulk

Beams with 6 mm Float and 15 mm bulk

Beams with 8 mm Float and 13 mm bulk 

Experiment type 3: Composite beams, influence 
of the bulk material. 

Comparing all of the beams with various ratios 
to beams with a different bulk materials could 
be a fascinating experiment. To observe that the 
influence between bulk and surface would remain 
unchanged or change in the presence of another 
type of bulk. A bulk may contain a class B cullet 
such as Fritted glass or soft coated glass or a type C 
cullet such as HR glass or Metallic Pollutants

Beams with 2 mm Float and 19 mm bulk

Beams with 4 mm Float and 17 mm bulk

Beams with 6 mm Float and 15 mm bulk 

Beams with 8 mm Float and 11 mm bulk

Experiment type 4: Composite beams, influence 
of the surface material. 

Type B cullet, such as Fritted glass and soft-
coated glass, requires further investigation. If 

Beams with Fritted glass: Although this thesis 
uses black Fritted glass, it could be worthwhile to 
assess the impact of other coloured frits as well.

Beams with CSP Pollutants: Here, emphasis 
should be placed on the various contaminations, 
with less randomisation.

Beams with Metallic Pollutants: To investigate 
the occurrence of metal contaminants and the 
locations of mould reactions.

Beams with 10 mm Float and 11 mm bulk 

Beams with 12 mm Float and 9 mm bulk

Beams with 10 mm Float and 11 mm bulk

Beams with 12 mm Float and 9 mm bulk

Beams with 2 mm glass with contamination and 
19 mm bulk

Beams with 4 mm glass with contamination and 
17 mm bulk

Beams with 6 mm glass with contamination and 
15 mm bulk 

Beams with 8 mm glass with contamination Float 
and 11 mm bulk

There is just one length (350 mm) used for the 
beam. To compare the outcomes, it could be 
interesting to test various lengths. For example a 
beam of 500 mm and a beam of 200 mm. The width 
and the height of the beam remains the same. A 
shorter beam will have fewer contaminants than a 
longer beam, which will have more contaminants. 
It will be intriguing to investigate other forms as 
well. Only beams were created in this thesis. On 
the façade, nevertheless, a tile would be utilised. 
Thus, it is also useful to produce and test tiles.

2. 

3. The way the composite beams behave in relation 
to their structural performance is rather intriguing. 
Additional studies, including ones using a thermal 
shock, could be beneficial to do in order to better 
understand how the beams behave under stress.

The safety requirements for recycled glass panels 
are a significant concern. Further assessment is 
necessary to identify the most viable and promising 
options, even if a coating is applied to enhance 
the resistance and strength of the component—
something that has been shown to be achievable. 
Additionally, to ensure glass can be recycled back 
into the closed loop of glassmaking at the end of its 
useful life, the safety strategy should focus on the 
reversibility or recyclability of the selected material 
or technology. This means conducting safety tests 
and exploring alternative methods for producing 
safety glass.

4. 

Further research could investigate the design 
and development of reversible connections for 
attaching panels in various applications. Key 
questions include: How is the cladding application 
connected to the wall? Can these connections 
withstand maximum stress? Are the connections 
visible or concealed? Which types of connections 
are suitable for use?

5. 

6. Further design is needed for the application of cast 
glass cladding. Key considerations include: What is 
the largest tile that can be produced, what size oven 
is required, and are such ovens currently available? 
Can these panels be made thicker? Thicker panels 
could not only recycle more material but also 
increase the weight when installed on the façade. 
Is there an optimal combination of thickness and 
weight for these panels?

Conducting further microscopic studies is 
an excellent method for gaining a deeper 
understanding of the behaviour of cast glass. 
These studies can help evaluate the beam’s break 
patterns and identify which types of inclusions in 
the compositions are detrimental to the beam and 
which are not. Once this knowledge is established, 
it will be possible to create more effective beams 
by avoiding components that degrade the beam’s 
performance.

7. 

8. The original plan for this thesis included using a 
Finite Element Model (FEM) to do a mechanical 
analysis of the beams. Unfortunately, there was 
not time for this throughout this thesis due to lab 
issues and delays. The investigation of every beam 
and attempt to use a FEM model to discover an 
optimal value for glass recycling and structural 
beam performance, however, may still be a highly 
fascinating aspect of this study.

these materials demonstrate structural performance 
comparable to beams with Float glass on the surface, 
it would allow for the increased recycling of materials, 
including the use of contaminated cullet as surface 
material.

Beams with 10 mm glass with contamination 
Float and 11 mm bulk

Beams with 12 mm glass with contamination 
Float and 9 mm bulk
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What is the relation between your graduation 
project topic, your master track (A, U, BT, LA, MBE), 
and your master programme (MSc AUBS)?

1. 

To reduce the amount of construction and demolition 
(C&D) glass waste that ends up in landfills, this thesis, 
“Recycled Composite Cast Glass Panels made of C&D 
Waste: Assessing the Structural Performance,” explores 
the potential of recycling C&D glass for innovative façade 
cladding applications. The research involves collaboration 
between the chairs of structural design and mechanics, 
and building product innovation within the Building 
Technology master’s program.

The chair of structural design and mechanics provides 
essential information on glass behaviour, glass casting 
methods, and the potential for recycling architectural flat 
glass. This thesis advocates for the closed-loop recycling 
of flat glass and demonstrates how glass casting can 
help mitigate waste problems. The research investigates 
recycling options for glass through mechanical tests, 
microscopic validation, and the optimisation of 
mechanical behaviour using laboratory experiments.

Conversely, the chair of building product innovation offers 
insights into contemporary manufacturing techniques 
and methods for reusing (glass) waste materials in 
innovative building design applications. The production 
of recycled glass cladding materials focuses on optimising 
waste usage and recycling processes while ensuring 
good structural performance. The ultimate goal of this 
research is to develop a circular, sustainable product that 
contributes to reducing C&D glass waste in landfills.

2. How did your research influence your design/
recommendations and how did the design/
recommendations influence your research?

Influence of research on design / recommendation 

a stronger material composition while the bulk can be 
of a less strong composition, forming composite beams. 
I researched the material compositions of both the 
surface and the bulk, as well as the optimal ratio between 
them, aiming to balance waste recovery and structural 
optimisation.

However, testing these qualities presented several 
challenges in the lab, requiring resource adaptation 
under stringent time constraints. The methodology of the 
thesis needed to be adjusted weekly to accommodate 
time planning, supplier issues, and setbacks in the lab. 
For instance, when the oven was non-operational for 
several weeks, significant time pressure necessitated 
quick decisions and adaptations to the methodology.

Influence of design/ recommendation on the research  

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

My research consists of five main parts:

For my thesis, I investigated the potential for recycling 
glass waste in new building applications. Reusing cullet 
in the glass casting process minimises waste. Due to 
the diverse material compositions of glass waste, each 
new application of repurposed glass results in a unique 
composition, enabling the creation of innovative and 
aesthetic compositions. To explore the possibilities of 
recycled glass, I produced multiple beams and tested 
their flexural strength.

To understand the casting process and the influence of 
individual contaminants on structural performance, I 
first created homogeneous beams. Since glass typically 
fails at its surface, it is beneficial for the surface to have 

My original design idea was to create a panel that could 
serve as an alternative to end-of-life architectural glass. 
However, my mentor highlighted a significant challenge 
in recycling glass: the presence of contaminants such 
as glues, sealants, plastics, and CSP pollutants. He 
questioned the rationale of adding a new glass structure 
to an existing window, as it would reintroduce these 
contaminants, which have complicated glass recycling 
efforts. This insight prompted me to explore various glass 
recycling strategies, focusing on developing a product 
that maximises the use of C&D waste, thereby reducing 
the percentage of material sent to landfills.

Part 1: Introduction
This section introduces the research, outlining the 
problem statement and explaining the methodology 
used.

Part 2: Theoretical framework
This section focuses on the behaviour of glass and 
its production methods, highlighting the differences 
between Float glass and cast glass, the mechanical 
behaviour of glass, its recyclability, and the current 
open-loop recycling system. It also explores the potential 
of using cast glass for recycling and reviews previous 
research from TU Delft, which forms the basis for this 
study.

Part 3: Experimental fethodologies
This section details the design concept of the beams and 

the four types of experiments conducted:

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

The research holds high academic value, particularly 
within TU Delft’s ongoing efforts to integrate waste 
materials into construction practices. This effort, along 
with lowering CO2 emissions and promoting a circular 
economy, is in line with the EU’s objective of reaching 
zero waste in building by 2050.

Glass’s expanding social relevance is reflected in its 
increased application in structural designs. Glass has 
changed from being thought of as opaque and brittle to 
offering structural integrity, durability, and optical clarity. 
This change establishes glass as a developing material in 

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

To facilitate comparisons with current data and to make 
my research setup available to future students, I’m 
using comparable settings. To be more precise, I’m using 
Isidora Matskidou’s material settings, adopting her test 
setup for beam manufacturing and testing, and deciding 
which defects to pay attention to base on Dr. Telesilla 
Bristogianni’s publications on flexural strength. Regretfully, 
time restrictions prevent me from testing every element 
I would like to investigate. But I think changing the beam 
lengths might provide important information on surface 
imperfections and structural performance. Furthermore, 
investigating the production of panels rather than beams 
may prove to be a fascinating topic for additional study.

6. To what extent are the results of this thesis 
applicable in the practice in the built environment?

The purpose of the manufactured beams is to explore 
the potential of transforming C&D glass waste into a new 
architectural product. The results from the mechanical and 
microscopic tests on both homogeneous and composite 
beams serve as a foundation for developing a future 
strategy aimed at creating more closed-loop, circular 
building applications. One promising application for the 
newly developed composite material is its integration 
into cladding systems. Current cladding materials, 
typically made of plastics and concrete, have a high CO2 
footprint during manufacturing. Utilising C&D glass waste 
for cladding materials would reduce the overall C&D 
waste sent to landfills, contributing to more sustainable 
construction practices.

Homogeneous beams

Composite beams focusing on the ratio between 
surface and bulk materials

Composite beams focusing on the material 
composition of the bulk

Composite beams focusing on the material 
composition of the surface

It includes structural feasibility validation of the beams, 
examining factors such as compatibility, transparency, 
mould reaction, cracks, breakage, bubbles levels, and 
overall structural performance. Mechanical testing was 
performed using a four-point bending machine to assess 
flexural strength. Post-testing, the cracks were examined, 
and the origin of the fractures was explored under a 
microscope. Structural behaviour optimisation was then 
conducted based on experimental testing.

Part 4: Design application
This part focuses on the creation of the design application.

Part 5: Integrated discussion
This section integrates and discusses the research results, 
reflecting on the main question and outcomes.

Although my approach is methodical, there are areas for 
improvement. Currently, I can only test three beams per 
type, but for statistically feasible results, testing at least 
thirty beams of each kind is necessary. Time constraints 
make achieving this level of thoroughness challenging. 
Additionally, the laboratory setting presents many 
unknowns, requiring patience and flexibility during the 
research process.

the construction sector and represents a substantial shift 
in architectural and structural applications. 

To reduce construction waste, ethical issues must be 
taken into account, especially with regard to recycling 
glass. Glass recycling helps the environment by lowering 
the amount of waste that ends up in landfills, but it’s 
important to consider the environmental effects of glass 
compositions at every stage of their lifespan, taking into 
account the energy and resource consumption involved 
in manufacture and recycling. When incorporating 
recycled glass items into architectural projects, it’s critical 
to be transparent about their origins, composition, and 
any drawbacks. This way, consumers will be aware of any 
performance or aesthetic deviations from regular glass 
products.



Figure 142: Photo of composite beams
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7. To what extent is this research innovative?

The research exhibits innovation in several key ways. 
Firstly, it explores new methods of recycling glass for 
building applications by using casting and analysing 
the structural behaviour of glass, ultimately creating 
a composite panel to increase material recycling. This 
approach seeks to transition from the current open-loop 
system to a closed-loop recycling process for glass waste 
management.

Secondly, by developing a closed-loop application, the 
research contributes to a more circular and sustainable 
approach in the construction industry.

Thirdly, while current glass production primarily involves 
Float glass for architectural purposes, this research 
demonstrates the potential of using casting as a another 
main production method, thereby expanding the range 
of building applications for recycled glass.

Fourthly, the creation of composite panels from C&D 
glass waste results in unique material compositions 
and appearances for each panel. The variability in 
contamination rates among different batches leads to 
the production of beautiful, highly aesthetic, innovative 
panels.

8. How does this thesis helps with creating a circular 
economy in the future? 

This research significantly advances the concept of a 
circular economy by establishing sustainable methods 
that minimise C&D waste and optimise resource 
efficiency in building construction applications. One of 
the key aspects of this thesis is the investigation of glass 
casting, which transforms leftover glass (cullets) into 
useful structural elements. This method promotes a 
circular approach to material consumption, facilitating a 
shift from an open-loop to a closed-loop strategy.

Practically, the study demonstrates how recycled glass 
can be effectively integrated into new architectural 
applications, providing scalable solutions to reduce the 
demand for raw materials and divert waste from landfills. 
Additionally, the thesis supports the implementation 
of closed-loop systems, where recycled materials are 
continuously reintegrated into production processes, 
enhancing sustainability and resource management.

Figure 141: The first day in the lab with the Glass team
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APPENDIX B

Beam of 21 mm x 28 mm x 
350 mm = 205,8 mL

glass = (2,5 g/cm3) 514,5 g 

Fire round 1A Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x CSP Pollutants 514,5 591,675
Total 1543,5 1775,025

3x HR glass 514,5 591,675
Total 1543,5 1775,025

Fire round 2A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 808,5 929,775

1x B: Float glass (8 mm)
C: Fritted glass (13 mm) 318,5 366,275
Total 318,5 366,275

Fire round 1B Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x Lacobel LT (fritted glass) 514,5 591,675
Total 1543,5 1775,025

1x SNX 60/28 (Soft Coating) 514,5 591,675
Total 514,5 591,675

1x Solar Light Blue 52 (Soft 
Coating)

514,5 591,675

Total 514,5 591,675

1x HR glass 514,5 591,675
Total 514,5 591,675

Fire round 2B Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)

Cullet grade B

Total: 6 beams 

Cullet grade C

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Cullet grade C

Composition 2C (10 mm float glass and 11 mm bulk)

Composition 2B-I (8 mm float glass and 13 mm bulk)

Total: 7 beams 

Total: 6 beams 

B - Amount of glass weight per mould 

C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

Fire round 2C Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

2x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 441 507,15

Fire round 2D Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

1x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 367,5 422,625

3x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 661,5 760,725

Fire round 3A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 6 beams 

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2D (12 mm float glass and 9 mm bulk)

Total: 4 beams 

Composition 3B (8 mm float glass and 13 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 8 beams 

Composition 2D (12 mm float glass and 9 mm bulk)

Composition 2A (6 mm float glass and 15 mm bulk)

Beam of 21 mm x 28 mm x 
350 mm = 205,8 mL

glass = (2,5 g/cm3) 514,5 g 

Fire round 1A Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x CSP Pollutants 514,5 591,675
Total 1543,5 1775,025

3x HR glass 514,5 591,675
Total 1543,5 1775,025

Fire round 2A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 808,5 929,775

1x B: Float glass (8 mm)
C: Fritted glass (13 mm) 318,5 366,275
Total 318,5 366,275

Fire round 1B Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x Lacobel LT (fritted glass) 514,5 591,675
Total 1543,5 1775,025

1x SNX 60/28 (Soft Coating) 514,5 591,675
Total 514,5 591,675

1x Solar Light Blue 52 (Soft 
Coating)

514,5 591,675

Total 514,5 591,675

1x HR glass 514,5 591,675
Total 514,5 591,675

Fire round 2B Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)

Cullet grade B

Total: 6 beams 

Cullet grade C

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Cullet grade C

Composition 2C (10 mm float glass and 11 mm bulk)

Composition 2B-I (8 mm float glass and 13 mm bulk)

Total: 7 beams 

Total: 6 beams 

C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

Fire round 2C Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

2x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 441 507,15

Fire round 2D Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

1x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 367,5 422,625

3x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 661,5 760,725

Fire round 3A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 6 beams 

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2D (12 mm float glass and 9 mm bulk)

Total: 4 beams 

Composition 3B (8 mm float glass and 13 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 8 beams 

Composition 2D (12 mm float glass and 9 mm bulk)

Composition 2A (6 mm float glass and 15 mm bulk)

Beam of 21 mm x 28 mm x 
350 mm = 205,8 mL

glass = (2,5 g/cm3) 514,5 g 

Fire round 1A Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x CSP Pollutants 514,5 591,675
Total 1543,5 1775,025

3x HR glass 514,5 591,675
Total 1543,5 1775,025

Fire round 2A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 808,5 929,775

1x B: Float glass (8 mm)
C: Fritted glass (13 mm) 318,5 366,275
Total 318,5 366,275

Fire round 1B Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x Lacobel LT (fritted glass) 514,5 591,675
Total 1543,5 1775,025

1x SNX 60/28 (Soft Coating) 514,5 591,675
Total 514,5 591,675

1x Solar Light Blue 52 (Soft 
Coating)

514,5 591,675

Total 514,5 591,675

1x HR glass 514,5 591,675
Total 514,5 591,675

Fire round 2B Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)

Cullet grade B

Total: 6 beams 

Cullet grade C

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Cullet grade C

Composition 2C (10 mm float glass and 11 mm bulk)

Composition 2B-I (8 mm float glass and 13 mm bulk)

Total: 7 beams 

Total: 6 beams 

3x B: Float glass (8 mm)
C: Metallic Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Float glass (10 mm)
C: Metallic Pollutants (11 mm) 269,5 309,925
Total 808,5 929,775

Fire round 4A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x B: Fritted glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Fritted glass (8 mm)
C: Metallic Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

Fire round 1C Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

1x SNX 60/28 (Soft Coating) 514,5 591,675
Total 514,5 591,675

1x Solar Light Blue 52 (Soft 
Coating)

514,5 591,675

Total 514,5 591,675

3x Metallic Pollutants 514,5 591,675
Total 1543,5 1775,025

Total: 6 beams 

Cullet grade B

Cullet grade C

Total: 6 beams 

Composition 3C (10 mm float glass and 11 mm bulk)

Total: 8 beams 

Composition 4B-I (8 mm fritted glass and 13 mm bulk)

Composition 4B-II (8 mm fritted glass and 13 mm bulk)

C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

Fire round 2C Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

2x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 735 845,25

2x B: Float glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 637 732,55

2x B: Float glass (10 mm)
C: CSP Pollutants (11 mm) 269,5 309,925
Total 539 619,85

2x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 441 507,15

Fire round 2D Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

1x B: Float glass (6 mm)
C: CSP Pollutants (15 mm) 367,5 422,625
Total 367,5 422,625

3x B: Float glass (12 mm)
C: CSP Pollutants (9 mm) 220,5 253,575
Total 661,5 760,725

Fire round 3A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 6 beams 

Composition 2A (6 mm float glass and 15 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2D (12 mm float glass and 9 mm bulk)

Total: 4 beams 

Composition 3B (8 mm float glass and 13 mm bulk)

Composition 2B (8 mm float glass and 13 mm bulk)

Composition 2C (10 mm float glass and 11 mm bulk)

Total: 8 beams 

Composition 2D (12 mm float glass and 9 mm bulk)

Composition 2A (6 mm float glass and 15 mm bulk)

3x B: Float glass (8 mm)
C: Metallic Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Float glass (10 mm)
C: Metallic Pollutants (11 mm) 269,5 309,925
Total 808,5 929,775

Fire round 4A Composite beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

3x B: Fritted glass (8 mm)
C: CSP Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

3x B: Fritted glass (8 mm)
C: Metallic Pollutants (13 mm) 318,5 366,275
Total 955,5 1098,825

Fire round 1C Homogeneous beams Amount of glass 
necessary (g per beam)

15% extra 
(g)

1x SNX 60/28 (Soft Coating) 514,5 591,675
Total 514,5 591,675

1x Solar Light Blue 52 (Soft 
Coating)

514,5 591,675

Total 514,5 591,675

3x Metallic Pollutants 514,5 591,675
Total 1543,5 1775,025

Total: 6 beams 

Cullet grade B

Cullet grade C

Total: 6 beams 

Composition 3C (10 mm float glass and 11 mm bulk)

Total: 8 beams 

Composition 4B-I (8 mm fritted glass and 13 mm bulk)

Composition 4B-II (8 mm fritted glass and 13 mm bulk)

Table 01: Time planning Table 13: Amount of glass weight per mould
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APPENDIX C

C - Overview beams with dimensions - Four point bending test I

C - Overview beams with dimensions - Four point bending test II

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass 1 Failed x
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass 2 Failed x
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass 3 Failed x

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants 1 Succeeded 536,85 29,27 28,44 28,54 28,34 28,65 20,96 21,17 20,97 20,98 21,02
1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants 2 Succeeded 531,46 29,02 29,39 28,71 28,62 28,94 21,25 20,90 20,86 20,80 20,95

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants 3 Failed x
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass 1 Succeeded 533,62 28,11 28,76 27,74 28,16 28,19 21,74 21,10 21,84 21,14 21,46
1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass 2 Succeeded 535,30 28,85 29,09 28,96 28,54 28,86 20,99 21,25 20,82 20,99 21,01
1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass 3 Succeeded 537,20 27,81 29,25 27,83 28,85 28,44 20,87 21,20 20,88 20,93 20,97
1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass 1 Succeeded 533,40 28,12 28,07 28,02 28,38 28,15 20,99 21,07 20,63 20,60 20,82

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated 1 Failed 527,08 28,00 27,29 28,90 28,42 28,15 20,98 21,02 21,06 21,24 21,08
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light 1 Succeeded 535,77 28,17 27,93 29,02 28,68 28,45 20,97 20,84 20,95 21,20 20,99
1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants 1 Succeeded 538,26 29,04 28,96 29,20 29,32 29,13 21,56 21,18 21,36 21,04 21,29

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants 2 Failed x
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants 3 Failed x

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass 1 Succeeded 550,89 27,88 28,56 29,60 28,68 28,68 21,02 21,35 21,29 21,51 21,29
1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 547,57 29,06 28,32 28,81 28,58 28,69 21,03 21,19 21,09 21,38 21,17

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants 2 Failed x
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants 3 Failed x

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants 1 Succeeded 552,91 28,75 29,58 28,74 29,48 29,14 21,35 21,02 21,23 21,11 21,18
1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants 2 Succeeded 549,01 29,14 29,15 28,85 28,56 28,93 20,71 20,86 20,87 20,97 20,85
1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants 1 Succeeded 547,44 29,16 29,22 28,96 29,55 29,22 21,21 20,85 21,18 21,13 21,09
1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants 2 Succeeded 546,17 29,69 29,13 28,47 28,42 28,93 21,11 21,08 21,07 21,19 21,11
1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 538,81 28,34 28,12 28,77 28,96 28,55 21,02 20,89 21,01 21,03 20,99
1.16 V-2B-C10-C-2 2B 1070 Composite beam Fl 10 mm CSP pollutants 2 Succeeded 534,90 28,35 27,77 28,39 27,35 27,97 21,03 21,04 20,94 21,01 21,01

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 1 Succeeded 534,55 29,66 29,22 28,85 28,14 28,97 21,23 20,84 21,07 20,84 21,00
2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 2 Succeeded 522,43 29,06 29,09 28,00 28,55 28,68 21,00 20,72 20,81 20,72 20,81

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 1 Failed 
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 2 Succeeded 538,68 28,27 28,28 28,06 28,62 28,31 21,22 21,00 21,07 20,96 21,06
2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 533,59 28,14 28,09 28,93 28,95 28,53 21,03 20,73 20,87 20,81 20,86
2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 2 Succeeded 541,80 28,97 28,63 28,73 28,05 28,60 21,12 20,92 21,05 21,02 21,03
2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 1 Succeeded 549,87 28,73 28,67 28,19 28,47 28,52 21,13 20,83 21,09 20,95 21,00
2.7 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 2 Succeeded 535,24 28,60 28,30 28,28 28,23 28,35 20,90 21,00 21,17 21,08 21,04
2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants 1 Succeeded 496,38 27,92 27,74 26,78 26,70 27,29 21,01 21,32 20,94 21,04 21,08
2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 528,24 28,85 28,02 29,06 28,13 28,52 21,24 21,19 21,26 21,18 21,22
2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants 1 Succeeded 544,38 28,58 28,77 28,17 28,48 28,50 21,18 21,24 20,97 20,93 21,08
2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants 2 Succeeded 529,76 28,03 28,81 27,87 28,39 28,28 21,06 20,88 21,08 20,94 20,99
2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants 3 Succeeded 531,31 28,78 28,55 28,02 28,01 28,34 21,02 21,20 20,98 21,01 21,05
2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants 1 Succeeded 527,96 28,03 28,29 28,67 29,08 28,52 21,08 20,87 21,10 20,81 20,97
2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants 2 Succeeded 540,21 28,32 28,96 28,30 28,33 28,48 21,01 20,85 21,11 20,84 20,95

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants 3 Failed 
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants 1 Failed 

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 2 Succeeded 530,06 28,26 28,11 28,72 28,59 28,42 20,70 20,83 20,74 21,03 20,83
2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 3 Succeeded 535,36 28,63 28,25 28,19 28,48 28,39 20,92 20,92 20,94 21,08 20,97

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

Table 19: Overview beams with dimensions of Four-point bending test I
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APPENDIX C

C - Overview beams with dimensions - Four point bending test III

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants 1 succeeded 547,67 29,21 29,69 28,10 28,06 28,77 20,95 21,29 20,99 21,14 21,09
3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants 2 succeeded 549,38 28,86 28,43 28,14 28,10 28,38 20,97 21,27 20,82 20,88 20,99
3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants 3 succeeded 555,43 29,22 28,66 28,94 29,82 29,16 21,07 21,00 21,01 20,96 21,01
3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants 1 succeeded 553,50 28,75 28,84 29,40 29,04 29,01 20,96 21,02 21,05 20,95 21,00
3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants 2 succeeded 540,18 29,95 28,94 28,42 28,14 28,86 20,74 20,78 20,83 21,07 20,86
3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants 1 succeeded 529,23 28,72 29,33 28,19 28,02 28,57 20,88 20,82 20,86 20,89 20,86
3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants 2 succeeded 562,87 29,25 29,40 28,84 28,10 28,90 21,33 21,04 21,22 20,99 21,15
3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants 3 succeeded 558,62 29,39 29,36 29,15 28,42 29,08 20,89 21,10 20,99 21,15 21,03
3.9 V-4A-CF8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants 1 succeeded 547,09 28,48 28,23 28,28 28,58 28,39 20,73 21,31 20,83 21,19 21,02

V-4A-CF8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants 2 failed
3.10 V-4A-CF8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants 3 succeeded 552,48 29,05 28,71 29,16 28,70 28,91 20,55 21,07 20,86 20,92 20,85

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

C - Overview beams with dimensions - Four point bending test IV

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
4.1 V-1D-H-FL-1 1D 1070 Homogeneous beam Fl 6-8-6 mm x 1 succeeded 539,08 28,75 28,79 28,64 28,51 28,67 21,12 21,10 21,26 21,31 21,20
4.2 V-1D-H-FL-2 1D 1070 Homogeneous beam Fl 12-6 mm x 2 succeeded 540,37 28,49 28,31 28,55 28,75 28,53 20,79 20,90 20,96 20,99 20,91
4.3 V-1D-H-FL-3 1D 1070 Homogeneous beam Fl 6-8-6 mm x 3 succeeded 538,44 28,73 28,51 28,73 28,50 28,62 21,00 20,92 21,12 20,95 21,00

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 1 Succeeded 534,55 29,66 29,22 28,85 28,14 28,97 21,23 20,84 21,07 20,84 21,00
2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 2 Succeeded 522,43 29,06 29,09 28,00 28,55 28,68 21,00 20,72 20,81 20,72 20,81

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 1 Failed 
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 2 Succeeded 538,68 28,27 28,28 28,06 28,62 28,31 21,22 21,00 21,07 20,96 21,06
2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 533,59 28,14 28,09 28,93 28,95 28,53 21,03 20,73 20,87 20,81 20,86
2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 2 Succeeded 541,80 28,97 28,63 28,73 28,05 28,60 21,12 20,92 21,05 21,02 21,03
2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 1 Succeeded 549,87 28,73 28,67 28,19 28,47 28,52 21,13 20,83 21,09 20,95 21,00
2.7 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 2 Succeeded 535,24 28,60 28,30 28,28 28,23 28,35 20,90 21,00 21,17 21,08 21,04
2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants 1 Succeeded 496,38 27,92 27,74 26,78 26,70 27,29 21,01 21,32 20,94 21,04 21,08
2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 528,24 28,85 28,02 29,06 28,13 28,52 21,24 21,19 21,26 21,18 21,22
2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants 1 Succeeded 544,38 28,58 28,77 28,17 28,48 28,50 21,18 21,24 20,97 20,93 21,08
2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants 2 Succeeded 529,76 28,03 28,81 27,87 28,39 28,28 21,06 20,88 21,08 20,94 20,99
2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants 3 Succeeded 531,31 28,78 28,55 28,02 28,01 28,34 21,02 21,20 20,98 21,01 21,05
2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants 1 Succeeded 527,96 28,03 28,29 28,67 29,08 28,52 21,08 20,87 21,10 20,81 20,97
2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants 2 Succeeded 540,21 28,32 28,96 28,30 28,33 28,48 21,01 20,85 21,11 20,84 20,95

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants 3 Failed 
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants 1 Failed 

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 2 Succeeded 530,06 28,26 28,11 28,72 28,59 28,42 20,70 20,83 20,74 21,03 20,83
2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 3 Succeeded 535,36 28,63 28,25 28,19 28,48 28,39 20,92 20,92 20,94 21,08 20,97

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

Mass (g)

Location 1 Location 2 Location 3 Location 4 Average Location 1 Location 2 Location 3 Location 4 Average 
2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 1 Succeeded 534,55 29,66 29,22 28,85 28,14 28,97 21,23 20,84 21,07 20,84 21,00
2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 2 Succeeded 522,43 29,06 29,09 28,00 28,55 28,68 21,00 20,72 20,81 20,72 20,81

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 1 Failed 
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 2 Succeeded 538,68 28,27 28,28 28,06 28,62 28,31 21,22 21,00 21,07 20,96 21,06
2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 533,59 28,14 28,09 28,93 28,95 28,53 21,03 20,73 20,87 20,81 20,86
2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 2 Succeeded 541,80 28,97 28,63 28,73 28,05 28,60 21,12 20,92 21,05 21,02 21,03
2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 1 Succeeded 549,87 28,73 28,67 28,19 28,47 28,52 21,13 20,83 21,09 20,95 21,00
2.7 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 2 Succeeded 535,24 28,60 28,30 28,28 28,23 28,35 20,90 21,00 21,17 21,08 21,04
2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants 1 Succeeded 496,38 27,92 27,74 26,78 26,70 27,29 21,01 21,32 20,94 21,04 21,08
2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants 1 Succeeded 528,24 28,85 28,02 29,06 28,13 28,52 21,24 21,19 21,26 21,18 21,22
2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants 1 Succeeded 544,38 28,58 28,77 28,17 28,48 28,50 21,18 21,24 20,97 20,93 21,08
2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants 2 Succeeded 529,76 28,03 28,81 27,87 28,39 28,28 21,06 20,88 21,08 20,94 20,99
2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants 3 Succeeded 531,31 28,78 28,55 28,02 28,01 28,34 21,02 21,20 20,98 21,01 21,05
2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants 1 Succeeded 527,96 28,03 28,29 28,67 29,08 28,52 21,08 20,87 21,10 20,81 20,97
2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants 2 Succeeded 540,21 28,32 28,96 28,30 28,33 28,48 21,01 20,85 21,11 20,84 20,95

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants 3 Failed 
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants 1 Failed 

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 2 Succeeded 530,06 28,26 28,11 28,72 28,59 28,42 20,70 20,83 20,74 21,03 20,83
2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 3 Succeeded 535,36 28,63 28,25 28,19 28,48 28,39 20,92 20,92 20,94 21,08 20,97

Number Width (mm) Height (mm)Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Number of beam Status before structural 
performance test

Forming 
temperature 

(°C)

Table 20: Overview beams with dimensions of Four-point bending test II

Table 21: Overview beams with dimensions of Four-point bending test III

Table 22: Overview beams with dimensions of Four-point bending test IV
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APPENDIX D

D - Overview beams with photos - Four point bending test I

Front view Top view Back view Below view Bird view

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Failed
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Failed

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

1.16 V-2B-C10-C-6 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)
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Front view Top view Back view Below view Bird view

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Failed
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Failed

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

1.16 V-2B-C10-C-6 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Front view Top view Back view Below view Bird view

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Failed
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Failed

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

1.16 V-2B-C10-C-6 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Table 23: Overview beams with photos of Four-point bending test I
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D - Overview beams with photos - Four point bending test II

Front view Top view Back view Below view Bird view

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)
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Front view Top view Back view Below view Bird view

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Front view Top view Back view Below view Bird view

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants Succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Table 24: Overview beams with photos of Four-point bending test II
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D - Overview beams with photos - Four point bending test III

Front view Top view Back view Below view Bird view

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)
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Front view Top view Back view Below view Bird view

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Front view Top view Back view Below view Bird view

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

D - Overview beams with photos - Four point bending test IV

Front view Top view Back view Below view Bird view

4.1 V-1D-H-FL-1 1D 1070 Homogeneous beam Fl 6-8-6 mm x succeeded

4.2 V-1D-H-FL-2 1D 1070 Homogeneous beam Fl 12-6 mm x succeeded

4.3 V-1D-H-FL-3 1D 1070 Homogeneous beam Fl 6-8-6 mm x succeeded

Number PHOTOSName beam Fire round Type Surface type: Float (Fl), 
Fritted (Fr)

Bulk type Status before structural 
performance test

Forming temperature 
(°C)

Table 25: Overview beams with photos of Four-point bending test III

Table 26: Overview beams with photos of Four-point bending test IV
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APPENDIX E

E - Overview beams with structural performance - Four point bending test I, II, III and and IV

280 L mm
140 Li mm

L-Li= 140 mm
Li^2 19600 mm^2
L^2 78400 mm^2
a=(L-Li)/2= 70 mm
a^2 4900 mm^2

Width 
(average)

Height 
(average)

h^3

Name Forming 
temperature

Type Surface type: 
Float (Fl), Fritted 
(Fr)

Bulk type mm mm mm^3 N Mpa Mpa mm^4 Mpa

Specimen 1.1 V-1A-H-C-1 1120 Homogeneous beam x CSP Pollutants 28,65 21,02 9287 985,10 16,34 15,61 22172 16,34
Specimen 1.2 V-1A-H-C-2 1120 Homogeneous beam x CSP Pollutants 28,94 20,95 9198 943,18 15,59 14,89 22179 15,59
Specimen 1.3 V-1B-H-F-1 1120 Homogeneous beam x Fritted glass 28,19 21,46 9876 1406,07 22,75 21,71 23203 22,75
Specimen 1.4 V-1B-H-F-2 1120 Homogeneous beam x Fritted glass 28,86 21,01 9278 1520,67 25,06 23,93 22313 25,06

Specimen 1.5 V-1B-H-F-3 1120 Homogeneous beam x Fritted glass 28,44 20,97 9221 1283,32 21,55 20,58 21851 21,55
Specimen 1.6 V-1B-H-HR-1 1120 Homogeneous beam x Heat resistant glass 28,15 20,82 9028 1727,66 29,73 28,40 21177 29,73
Specimen 1.7 V-1B-H-B-1 1120 Homogeneous beam x Soft coating 28,45 20,99 9248 2396,02 40,14 38,34 21925 40,14
Specimen 1.8 V-2A-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,13 21,29 9643 3614,51 57,51 54,89 23409 57,51
Specimen 1.9 V-2A-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,69 21,17 9491 2341,23 38,23 36,49 22694 38,23
Specimen 1.10 V-2A-C8-F-1 1070 Composite beam Fl 8 mm Fritted glass 28,68 21,29 9653 2828,71 45,69 43,60 23072 45,69
Specimen 1.11 V-2B-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,14 21,18 9498 3037,20 48,81 46,59 23062 48,81
Specimen 1.12 V-2B-C6-C-2 1070 Composite beam Fl 6 mm CSP Pollutants 28,93 20,85 9067 2354,92 39,32 37,56 21856 39,32
Specimen 1.13 V-2B-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,22 21,09 9384 3287,72 53,11 50,71 22852 53,11
Specimen 1.14 V-2B-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,93 21,11 9411 2800,59 45,61 43,55 22686 45,61
Specimen 1.15 V-2B-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,55 20,99 9244 2120,24 35,41 33,82 21992 35,41
Specimen 1.16 V-2B-C10-C-2 1070 Composite beam Fl 10 mm CSP Pollutants 27,97 21,01 9268 1953,31 33,25 31,75 21597 33,25

Specimen 2.1 V-2C-C6-C-1 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,97 21,00 9261 2571,66 42,27 40,37 22358 42,27
Specimen 2.2 V-2C-C6-C-2 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,68 20,81 9012 2674,86 45,23 43,21 21538 45,23
Specimen 2.3 V-2C-C8-C-2 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 28,31 21,06 9341 2821,64 47,19 45,06 22036 47,19
Specimen 2.4 V-2C-C10-C-1 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,53 20,86 9077 2118,06 35,83 34,23 21581 35,83
Specimen 2.5 V-2C-C10-C-2 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,60 21,03 9301 659,67 10,95 10,46 22167 10,95
Specimen 2.6 V-2C-C12-C-1 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,52 21,00 9261 2789,04 46,57 44,47 22010 46,57
Specimen 2.7 V-2C-C12-C-2 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,35 21,04 9314 2611,49 43,70 41,73 22004 43,70
Specimen 2.8 V-2D-C8-C-1 1070 Composite beam Fl 8 mm CSP pollutants 27,29 21,08 9367 1521,46 26,35 25,16 21303 26,35
Specimen 2.9 V-2D-C10-C-1 1070 Composite beam Fl 10 mm CSP pollutants 28,52 21,22 9555 1170,20 19,14 18,27 22709 19,14
Specimen 2.10 V-3A-C8-M-1 1070 Composite beam Fl 8 mm Metallic pollutants 28,50 21,08 9367 1391,16 23,07 22,03 22247 23,07
Specimen 2.11 V-3A-C8-M-2 1070 Composite beam Fl 8 mm Metallic pollutants 28,28 20,99 9248 1738,97 29,31 27,99 21794 29,31
Specimen 2.12 V-3A-C8-M-3 1070 Composite beam Fl 8 mm Metallic pollutants 28,34 21,05 9327 2343,32 39,19 37,42 22028 39,19
Specimen 2.13 V-3A-C10-M-1 1070 Composite beam Fl 10 mm Metallic pollutants 28,52 20,97 9221 1228,95 20,58 19,65 21916 20,58
Specimen 2.14 V-3A-C10-M-2 1070 Composite beam Fl 10 mm Metallic pollutants 28,48 20,95 9195 2315,96 38,91 37,16 21823 38,91
Specimen 2.15 V-4A-CR8-C-2 1070 Composite beam Fr 8 mm CSP pollutants 28,42 20,83 9038 939,12 15,99 15,28 21405 15,99
Specimen 2.16 V-4A-CR8-C-3 1070 Composite beam Fr 8 mm CSP pollutants 28,39 20,97 9221 2253,66 37,91 36,21 21816 37,91

Specimen 3.1 V-1C-H-M-1 1070 Homogeneous beam x Metallic pollutants 28,77 21,09 9384 1361,93 14,28 13,63 22494 14,28
Specimen 3.2 V-1C-H-M-2 1070 Homogeneous beam x Metallic pollutants 28,38 20,99 9241 1195,99 20,09 19,19 21857 20,09
Specimen 3.3 V-1C-H-M-3 1070 Homogeneous beam x Metallic pollutants 29,16 21,01 9274 1977,97 32,27 30,82 22536 32,27
Specimen 3.4 V-2D-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,01 21,00 9254 1993,25 32,74 31,26 22371 32,74
Specimen 3.5 V-2D-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,86 20,86 9070 2315,91 38,74 37,01 21816 38,74
Specimen 3.6 V-2D-C12-C-1 1070 Composite beam Fl 12 mm CSP Pollutants 28,57 20,86 9080 2960,82 50,01 47,78 21615 50,01
Specimen 3.7 V-2D-C12-C-2 1070 Composite beam Fl 12 mm CSP Pollutants 28,90 21,15 9454 3009,14 48,91 46,69 22767 48,91
Specimen 3.8 V-2D-C12-C-3 1070 Composite beam Fl 12 mm CSP Pollutants 29,08 21,03 9304 1137,10 18,56 17,73 22547 18,56
Specimen 3.9 V-4A-CR8-M-1 1070 Composite beam Fr 8 mm Metallic pollutants 28,39 21,02 9281 508,20 8,51 8,13 21959 8,51
Specimen 3.10 V-4A-CR8-M-3 1070 Composite beam Fr 8 mm Metallic pollutants 28,91 20,85 9064 870,05 14,54 13,89 21833 14,54

Specimen 4.1 V-1D-Fl-H-1 1070 Homogeneous beam Fl 6-8-6 mm x 28,67 21,2 9528 2487,97 40,55 38,71 22764 40,55
Specimen 4.2 V-1D-Fl-H-2 1070 Homogeneous beam Fl 12-6 mm x 28,53 20,91 9142 2995,44 50,43 48,17 21736 50,43
Specimen 4.3 V-1D-Fl-H-3 1070 Homogeneous beam Fl 6-8-6 mm x 28,62 21 9261 3133,15 52,13 49,78 22087 52,13

Four-point bending test IV

Total length = 350 mm

Beam information Dimensions Fmax Flexural strength (σ)

Four-point bending test I

Four-point bending test II

Four-point bending test III

Moment of 
Inertia (I)

Strength at 
support  (σ)

Flexural strength 
(incl. frictional 
constraint of 
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APPENDIX E

Table 27: Overview beams with their structural performance during Fire Round I, II, III and IV

280 L mm
140 Li mm

L-Li= 140 mm
Li^2 19600 mm^2
L^2 78400 mm^2
a=(L-Li)/2= 70 mm
a^2 4900 mm^2

Width 
(average)

Height 
(average)

h^3

Name Forming 
temperature

Type Surface type: 
Float (Fl), Fritted 
(Fr)

Bulk type mm mm mm^3 N Mpa Mpa mm^4 Mpa

Specimen 1.1 V-1A-H-C-1 1120 Homogeneous beam x CSP Pollutants 28,65 21,02 9287 985,10 16,34 15,61 22172 16,34
Specimen 1.2 V-1A-H-C-2 1120 Homogeneous beam x CSP Pollutants 28,94 20,95 9198 943,18 15,59 14,89 22179 15,59
Specimen 1.3 V-1B-H-F-1 1120 Homogeneous beam x Fritted glass 28,19 21,46 9876 1406,07 22,75 21,71 23203 22,75
Specimen 1.4 V-1B-H-F-2 1120 Homogeneous beam x Fritted glass 28,86 21,01 9278 1520,67 25,06 23,93 22313 25,06

Specimen 1.5 V-1B-H-F-3 1120 Homogeneous beam x Fritted glass 28,44 20,97 9221 1283,32 21,55 20,58 21851 21,55
Specimen 1.6 V-1B-H-HR-1 1120 Homogeneous beam x Heat resistant glass 28,15 20,82 9028 1727,66 29,73 28,40 21177 29,73
Specimen 1.7 V-1B-H-B-1 1120 Homogeneous beam x Soft coating 28,45 20,99 9248 2396,02 40,14 38,34 21925 40,14
Specimen 1.8 V-2A-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,13 21,29 9643 3614,51 57,51 54,89 23409 57,51
Specimen 1.9 V-2A-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,69 21,17 9491 2341,23 38,23 36,49 22694 38,23
Specimen 1.10 V-2A-C8-F-1 1070 Composite beam Fl 8 mm Fritted glass 28,68 21,29 9653 2828,71 45,69 43,60 23072 45,69
Specimen 1.11 V-2B-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,14 21,18 9498 3037,20 48,81 46,59 23062 48,81
Specimen 1.12 V-2B-C6-C-2 1070 Composite beam Fl 6 mm CSP Pollutants 28,93 20,85 9067 2354,92 39,32 37,56 21856 39,32
Specimen 1.13 V-2B-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,22 21,09 9384 3287,72 53,11 50,71 22852 53,11
Specimen 1.14 V-2B-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,93 21,11 9411 2800,59 45,61 43,55 22686 45,61
Specimen 1.15 V-2B-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,55 20,99 9244 2120,24 35,41 33,82 21992 35,41
Specimen 1.16 V-2B-C10-C-2 1070 Composite beam Fl 10 mm CSP Pollutants 27,97 21,01 9268 1953,31 33,25 31,75 21597 33,25

Specimen 2.1 V-2C-C6-C-1 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,97 21,00 9261 2571,66 42,27 40,37 22358 42,27
Specimen 2.2 V-2C-C6-C-2 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,68 20,81 9012 2674,86 45,23 43,21 21538 45,23
Specimen 2.3 V-2C-C8-C-2 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 28,31 21,06 9341 2821,64 47,19 45,06 22036 47,19
Specimen 2.4 V-2C-C10-C-1 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,53 20,86 9077 2118,06 35,83 34,23 21581 35,83
Specimen 2.5 V-2C-C10-C-2 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,60 21,03 9301 659,67 10,95 10,46 22167 10,95
Specimen 2.6 V-2C-C12-C-1 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,52 21,00 9261 2789,04 46,57 44,47 22010 46,57
Specimen 2.7 V-2C-C12-C-2 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,35 21,04 9314 2611,49 43,70 41,73 22004 43,70
Specimen 2.8 V-2D-C8-C-1 1070 Composite beam Fl 8 mm CSP pollutants 27,29 21,08 9367 1521,46 26,35 25,16 21303 26,35
Specimen 2.9 V-2D-C10-C-1 1070 Composite beam Fl 10 mm CSP pollutants 28,52 21,22 9555 1170,20 19,14 18,27 22709 19,14
Specimen 2.10 V-3A-C8-M-1 1070 Composite beam Fl 8 mm Metallic pollutants 28,50 21,08 9367 1391,16 23,07 22,03 22247 23,07
Specimen 2.11 V-3A-C8-M-2 1070 Composite beam Fl 8 mm Metallic pollutants 28,28 20,99 9248 1738,97 29,31 27,99 21794 29,31
Specimen 2.12 V-3A-C8-M-3 1070 Composite beam Fl 8 mm Metallic pollutants 28,34 21,05 9327 2343,32 39,19 37,42 22028 39,19
Specimen 2.13 V-3A-C10-M-1 1070 Composite beam Fl 10 mm Metallic pollutants 28,52 20,97 9221 1228,95 20,58 19,65 21916 20,58
Specimen 2.14 V-3A-C10-M-2 1070 Composite beam Fl 10 mm Metallic pollutants 28,48 20,95 9195 2315,96 38,91 37,16 21823 38,91
Specimen 2.15 V-4A-CR8-C-2 1070 Composite beam Fr 8 mm CSP pollutants 28,42 20,83 9038 939,12 15,99 15,28 21405 15,99
Specimen 2.16 V-4A-CR8-C-3 1070 Composite beam Fr 8 mm CSP pollutants 28,39 20,97 9221 2253,66 37,91 36,21 21816 37,91

Specimen 3.1 V-1C-H-M-1 1070 Homogeneous beam x Metallic pollutants 28,77 21,09 9384 1361,93 14,28 13,63 22494 14,28
Specimen 3.2 V-1C-H-M-2 1070 Homogeneous beam x Metallic pollutants 28,38 20,99 9241 1195,99 20,09 19,19 21857 20,09
Specimen 3.3 V-1C-H-M-3 1070 Homogeneous beam x Metallic pollutants 29,16 21,01 9274 1977,97 32,27 30,82 22536 32,27
Specimen 3.4 V-2D-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,01 21,00 9254 1993,25 32,74 31,26 22371 32,74
Specimen 3.5 V-2D-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,86 20,86 9070 2315,91 38,74 37,01 21816 38,74
Specimen 3.6 V-2D-C12-C-1 1070 Composite beam Fl 12 mm CSP Pollutants 28,57 20,86 9080 2960,82 50,01 47,78 21615 50,01
Specimen 3.7 V-2D-C12-C-2 1070 Composite beam Fl 12 mm CSP Pollutants 28,90 21,15 9454 3009,14 48,91 46,69 22767 48,91
Specimen 3.8 V-2D-C12-C-3 1070 Composite beam Fl 12 mm CSP Pollutants 29,08 21,03 9304 1137,10 18,56 17,73 22547 18,56
Specimen 3.9 V-4A-CR8-M-1 1070 Composite beam Fr 8 mm Metallic pollutants 28,39 21,02 9281 508,20 8,51 8,13 21959 8,51
Specimen 3.10 V-4A-CR8-M-3 1070 Composite beam Fr 8 mm Metallic pollutants 28,91 20,85 9064 870,05 14,54 13,89 21833 14,54

Specimen 4.1 V-1D-Fl-H-1 1070 Homogeneous beam Fl 6-8-6 mm x 28,67 21,2 9528 2487,97 40,55 38,71 22764 40,55
Specimen 4.2 V-1D-Fl-H-2 1070 Homogeneous beam Fl 12-6 mm x 28,53 20,91 9142 2995,44 50,43 48,17 21736 50,43
Specimen 4.3 V-1D-Fl-H-3 1070 Homogeneous beam Fl 6-8-6 mm x 28,62 21 9261 3133,15 52,13 49,78 22087 52,13

Four-point bending test IV

Total length = 350 mm

Beam information Dimensions Fmax Flexural strength (σ)

Four-point bending test I

Four-point bending test II

Four-point bending test III

Moment of 
Inertia (I)

Strength at 
support  (σ)

Flexural strength 
(incl. frictional 
constraint of 

280 L mm
140 Li mm

L-Li= 140 mm
Li^2 19600 mm^2
L^2 78400 mm^2
a=(L-Li)/2= 70 mm
a^2 4900 mm^2

Width 
(average)

Height 
(average)

h^3

Name Forming 
temperature

Type Surface type: 
Float (Fl), Fritted 
(Fr)

Bulk type mm mm mm^3 N Mpa Mpa mm^4 Mpa

Specimen 1.1 V-1A-H-C-1 1120 Homogeneous beam x CSP Pollutants 28,65 21,02 9287 985,10 16,34 15,61 22172 16,34
Specimen 1.2 V-1A-H-C-2 1120 Homogeneous beam x CSP Pollutants 28,94 20,95 9198 943,18 15,59 14,89 22179 15,59
Specimen 1.3 V-1B-H-F-1 1120 Homogeneous beam x Fritted glass 28,19 21,46 9876 1406,07 22,75 21,71 23203 22,75
Specimen 1.4 V-1B-H-F-2 1120 Homogeneous beam x Fritted glass 28,86 21,01 9278 1520,67 25,06 23,93 22313 25,06

Specimen 1.5 V-1B-H-F-3 1120 Homogeneous beam x Fritted glass 28,44 20,97 9221 1283,32 21,55 20,58 21851 21,55
Specimen 1.6 V-1B-H-HR-1 1120 Homogeneous beam x Heat resistant glass 28,15 20,82 9028 1727,66 29,73 28,40 21177 29,73
Specimen 1.7 V-1B-H-B-1 1120 Homogeneous beam x Soft coating 28,45 20,99 9248 2396,02 40,14 38,34 21925 40,14
Specimen 1.8 V-2A-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,13 21,29 9643 3614,51 57,51 54,89 23409 57,51
Specimen 1.9 V-2A-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,69 21,17 9491 2341,23 38,23 36,49 22694 38,23
Specimen 1.10 V-2A-C8-F-1 1070 Composite beam Fl 8 mm Fritted glass 28,68 21,29 9653 2828,71 45,69 43,60 23072 45,69
Specimen 1.11 V-2B-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,14 21,18 9498 3037,20 48,81 46,59 23062 48,81
Specimen 1.12 V-2B-C6-C-2 1070 Composite beam Fl 6 mm CSP Pollutants 28,93 20,85 9067 2354,92 39,32 37,56 21856 39,32
Specimen 1.13 V-2B-C8-C-1 1070 Composite beam Fl 8 mm CSP Pollutants 29,22 21,09 9384 3287,72 53,11 50,71 22852 53,11
Specimen 1.14 V-2B-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,93 21,11 9411 2800,59 45,61 43,55 22686 45,61
Specimen 1.15 V-2B-C10-C-1 1070 Composite beam Fl 10 mm CSP Pollutants 28,55 20,99 9244 2120,24 35,41 33,82 21992 35,41
Specimen 1.16 V-2B-C10-C-2 1070 Composite beam Fl 10 mm CSP Pollutants 27,97 21,01 9268 1953,31 33,25 31,75 21597 33,25

Specimen 2.1 V-2C-C6-C-1 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,97 21,00 9261 2571,66 42,27 40,37 22358 42,27
Specimen 2.2 V-2C-C6-C-2 1070 & 1120 Composite beam Fl 6 mm CSP pollutants 28,68 20,81 9012 2674,86 45,23 43,21 21538 45,23
Specimen 2.3 V-2C-C8-C-2 1070 & 1120 Composite beam Fl 8 mm CSP pollutants 28,31 21,06 9341 2821,64 47,19 45,06 22036 47,19
Specimen 2.4 V-2C-C10-C-1 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,53 20,86 9077 2118,06 35,83 34,23 21581 35,83
Specimen 2.5 V-2C-C10-C-2 1070 & 1120 Composite beam Fl 10 mm CSP pollutants 28,60 21,03 9301 659,67 10,95 10,46 22167 10,95
Specimen 2.6 V-2C-C12-C-1 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,52 21,00 9261 2789,04 46,57 44,47 22010 46,57
Specimen 2.7 V-2C-C12-C-2 1070 & 1120 Composite beam Fl 12 mm CSP pollutants 28,35 21,04 9314 2611,49 43,70 41,73 22004 43,70
Specimen 2.8 V-2D-C8-C-1 1070 Composite beam Fl 8 mm CSP pollutants 27,29 21,08 9367 1521,46 26,35 25,16 21303 26,35
Specimen 2.9 V-2D-C10-C-1 1070 Composite beam Fl 10 mm CSP pollutants 28,52 21,22 9555 1170,20 19,14 18,27 22709 19,14
Specimen 2.10 V-3A-C8-M-1 1070 Composite beam Fl 8 mm Metallic pollutants 28,50 21,08 9367 1391,16 23,07 22,03 22247 23,07
Specimen 2.11 V-3A-C8-M-2 1070 Composite beam Fl 8 mm Metallic pollutants 28,28 20,99 9248 1738,97 29,31 27,99 21794 29,31
Specimen 2.12 V-3A-C8-M-3 1070 Composite beam Fl 8 mm Metallic pollutants 28,34 21,05 9327 2343,32 39,19 37,42 22028 39,19
Specimen 2.13 V-3A-C10-M-1 1070 Composite beam Fl 10 mm Metallic pollutants 28,52 20,97 9221 1228,95 20,58 19,65 21916 20,58
Specimen 2.14 V-3A-C10-M-2 1070 Composite beam Fl 10 mm Metallic pollutants 28,48 20,95 9195 2315,96 38,91 37,16 21823 38,91
Specimen 2.15 V-4A-CR8-C-2 1070 Composite beam Fr 8 mm CSP pollutants 28,42 20,83 9038 939,12 15,99 15,28 21405 15,99
Specimen 2.16 V-4A-CR8-C-3 1070 Composite beam Fr 8 mm CSP pollutants 28,39 20,97 9221 2253,66 37,91 36,21 21816 37,91

Specimen 3.1 V-1C-H-M-1 1070 Homogeneous beam x Metallic pollutants 28,77 21,09 9384 1361,93 14,28 13,63 22494 14,28
Specimen 3.2 V-1C-H-M-2 1070 Homogeneous beam x Metallic pollutants 28,38 20,99 9241 1195,99 20,09 19,19 21857 20,09
Specimen 3.3 V-1C-H-M-3 1070 Homogeneous beam x Metallic pollutants 29,16 21,01 9274 1977,97 32,27 30,82 22536 32,27
Specimen 3.4 V-2D-C6-C-1 1070 Composite beam Fl 6 mm CSP Pollutants 29,01 21,00 9254 1993,25 32,74 31,26 22371 32,74
Specimen 3.5 V-2D-C8-C-2 1070 Composite beam Fl 8 mm CSP Pollutants 28,86 20,86 9070 2315,91 38,74 37,01 21816 38,74
Specimen 3.6 V-2D-C12-C-1 1070 Composite beam Fl 12 mm CSP Pollutants 28,57 20,86 9080 2960,82 50,01 47,78 21615 50,01
Specimen 3.7 V-2D-C12-C-2 1070 Composite beam Fl 12 mm CSP Pollutants 28,90 21,15 9454 3009,14 48,91 46,69 22767 48,91
Specimen 3.8 V-2D-C12-C-3 1070 Composite beam Fl 12 mm CSP Pollutants 29,08 21,03 9304 1137,10 18,56 17,73 22547 18,56
Specimen 3.9 V-4A-CR8-M-1 1070 Composite beam Fr 8 mm Metallic pollutants 28,39 21,02 9281 508,20 8,51 8,13 21959 8,51
Specimen 3.10 V-4A-CR8-M-3 1070 Composite beam Fr 8 mm Metallic pollutants 28,91 20,85 9064 870,05 14,54 13,89 21833 14,54

Specimen 4.1 V-1D-Fl-H-1 1070 Homogeneous beam Fl 6-8-6 mm x 28,67 21,2 9528 2487,97 40,55 38,71 22764 40,55
Specimen 4.2 V-1D-Fl-H-2 1070 Homogeneous beam Fl 12-6 mm x 28,53 20,91 9142 2995,44 50,43 48,17 21736 50,43
Specimen 4.3 V-1D-Fl-H-3 1070 Homogeneous beam Fl 6-8-6 mm x 28,62 21 9261 3133,15 52,13 49,78 22087 52,13

Four-point bending test IV

Total length = 350 mm

Beam information Dimensions Fmax Flexural strength (σ)

Four-point bending test I

Four-point bending test II

Four-point bending test III

Moment of 
Inertia (I)

Strength at 
support  (σ)

Flexural strength 
(incl. frictional 
constraint of 
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APPENDIX F

F - Overview beams with failure analysis - Four point bending test I
Fracture origin 

distance from middle, 
horizontal  (mm)
Left = - , Right = + Stress level Shape

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded 16,34 Centre 4 8,4 7,6 Low energy failure Compression curl 

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded 15,57 Left -57,6 0 22 Low energy failure Compression curl 

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed Silicone inclusions 
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,69 Right, Break at or near 

load pin, beware of 
misallignments or 
twisting errors

60 0 12,2 Medium - high energy 
failure

Compression curl 

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded 25,06 Right, primary - origin 
near, but not directly at 
load pin

60,8 0 4,3 Medium - high energy 
failure

Compression curl 

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,55 Right 20,7 0 3,4 Low energy failure Compression curl 

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded 29,3 Left, primary - origin 
near, but not directly at 
load pin 

-47,4 2,5 0 Medium - high energy 
failure

Compression curl 

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Succeeded Silicone inclusions 
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded 40 Right, primary - origin 

near, but not directly at 
load pin

59 0 3 Medium - high energy 
failure

Compression curl 

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 57,51 Centre -5,5 2 0 High energy failure Double compression 
curl 

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 38,09 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting errors

60 0 10.3 Medium - high energy 
failure

Compression curl 

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Succeeded 45,69 Left -47,4 0 2,5 High energy failure Double compression 
curl 

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 48,16 Right 66,8 0 27,4 High energy failure Double compression 
curl 

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 39,06 Right 36 1,7 0 High energy failure Double compression 
curl 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 52,42 Right 47,2 1,5 28 High energy failure Double compression 
curl 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 45,61 Centre -16,5 0 1,8 High energy failure Double compression 
curl 

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 35,39 Left 48,1 0 19,5 High energy failure Double compression 
curl 

1.16 V-2B-C10-C-2 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 31,91 Right 20,9 0 21,1 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason Photo Flexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)
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Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded 16,34 Centre 4 8,4 7,6 Low energy failure Compression curl 

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded 15,57 Left -57,6 0 22 Low energy failure Compression curl 

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed Silicone inclusions 
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,69 Right, Break at or near 

load pin, beware of 
misallignments or 
twisting errors

60 0 12,2 Medium - high energy 
failure

Compression curl 

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded 25,06 Right, primary - origin 
near, but not directly at 
load pin

60,8 0 4,3 Medium - high energy 
failure

Compression curl 

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,55 Right 20,7 0 3,4 Low energy failure Compression curl 

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded 29,3 Left, primary - origin 
near, but not directly at 
load pin 

-47,4 2,5 0 Medium - high energy 
failure

Compression curl 

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Succeeded Silicone inclusions 
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded 40 Right, primary - origin 

near, but not directly at 
load pin

59 0 3 Medium - high energy 
failure

Compression curl 

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 57,51 Centre -5,5 2 0 High energy failure Double compression 
curl 

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 38,09 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting errors

60 0 10.3 Medium - high energy 
failure

Compression curl 

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Succeeded 45,69 Left -47,4 0 2,5 High energy failure Double compression 
curl 

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 48,16 Right 66,8 0 27,4 High energy failure Double compression 
curl 

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 39,06 Right 36 1,7 0 High energy failure Double compression 
curl 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 52,42 Right 47,2 1,5 28 High energy failure Double compression 
curl 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 45,61 Centre -16,5 0 1,8 High energy failure Double compression 
curl 

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 35,39 Left 48,1 0 19,5 High energy failure Double compression 
curl 

1.16 V-2B-C10-C-2 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 31,91 Right 20,9 0 21,1 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason Photo Flexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Failed Ceramic inclusions 

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Succeeded 16,34 Centre 4 8,4 7,6 Low energy failure Compression curl 

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants Succeeded 15,57 Left -57,6 0 22 Low energy failure Compression curl 

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Failed Silicone inclusions 
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,69 Right, Break at or near 

load pin, beware of 
misallignments or 
twisting errors

60 0 12,2 Medium - high energy 
failure

Compression curl 

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Succeeded 25,06 Right, primary - origin 
near, but not directly at 
load pin

60,8 0 4,3 Medium - high energy 
failure

Compression curl 

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Succeeded 21,55 Right 20,7 0 3,4 Low energy failure Compression curl 

1.6 V-1B-H-HR-1 1B 1120 Homogeneous beam x HR glass Succeeded 29,3 Left, primary - origin 
near, but not directly at 
load pin 

-47,4 2,5 0 Medium - high energy 
failure

Compression curl 

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Coated Succeeded Silicone inclusions 
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Succeeded 40 Right, primary - origin 

near, but not directly at 
load pin

59 0 3 Medium - high energy 
failure

Compression curl 

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 57,51 Centre -5,5 2 0 High energy failure Double compression 
curl 

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants Failed Silicone inclusions 

1.9 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 38,09 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting errors

60 0 10.3 Medium - high energy 
failure

Compression curl 

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants Failed Silicone inclusions 

1.10 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Succeeded 45,69 Left -47,4 0 2,5 High energy failure Double compression 
curl 

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 48,16 Right 66,8 0 27,4 High energy failure Double compression 
curl 

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Succeeded 39,06 Right 36 1,7 0 High energy failure Double compression 
curl 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 52,42 Right 47,2 1,5 28 High energy failure Double compression 
curl 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 45,61 Centre -16,5 0 1,8 High energy failure Double compression 
curl 

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 35,39 Left 48,1 0 19,5 High energy failure Double compression 
curl 

1.16 V-2B-C10-C-2 2B 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 31,91 Right 20,9 0 21,1 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason Photo Flexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)

APPENDIX F

Table 28: Overview beams with failure analysis for Four-point bending test I
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F - Overview beams with failure analysis - Four point bending test II
Fracture origin 

distance from middle, 
horizontal  (mm)
Left = - , Right = + Stress level Shape

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 42,27 Right 31,4 1,3 28 High energy failure Double compression 
curl 

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 45,23 Left -52,6 0 28 High energy failure Double compression 
curl 

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed Ceramic inclusion
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded 47,19 Right 57,3 0 27,5 High energy failure Double compression 

curl 

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 35,83 Right 51 0 25,7 Low energy failure Compression curl

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 10,95 Left -44,4 0 17,4 Low energy failure Compression curl

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 46,57 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

79,4 1,5 28 Medium - High energy 
failure

Compression curl 

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 43,7 Right 22,8 0 0 High energy failure Double compression 
curl 

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 26,35 Centre -2,6 0 2,7 Low energy failure Compression curl 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 19,14 Centre 4,3 0 26,6 Low energy failure Compression curl 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 23,07 Left -41,5 0 2,6 Low energy failure Compression curl 

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 29,31 Right 50 0 24,1 Medium - High energy 
failure

Double compression 
curl with long 
perpendicular line

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 39,19 Right -39,5 1,4 0 High energy failure Double compression 
curl 

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 20,58 Right 24,5 2 0 Low energy failure Compression curl

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 38,91 Left,  Break at or near 
load pin, beware of 
misallignments or 
twisting

-71,8 1,4 28 Low energy failure Compression curl 

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed Ceramic inclusion
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed Ceramic inclusion

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 15,99 Left -80 0 1,7 Low energy failure Compression curl 

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 37,91 Right 11,5 1,5 0 High energy failure Double compression 
curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)
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Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 42,27 Right 31,4 1,3 28 High energy failure Double compression 
curl 

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 45,23 Left -52,6 0 28 High energy failure Double compression 
curl 

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed Ceramic inclusion
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded 47,19 Right 57,3 0 27,5 High energy failure Double compression 

curl 

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 35,83 Right 51 0 25,7 Low energy failure Compression curl

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 10,95 Left -44,4 0 17,4 Low energy failure Compression curl

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 46,57 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

79,4 1,5 28 Medium - High energy 
failure

Compression curl 

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 43,7 Right 22,8 0 0 High energy failure Double compression 
curl 

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 26,35 Centre -2,6 0 2,7 Low energy failure Compression curl 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 19,14 Centre 4,3 0 26,6 Low energy failure Compression curl 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 23,07 Left -41,5 0 2,6 Low energy failure Compression curl 

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 29,31 Right 50 0 24,1 Medium - High energy 
failure

Double compression 
curl with long 
perpendicular line

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 39,19 Right -39,5 1,4 0 High energy failure Double compression 
curl 

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 20,58 Right 24,5 2 0 Low energy failure Compression curl

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 38,91 Left,  Break at or near 
load pin, beware of 
misallignments or 
twisting

-71,8 1,4 28 Low energy failure Compression curl 

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed Ceramic inclusion
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed Ceramic inclusion

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 15,99 Left -80 0 1,7 Low energy failure Compression curl 

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 37,91 Right 11,5 1,5 0 High energy failure Double compression 
curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 42,27 Right 31,4 1,3 28 High energy failure Double compression 
curl 

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Succeeded 45,23 Left -52,6 0 28 High energy failure Double compression 
curl 

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Failed Ceramic inclusion
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Succeeded 47,19 Right 57,3 0 27,5 High energy failure Double compression 

curl 

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 35,83 Right 51 0 25,7 Low energy failure Compression curl

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Succeeded 10,95 Left -44,4 0 17,4 Low energy failure Compression curl

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 46,57 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

79,4 1,5 28 Medium - High energy 
failure

Compression curl 

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Succeeded 43,7 Right 22,8 0 0 High energy failure Double compression 
curl 

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Succeeded 26,35 Centre -2,6 0 2,7 Low energy failure Compression curl 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Succeeded 19,14 Centre 4,3 0 26,6 Low energy failure Compression curl 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 23,07 Left -41,5 0 2,6 Low energy failure Compression curl 

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 29,31 Right 50 0 24,1 Medium - High energy 
failure

Double compression 
curl with long 
perpendicular line

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Succeeded 39,19 Right -39,5 1,4 0 High energy failure Double compression 
curl 

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 20,58 Right 24,5 2 0 Low energy failure Compression curl

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Succeeded 38,91 Left,  Break at or near 
load pin, beware of 
misallignments or 
twisting

-71,8 1,4 28 Low energy failure Compression curl 

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants Failed Ceramic inclusion
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants Failed Ceramic inclusion

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants 15,99 Left -80 0 1,7 Low energy failure Compression curl 

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants 37,91 Right 11,5 1,5 0 High energy failure Double compression 
curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 

botom, vertical  
(mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded 14,28 Right 18,1 0 6,7 Low energy failure Compression curl 

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded 20,09 Left -24,1 5,5 22,7 Low energy failure Compression curl 

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded 32,27 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

62,2 0 3 Medium - High energy faDouble compression 
curl, with long 
perpendicular line

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded 32,74 Right 9,3 0 27,4 Medium - High energy 
failure

Double compression 
curl, with long 
perpendicular line

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded 38,74 Right 11,4 1,4 0 High energy failure Double compression 
curl

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 50,01 Centre 2,7 0 0 High energy failure Double compression 
curl 

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 48,91 Right 41 0 26,6 High energy failure Double compression 
curl 

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 18,56 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting

78,3 0 2,7 Low energy failure Compression curl 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 8,51 Right 39,4 0 8,8 Low energy failure Compression curl 

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 14,54 Left -36,5 0 22,7 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 
Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 

botom, vertical  
(mm)

F - Overview beams with failure analysis - Four point bending test III

Table 29: Overview beams with failure analysis for Four-point bending test II
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Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded 14,28 Right 18,1 0 6,7 Low energy failure Compression curl 

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded 20,09 Left -24,1 5,5 22,7 Low energy failure Compression curl 

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded 32,27 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

62,2 0 3 Medium - High energy faDouble compression 
curl, with long 
perpendicular line

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded 32,74 Right 9,3 0 27,4 Medium - High energy 
failure

Double compression 
curl, with long 
perpendicular line

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded 38,74 Right 11,4 1,4 0 High energy failure Double compression 
curl

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 50,01 Centre 2,7 0 0 High energy failure Double compression 
curl 

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 48,91 Right 41 0 26,6 High energy failure Double compression 
curl 

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 18,56 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting

78,3 0 2,7 Low energy failure Compression curl 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 8,51 Right 39,4 0 8,8 Low energy failure Compression curl 

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 14,54 Left -36,5 0 22,7 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 
Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 

botom, vertical  
(mm)

Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants succeeded 14,28 Right 18,1 0 6,7 Low energy failure Compression curl 

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants succeeded 20,09 Left -24,1 5,5 22,7 Low energy failure Compression curl 

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants succeeded 32,27 Right,  Break at or near 
load pin, beware of 
misallignments or 
twisting

62,2 0 3 Medium - High energy faDouble compression 
curl, with long 
perpendicular line

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants succeeded 32,74 Right 9,3 0 27,4 Medium - High energy 
failure

Double compression 
curl, with long 
perpendicular line

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants succeeded 38,74 Right 11,4 1,4 0 High energy failure Double compression 
curl

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 50,01 Centre 2,7 0 0 High energy failure Double compression 
curl 

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 48,91 Right 41 0 26,6 High energy failure Double compression 
curl 

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants succeeded 18,56 Right, Break at or near 
load pin, beware of 
misallignments or 
twisting

78,3 0 2,7 Low energy failure Compression curl 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 8,51 Right 39,4 0 8,8 Low energy failure Compression curl 

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants failed Machining
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants succeeded 14,54 Left -36,5 0 22,7 Low energy failure Compression curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 
Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 

botom, vertical  
(mm)

Table 30: Overview beams with failure analysis for Four-point bending test III
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F - Overview beams with failure analysis - Four point bending test IV

Table 31: Overview beams with failure analysis for Four-point bending test IV

Fracture origin 
distance from middle, 

horizontal  (mm)
Left = - , Right = + Stress level Shape

4.1 V-1D-H-FL-1 1D 1070 Homogeneous beam Fl 6-8-6 mm x succeeded 40,55 Left -52 0 27,7 High energy failure Double compression 
curl 

4.2 V-1D-H-FL-2 1D 1070 Homogeneous beam Fl 12-6 mm x succeeded 50,43 Centre -12 0 0,5 High energy failure Double compression 
curl 

4.3 V-1D-H-FL-3 1D 1070 Homogeneous beam Fl 6-8-6 mm x succeeded 52,15 Left -37,9 0 26,3 High energy failure Double compression 
curl 

Status before 
structural 

performance test

Number Reason PhotoFlexural 
strength (σ) 

(Mpa)

Name beam Fire round Type Surface type: 
Float (Fl), 
Fritted (Fr)

Bulk type Location of the failure 
(left, centre, right)

Type of crack Fracture origin 
distance from 
back to front, 

horizontal  (mm)

Forming 
temperature 

(°C)

Fracture origin 
distance from 

botom, vertical  
(mm)
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G - Overview beams with  microscopic analysis - Four point bending test I

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Ceramic inclusion

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Silicone inclusion

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants The fracture is located in 
the interface between the 
glass and the silicone

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Ceramic inclusion
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap. Crytallization is 
also localised at the 
fracture

1.6 V-1B-H-HR-1 1120 Homogeneous beam x HR glass Crystallization

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Soft coating Silicone inclusion
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Soft coating Crystallization

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Infolds, small gaps are 
located athe fracture. A 
shear mark is shown

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap in the gap

1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Machining. The surface 
contains multiple voids

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Crystallization

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing)

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Scratches, Machining 
(Polishing)

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: Float 
(Fl), Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Ceramic inclusion

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Silicone inclusion

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants The fracture is located in 
the interface between the 
glass and the silicone

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Ceramic inclusion
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap. Crytallization is 
also localised at the 
fracture

1.6 V-1B-H-HR-1 1120 Homogeneous beam x HR glass Crystallization

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Soft coating Silicone inclusion
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Soft coating Crystallization

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Infolds, small gaps are 
located athe fracture. A 
shear mark is shown

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap in the gap

1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Machining. The surface 
contains multiple voids

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Crystallization

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing)

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Scratches, Machining 
(Polishing)

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: Float 
(Fl), Fritted (Fr)

Bulk typeForming 
temperature (°C)

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Ceramic inclusion

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Silicone inclusion

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants The fracture is located in 
the interface between the 
glass and the silicone

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Ceramic inclusion
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap. Crytallization is 
also localised at the 
fracture

1.6 V-1B-H-HR-1 1120 Homogeneous beam x HR glass Crystallization

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Soft coating Silicone inclusion
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Soft coating Crystallization

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Infolds, small gaps are 
located athe fracture. A 
shear mark is shown

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap in the gap

1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Machining. The surface 
contains multiple voids

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Crystallization

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing)

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Scratches, Machining 
(Polishing)

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: Float 
(Fl), Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Ceramic inclusion

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Silicone inclusion

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants The fracture is located in 
the interface between the 
glass and the silicone

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Ceramic inclusion
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap. Crytallization is 
also localised at the 
fracture

1.6 V-1B-H-HR-1 1120 Homogeneous beam x HR glass Crystallization

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Soft coating Silicone inclusion
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Soft coating Crystallization

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Infolds, small gaps are 
located athe fracture. A 
shear mark is shown

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap in the gap

1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Machining. The surface 
contains multiple voids

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Crystallization

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing)

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Scratches, Machining 
(Polishing)

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: Float 
(Fl), Fritted (Fr)

Bulk typeForming 
temperature (°C)

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

V-1A-H-HR-1 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-2 1A 1120 Homogeneous beam x HR glass Ceramic inclusion
V-1A-H-HR-3 1A 1120 Homogeneous beam x HR glass Ceramic inclusion

1.1 V-1A-H-C-1 1A 1120 Homogeneous beam x CSP pollutants Silicone inclusion

1.2 V-1A-H-C-2 1A 1120 Homogeneous beam x CSP pollutants The fracture is located in 
the interface between the 
glass and the silicone

V-1A-H-C-3 1A 1120 Homogeneous beam x CSP pollutants Ceramic inclusion
1.3 V-1B-H-F-1 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.4 V-1B-H-F-2 1B 1120 Homogeneous beam x Fritted glass Crystallization

1.5 V-1B-H-F-3 1B 1120 Homogeneous beam x Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap. Crytallization is 
also localised at the 
fracture

1.6 V-1B-H-HR-1 1120 Homogeneous beam x HR glass Crystallization

V-1B-H-S-1 1B 1120 Homogeneous beam x SNX 60/26 Soft coating Silicone inclusion
1.7 V-1B-H-B-1 1B 1120 Homogeneous beam x Blue Solar light Soft coating Crystallization

1.8 V-2A-C8-C-1 2A 1070 Composite beam Fl 8 mm CSP pollutants Infolds, small gaps are 
located athe fracture. A 
shear mark is shown

V-2A-C8-C-2 2A 1070 Composite beam Fl 8 mm CSP pollutants
V-2A-C8-C-3 2A 1070 Composite beam Fl 8 mm CSP pollutants

1.9 V-2A-C8-F-1 2A 1070 Composite beam Fl 8 mm Fritted glass Infolds (small gaps). The 
cullets did not fuse 
completely. Debris and 
mould content is located 
in the gap in the gap

1.10 V-2A-C10-C-1 2A 1070 Composite beam Fl 10 mm CSP pollutants Machining. The surface 
contains multiple voids

V-2A-C10-C-2 2A 1070 Composite beam Fl 10 mm CSP pollutants
V-2A-C10-C-3 2A 1070 Composite beam Fl 10 mm CSP pollutants

1.11 V-2B-C6-C-1 2B 1070 Composite beam Fl 6 mm CSP pollutants Crystallization

1.12 V-2B-C6-C-2 2B 1070 Composite beam Fl 6 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.13 V-2B-C8-C-1 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing), Also infolds 
are visible at the location 
of the fracture 

1.14 V-2B-C8-C-2 2B 1070 Composite beam Fl 8 mm CSP pollutants Scratches, Machining 
(Polishing)

1.15 V-2B-C10-C-1 2B 1070 Composite beam Fl 10 mm CSP pollutants Scratches, Machining 
(Polishing)

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: Float 
(Fl), Fritted (Fr)

Bulk typeForming 
temperature (°C)

1.16 V-2B-C10-C-2 2B 1070 Composite beam Fl 10 mm CSP pollutants Machining (Polishing 
marks)

Table 32: Overview beams with microscopic analysis for Four-point bending test I
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G - Overview beams with  microscopic analysis - Four point bending test II

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)
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G - Overview beams with  microscopic analysis - Four point bending test III

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants Crystallization

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants Shear marks, cracks are 
starting to appear on the 
edge. Seems like infolds 
but due to machining 
they increased.

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants Stress inducing. Under 
the syrface is debris 
localised. Crystallization

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants Infolds

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants Machining

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing. 
However infolds are also 
visible in the fracture 
started in an infold. 
Meaning that machining 
increased this surface 
flaw

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants This is a special type of 
fracture. The fracture 
started at an edge. 
Scracthes are visible so 
this means this is a 
machining flaw due to 
edge treatment. 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

2.16 V-4A-CR8-C-3 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

2.1 V-2C-C6-C-1 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.2 V-2C-C6-C-2 2C 1070 & 1120 Composite beam Fl 6 mm CSP pollutants Scratches. Machining 
flaw.

V-2C-C8-C-1 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants
2.3 V-2C-C8-C-2 2C 1070 & 1120 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 

flaw. Infolds

2.4 V-2C-C10-C-1 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.5 V-2C-C10-C-2 2C 1070 & 1120 Composite beam Fl 10 mm CSP pollutants Surface flaws. 
Crystallizations on the 
float glass

2.6 V-2C-C12-C-1 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Scratches

2.7 V-2C-C12-C-2 2C 1070 & 1120 Composite beam Fl 12 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.8 V-2D-C8-C-1 2D 1070 Composite beam Fl 8 mm CSP pollutants Scratches. Machining 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.9 V-2D-C10-C-1 2D 1070 Composite beam Fl 10 mm CSP pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw. Surface 
flaw.  Perpendiculair area 
is open. Powerful flaw. 

2.10 V-3A-C8-M-1 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.11 V-3A-C8-M-2 3A 1070 Composite beam Fl 8 mm Metallic pollutants Infolds

2.12 V-3A-C8-M-3 3A 1070 Composite beam Fl 8 mm Metallic pollutants Flaw origin starts at the 
polishing marks. 
Machining flaw

2.13 V-3A-C10-M-1 3A 1070 Composite beam Fl 10 mm Metallic pollutants Infolds

2.14 V-3A-C10-M-2 3A 1070 Composite beam Fl 10 mm Metallic pollutants Cutting flaw. Scratches. 
Machining

V-3A-C10-M-3 3A 1070 Composite beam Fl 10 mm Metallic pollutants
V-4A-CR8-C-1 4A 1070 Composite beam Fr 8 mm CSP pollutants

2.15 V-4A-CR8-C-2 4A 1070 Composite beam Fr 8 mm CSP pollutants Machining. Polishing 
mark 

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Table 33: Overview beams with microscopic analysis of Four-point bending test II
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants Crystallization

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants Shear marks, cracks are 
starting to appear on the 
edge. Seems like infolds 
but due to machining 
they increased.

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants Stress inducing. Under 
the syrface is debris 
localised. Crystallization

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants Infolds

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants Machining

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing. 
However infolds are also 
visible in the fracture 
started in an infold. 
Meaning that machining 
increased this surface 
flaw

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants This is a special type of 
fracture. The fracture 
started at an edge. 
Scracthes are visible so 
this means this is a 
machining flaw due to 
edge treatment. 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants Crystallization

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants Shear marks, cracks are 
starting to appear on the 
edge. Seems like infolds 
but due to machining 
they increased.

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants Stress inducing. Under 
the syrface is debris 
localised. Crystallization

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants Infolds

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants Machining

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing. 
However infolds are also 
visible in the fracture 
started in an infold. 
Meaning that machining 
increased this surface 
flaw

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants This is a special type of 
fracture. The fracture 
started at an edge. 
Scracthes are visible so 
this means this is a 
machining flaw due to 
edge treatment. 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants Crystallization

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants Shear marks, cracks are 
starting to appear on the 
edge. Seems like infolds 
but due to machining 
they increased.

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants Stress inducing. Under 
the syrface is debris 
localised. Crystallization

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants Infolds

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants Machining

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing. 
However infolds are also 
visible in the fracture 
started in an infold. 
Meaning that machining 
increased this surface 
flaw

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants This is a special type of 
fracture. The fracture 
started at an edge. 
Scracthes are visible so 
this means this is a 
machining flaw due to 
edge treatment. 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)
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Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

3.1 V-1C-H-M-1 1C 1070 Homogeneous beam x Metallic pollutants Crystallization

3.2 V-1C-H-M-2 1C 1070 Homogeneous beam x Metallic pollutants Shear marks, cracks are 
starting to appear on the 
edge. Seems like infolds 
but due to machining 
they increased.

3.3 V-1C-H-M-3 1C 1070 Homogeneous beam x Metallic pollutants Stress inducing. Under 
the syrface is debris 
localised. Crystallization

3.4 V-2D-C6-C-1 2D 1070 Composite beam Fl 6 mm CSP pollutants Infolds

3.5 V-2D-C8-C-2 2D 1070 Composite beam Fl 8 mm CSP pollutants Machining

3.6 V-2D-C12-C-1 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing

3.7 V-2D-C12-C-2 2D 1070 Composite beam Fl 12 mm CSP pollutants Machining. Scracthes are 
visible due to polishing. 
However infolds are also 
visible in the fracture 
started in an infold. 
Meaning that machining 
increased this surface 
flaw

3.8 V-2D-C12-C-3 2D 1070 Composite beam Fl 12 mm CSP pollutants This is a special type of 
fracture. The fracture 
started at an edge. 
Scracthes are visible so 
this means this is a 
machining flaw due to 
edge treatment. 

3.9 V-4A-CR8-M-1 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

V-4A-CR8-M-2 4A 1070 Composite beam Fr 8 mm Metallic pollutants
3.10 V-4A-CR8-M-3 4A 1070 Composite beam Fr 8 mm Metallic pollutants Crystallization

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Table 34: Overview beams with microscopic analysis of Four-point bending test III
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G - Overview beams with  microscopic analysis - Four point bending test IV

APPENDIX G

Close-up bottom view (on the side where the tension was located) Location of fracture Close-up fracture

4.1 V-1D-H-FL-1 1D 1070 Homogeneous beam Fl 6-8-6 mm x Machining. Scratches are 
shown (Polishing marks). 
Furthermore also some 
crystalization is localised 
at the edges

4.2 V-1D-H-FL-2 1D 1070 Homogeneous beam Fl 12-6 mm x Machining. Scratches are 
shown (Polishing marks). 
Furthermore also some 
crystalization is localised 
at the edges

4.3 V-1D-H-FL-3 1D 1070 Homogeneous beam Fl 6-8-6 mm x Infolds, Strength reducing

Microscopic photosNumber Observed defects Name beam Fire round Type Surface type: 
Float (Fl), 

Fritted (Fr)

Bulk typeForming 
temperature (°C)

Table 35: Overview beams with microscopic analysis of Four-point bending test IV




