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Abstract

The construction sector is a significant contributor to the CO, footprint in the Netherlands, emitting
greenhouse gases that harm the global environment. To mitigate these emissions, all sectors must
lower their CO, emission. In construction, an effective strategy is reducing the use of primary materials
through component reuse. However, flaws in glass components often result in the replacement of the
entire panel (Overend and Louter 2015).

This research focuses on reusing glass panels to reduce waste and CO, emissions. Through thermal
treatment, aged glass could potentially be reused without compromising structural integrity. The glass
used in this study is 15-year-old annealed soda-lime silica glass. The main research question is:

To what extent can thermal treatment enhance the strength of naturally aged glass, affecting
their potential for reuse?

There are three additional research questions:

» To what extent do different thermal treatments influence the morphology of surface flaws?
» To what extent do different thermal treatments affect the strength of aged glass?

» To what extent do surface flaws and strength recovery after thermal treatment differ between
naturally and artificially aged glass?

Naturally aged glass, developing surface flaws over time from environmental exposure and human
activity, was studied alongside artificially aged glass to assess differences in surface damage and
thermal treatment effects. Microscopy and image analysis showed that naturally aged glass treated
at 500°C and 600°C exhibited no clear healing trend. Some surfaces seem to show improvements,
while others developed more scratches. In contrast, artificially aged glass responded more consistently.
Thermal treatment at 500°C caused minimal changes apart from occasional subcritical crack growth,
while at 600°C, scratch width increased due to subcritical crack growth and a yellow discolouration
occurred. Energy-dispersive X-ray spectroscopy revealed chemical changes on the air side of the
glass, as the metal coating oxidizes during thermal treatment, altering the surface composition.

The strength of aged glass was evaluated using a coaxial double-ring test at 20 MPa/s, with results
analysed via the 2-parameter Weibull distribution and weighted least squares regression. The tests
revealed clear differences between naturally and artificially aged glass. Thermal treatment reduced the
strength of naturally aged glass, with the 5% fractile decreasing by 28% after heating to 500°C and by
56% after heating to 600°C. In contrast, artificially aged glass improved, with the 5% fractile increasing
by 13% after heating to 500°C and by 41% after heating to 600°C. SCALP-05 measurements assess
surface stress in three groups: untreated glass, and glass treated at 500°C and 600°C. The average
surface stresses measured were -6.49 MPa, -2.76 MPa, and -2.30 MPa. Although thermal treatment
reduced surface stress, this effect was insufficient to influence overall strength conclusions.

The influence of thermal treatment on surface flaws differs notably between naturally and artificially
aged glass. Microscopy showed minimal changes in naturally aged glass despite reduced strength,
while artificially aged glass appeared visually worse but showed strength improvements in ring-on-ring
testing. This is likely due to the primary failure mode: artificially aged glass is strengthened by healing
of dominant scratches, whereas naturally aged glass is mainly affected by overall material weakening.

This research assessed whether thermal treatment could restore the strength of naturally aged glass
for reuse in the construction industry. However, the results demonstrated that thermal treatment not
only failed to enhance the strength of naturally aged glass but also caused a noticeable reduction in
strength. Additionally, yellow discolouration occurred during thermal treatment. In conclusion, thermal
treatment, as implemented in this study, compromised both the strength and appearance of naturally
aged glass, limiting its feasibility for reuse in construction.
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Introduction

The construction sector is a significant contributor to the CO, footprint in the Netherlands, emitting
greenhouse gases that adversely affect the global environment. On a global scale, according to West-
broek et al. (2021), the glass industry produced 150 million tonnes of glass in 2014, resulting in approx-
imately 86 million tonnes of CO5 emissions, about 0.3% of total global CO5 emissions. Around 42%
of this output was flat glass and it is estimated that roughly 83% of this was used in the construction
sector. To mitigate these emissions, EU member states have committed to achieving climate neutrality
by 2050 and reducing greenhouse gas emissions by 55% by 2030 (Ministerie van Volkshuisvesting
2024). These goals form part of the EU’s contribution to the Paris Climate Agreement, which aims to
limit global temperature increases (Nations 2015).

Achieving these ambitious goals requires all sectors to reduce CO, emissions. In the construction
industry, a particularly effective strategy is to minimise the use of primary materials by reusing compo-
nents such as glass panels. However, in the building industry, flaws in glass components often result in
the replacement of the entire panel to ensure that the panel meets the strength requirements (Overend
and Louter 2015). Although efforts to reduce waste and promote material reuse are increasing, the
quality of salvaged materials is often uncertain. Without reliable information on their properties, the
reuse of these materials could pose safety risks.

This research focusses on the reuse of glass panels as a means of reducing waste and could potentially
minimising the CO, footprint. Reusing glass panels can prevent them from being discarded or recycled.
Through glass repair with a process called thermal treatment, salvaged glass panels can be safely
reused without compromising their structural integrity.

1.1. Problem statement

The production of flat glass, widely used in fagades and windows, is one of the more energy-intensive
processes in the construction materials sector (Westbroek et al. 2021). Furnaces must reach tempera-
tures of around 1500-1600°C to melt raw materials such as sand, soda ash, and limestone, resulting in
significant carbon dioxide emissions from both fuel combustion and the decomposition of carbonates
in the raw materials. Although glass can be recycled multiple times without compromising its qual-
ity, it predominantly follows a linear waste model rather than a circular one, leading to continued high
consumption of raw materials and energy.

According to Veer et al. (2023), the lack of knowledge about the properties of weathered glass is cur-
rently a major barrier to glass reuse, leading to many architectural glass panels being discarded rather
than reused. The strength of glass is highly sensitive to surface characteristics and over time the sur-
face becomes damaged, leading to a reduction in strength. To ensure that glass can be reused, surface
damage can be repaired. A potential repairing method could be thermal treatment, which has shown
the ability to repair artificially aged glass but has not yet been validated on naturally aged glass (Datsiou,
Bristogianni, et al. 2025). Thermal treatment could potentially repair larger areas of glass, allowing it
to regain strength and be reused in new construction projects.



1.2. Aim and objective 2

1.2. Aim and objective

The aim of this research is to determine the effect of thermal treatment on the strength of naturally
aged glass and to assess whether surface defects can be repaired using thermal treatment. The tem-
perature will be varied during the study to assess its impact on the thermal treatment process and the
resulting glass strength. The findings may provide valuable insights into the potential for glass repair
and contribute to reducing waste from discarded glass panels.

1.3. Research question

To what extent can thermal treatment enhance the strength of naturally aged glass, affecting
their potential for reuse?

Additional research questions:

» To what extent do different thermal treatments influence the morphology of surface flaws?
» To what extent do different thermal treatments affect the strength of aged glass?

» To what extent do surface flaws and strength recovery after thermal treatment differ between
naturally and artificially aged glass?

1.4. Outline

This research aims to evaluate the effect of thermal treatment on naturally aged glass. Due to the
limited availability of literature on this topic, artificially aged glass was also tested to allow comparison
with existing studies and to validate previous findings. Naturally aged glass has been exposed to
environmental conditions during the lifetime of the window, potentially developing surface defects that
reduce its strength. If the glass remains in relatively good condition, the effects of thermal treatment
may be less noticeable. In contrast, the artificially aged glass is intentionally scratched. By comparing
artificially aged glass to naturally aged glass, this study investigates whether glass with more severe
flaws responds differently to thermal treatment than glass with micro-scale surface flaws.

The specific type of naturally aged glass used in the study is soda-lime silica glass, which is the most
commonly used in the building industry and is also the most representative of the glass elements
currently discarded from buildings (Karlsson et al. 2023) (Sofokleous 2022).

Surface characteristics are assessed using microscopy and mechanical strength is evaluated through
destructive testing to determine the glass’s potential for reuse in new construction. The thermal treat-
ment process depends on the availability of furnaces, which might be a limitation of this research.

1.5. Research gaps

Most studies have focused on artificially aged glass, where surface damage is introduced using the
Vickers indentation method. In contrast, naturally aged glass has not yet been examined, representing
a significant research gap in understanding its response to thermal treatment. As noted by Zaccaria
and Overend (2016), previous work has relied on artificial cracks, whereas testing naturally aged glass
allows evaluation of realistic flaws and provides insight into how flaw populations evolve. Unlike arti-
ficially aged samples, which contain controlled damage, naturally aged glass exhibits a distribution of
flaws across its surface, necessitating adjustments in microscopy and analysis, since evaluation ex-
tends beyond a single scratch to the entire ring area of the specimen. Because the healing behaviour
of naturally aged glass remains unknown and cannot be directly compared with earlier studies, unantic-
ipated behaviours may also emerge during testing, reflecting the unique and less predictable properties
of this material. Beyond addressing this gap, further research is required to maximise the potential of
thermal healing across different flaw types and severities, such as surface pits (Datsiou, Bristogianni,
et al. 2025), with treatment parameters like introducing water vapour during heating or approaching
the glass transition temperature, potentially enhancing viscous flow and improving the healing process.
At the same time, careful consideration of the thermal treatment temperature is essential, as cycles
above the glass transition temperature can induce substantial morphological changes and even al-
ter the atomic structure, directly affecting overall treatment outcomes (C. Wang, H. Wang, Gao, et al.
2021).



Theoretical background

This chapter provides the theoretical background on various aspects relevant to this study. It begins
with general information on the production process of glass and the resulting internal stresses, before
explaining its properties and recyclability. The focus then gradually narrows to the glass transition
temperature, followed by a review of previous studies on thermal treatment, which can be used to
develop a methodology and later compare their results with those of this study.

2.1. Production process

The production process for windows and facade glass is called float glass process. Currently, the float
process is the most popular primary manufacturing method and accounts for about 90% of today’s flat
glass production worldwide (Haldimann, Luible, and Overend 2008).

The production process of float glass is shown schematically in Figure 2.1. The raw materials are
melted in a furnace at temperatures of up to 1550°C. The molten glass is then poured continuously
at approximately 1000°C onto a shallow pool of molten tin, whose oxidation is prevented by an inert
atmosphere consisting of hydrogen and nitrogen. Tin is used because of the large temperature range
of its liquid physical state (232-2270°C) and its high specific weight in comparison with glass. The
glass floats on the tin and spreads outwards, forming a smooth, flat surface at an equilibrium thickness
of 6 to 7 mm. It is gradually cooled and drawn onto rollers before entering a long oven, called a lehr,
at around 600°C. The glass thickness can be controlled within a range of 2 to 2.5 mm by adjusting the
speed of the rollers. The annealing lehr slowly cools the glass to prevent residual stresses from being
induced within it.

raw material

1560°C 1000°C 600°C 500°C  100°C
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melter tin bath annealing lehr

Figure 2.1: Production process for float glass (Haldimann, Luible, and Overend 2008)

As a consequence of this production process, the two faces of glass sheets are not completely identical.
The strength of the tin side has been found to be marginally lower than that of the air side, due to
contact with the transport rollers in the cooling area. The tin side can be identified by its bluish-white
fluorescence when exposed to ultraviolet light (Haldimann, Luible, and Overend 2008).

2.2. Internal stressses

Float glass is produced at high temperatures and during cooling, the glass is slowly cooled in the
annealing lehr to prevent residual stresses from being induced within the glass. If the glass is cooled
too quickly, internal stresses can occur. This occurs because the surface of the glass typically cools

3
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more rapidly than the interior, resulting in compressive stresses at the surface and tensile stresses
within. These internal stresses increase the strength of the glass by resisting crack formation and
propagation.

In Figure 2.2, the effect of internal stresses is illustrated. The outer surfaces of the glass are in com-
pression, and this compressive prestress helps prevent cracks from forming or propagating. For the
glass to fail, an applied load must first overcome this compressive prestress before the tensile stresses
can cause fractures.

In this research, the effect of surface repair is investigated, which requires the internal stresses to
remain comparable across samples. The glass used is annealed glass, which typically exhibits minimal
to no surface stress. This characteristic must be considered when cooling the glass during thermal
treatment, as faster cooling could unintentionally introduce surface stresses that affect the results.

Or | top surface

case depth, dc

|=——Glass thickness, t —]

- | bottom surface
Or - | -
Compressive stress  Tensile stress

Figure 2.2: Stress profile thermal treated glass (Datsiou and Overend 2017b)

2.3. Properties

The intrinsic strength of glass is exceptionally high and may reach 32 GPa, based on the intermolecu-
lar bonds that are developed in the glass molecular network (Haldimann, Luible, and Overend 2008).
However, the actual strength of glass is much lower. The engineering strength of glass is typically
between 30 and 100 MPa. These strength values also correspond to measurements referred to in the
EU standard EN 16612 (2019). The 5%-fractile bending strength (characteristic value) of short-term
loaded glass is 45 MPa (Persson et al. 2020).

Glass is a brittle material whose strength is primarily determined by the presence of flaws on its surface
(Persson et al. 2020). Naturally aged glass refers to glass that has been damaged during its service life
(Datsiou and Overend 2017a). These surface flaws are created by weathering and localised damage.
Damage due to weathering consists of two components: chemical corrosion and mechanical abra-
sion. Chemical corrosion includes the leaching of Na™ ions from the glass by water and the breaking
down of Si—O bonds by water under tension. Mechanical abrasion consists of pitting from impacts and
scratches caused by the abrasion of hard particles moving over the surface (Veer et al. 2023)(Datsiou
and Overend 2017b)(Rota, Zaccaria, and Fiorito 2023). A glass element fails as soon as the stress
intensity, due to tensile stress at the tip of one flaw, reaches its critical value. Essentially, strength
decreases as defect size increases. The size of the defect thus controls the engineering strength of
annealed float glass (Veer et al. 2023).

The glass used in this research is soda-lime-silica glass. As the name suggests, itis primarily composed
of soda ash (sodium carbonate, Na,;CO3;), limestone (calcium carbonate, CaCO3), and silica (sand,
SiO3). A typical chemical composition of soda lime silica glass is shown in Table 2.1 and the material
properties are shown in Table 2.2.
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Table 2.1: Soda-lime silicate glass composition (Zaccaria and Overend 2016)

Chemical Mass percentage (%)

SiO, 69-74
CaO 5-14
Na,O 10-16
MgO 0-6
Al,O5 0-3
Others 0-5

Table 2.2: Relevant soda-lime silicate glass properties (Haldimann, Luible, and Overend 2008)

Property Symbol Value
Density (kg/m3) p 2500
Young’s modulus (MPa) E 70000
Poisson ratio (-) % 0.23

2.4. Recyclability

While glass can be infinitely recycled without losing its durability, in practice only a small percentage of
architectural glass is recycled. Studies on recycling of flat glass in Germany showed that almost 90%
of flat glass waste generated in the building sector is recycled. However, only 11% is returned to the
flat glass production, while the remaining glass is downcycled (Cupaé, Datsiou, and Louter 2024). This
indicates that the recycling steps within the glass lifecycle are often skipped, with most glass following
a linear path toward end-of-life or transformation. As a result, the process deviates from the circular
model illustrated in Figure 2.3 and resembles a more linear trajectory.
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Figure 2.3: Waste cycle of glass (Teich et al. 2024)

A major barrier to glass reuse is the lack of knowledge about the properties of aged glass. The challenge
of safe reuse lies in assessing the strength of glass that may be several years to several decades old.
Over time, glass can become damaged due to environmental factors or human interaction, leading to
a reduction in strength compared to its original condition. In order to assess the residual strength of
aged glass, it is essential to quantify it in terms of defects (Sofokleous 2022).
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2.5. Transition temperature

Thermal treatment is a method used to repair the surface of glass by heating it. For soda-lime sil-
ica glass, this transition typically occurs around 557°C (C. Wang, H. Wang, Gao, et al. 2021), while
Haldimann, Luible, and Overend (2008) reports a slightly lower value of approximately 530°C, as shown
in Table 2.3. At this point, glass begins to behave more like a viscous liquid, allowing the surface to
soften and partially self-heal scratches and dents. The glass shifts from a hard, brittle state to a soft,
rubbery one without melting. In the research by C. Wang, H. Wang, Gao, et al. (2021), the chosen
thermal treatment temperatures were 500°C (=0.9Tg) and 600°C (=1.1Tg). In a more recent study by
Datsiou, Bristogianni, et al. (2025), temperatures of 300 and 500 °C were used. Investigating thermal
treatment both below and above this threshold can help clarify how phase transitions influence surface
defect healing. Lower temperature can be used to investigate the potential of energy-saving solutions.

Table 2.3: Temperature of SLSG states (Haldimann, Luible, and Overend 2008)

State Temperature (°C)
Working point 1040

Softening point 720

Annealing point 540

Transition temperature (Tg) 530

Strain point 506

The glass transition temperature can be determined using Differential Scanning Calorimetry (DSC),
a thermal analysis technique that measures how a material absorbs or releases heat with changing
temperature. DSC helps determine phase transitions such as melting, crystallisation, glass transition,
and curing reactions.

2.6. Thermal treatment

Although research on thermal treatment is still developing, it shows potential for repairing the surface of
artificially aged glass. Artificially aged glass meaning that controlled flaws are introduced by scratching
the surface in a laboratory setting. The most common steps in these studies, apart from the thermal
treatment itself, are microscopy and the ring-on-ring test. Microscopy is used to visually assess the
surface condition, while the ring-on-ring test provides measurements of the glass strength. During
thermal treatment, two key factors have been identified: the heating procedure and the humidity during
thermal treatment. This section will review the existing literature to examine which steps are taken, how
these steps have been applied and will later compare the results obtained from this study with those
reported in previous studies.

Artificially aged glass

Previous studies investigated thermal healing of artificially aged glass, where controlled flaws were
introduced to simulate realistic surface damage. This was typically achieved through scratching or
indentation methods. For example, Datsiou, Bristogianni, et al. (2025) created artificial flaws on soda
lime silica glass by scratching with a indenter before subjecting the specimens to different thermal
treatments. Similarly, Blae3 and Muller (2023) introduced cracks using Vickers indentation to assess
the healing effect of viscous flow at elevated temperatures. Schwind et al. (2020) prepared scratches
on soda lime silicate glass using a diamond indenter to simulate production related damage before
applying sub-toughening heat treatments.

Microscopy

Microscopic techniques were widely used to evaluate the evolution of cracks and subsurface dam-
age during and after thermal treatment. Datsiou, Bristogianni, et al. (2025) showed through digital
microscopy that scratches in glass treated at 300 °C exhibited only very minor changes compared to
the untreated state, with features closely resembling the control samples apart from a slight rounding
of crack edges which may indicate limited softening. In contrast, samples treated at 500 °C displayed
clear visual improvements, with scratches appearing narrower and partially healed. Although not fully
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eliminated, the reduction in scratch width indicates that viscous flow and partial thermal healing can
occur even below the glass transition temperature. The extent of this improvement, however, was influ-
enced by the initial severity of damage, with deeper flaws caused by subcritical crack growth showing
little or no visual recovery.

Blael and Miller (2023) employed laser scanning microscopy and atomic force microscopy to char-
acterize the geometry and depth of Vickers cracks, observing rounding and shallowing of the flaws
after heating. The study further showed that healing depends on how radial and lateral cracks inter-
act. When lateral cracks heal quickly, they prevent radial cracks from widening and bulging, allowing
the overall crack system to close more efficiently. In contrast, if lateral cracks heal more slowly, ra-
dial cracks continue to widen, the surrounding material bulges, and even secondary cracks may form,
which delays the healing process despite similar viscous transport conditions.

Zaccaria and Overend (2016) also used optical microscopy to assess edge flaw morphology before
and after annealing, which supported their interpretation of strength increases as evidence of healing.

Ring on ring test

Several studies employed coaxial double ring tests to quantify glass strength after thermal treatment.
Datsiou, Bristogianni, et al. (2025) noted that scratched glass lost up to 44% of its mean strength but
regained 42% after treatment at 500 °C. It even exceeding the as-received strength at probabilities of
failure = 0.008.

Zaccaria and Overend (2016) also used the ring-on-ring method to evaluate surface flaws in annealed
glass, finding that annealed specimens exhibited strength recovery, with the greatest improvements
observed at lower fractiles, highlighting that healing is especially relevant for design critical reliability
levels.

In the study of Schwind et al. (2020), pre-damaged glass specimens subjected to heat treatment
showed a clear increase in the mean fracture strength: treatment at 285°C led to an increase of ap-
proximately 12%, while treatment at 525°C raised fracture stress by about 41% compared to untreated
specimens.

Heating Procedure

The heating procedure is the dominant factor in determining the effectiveness of crack healing. Datsiou,
Bristogianni, et al. (2025) showed that heating scratched soda lime silica glass for three hours at 300 °C
resulted in a 15% strength recovery, while treatment at 500 °C for the same duration yielded a 42% re-
covery. Blae® and Mdller (2023) confirmed that higher sub-transition temperatures promoted rounding
and blunting of cracks, although complete healing was not achieved under their tested conditions.

In the research by C. Wang, H. Wang, Liu, et al. (2020), a detailed description of the heating process
is provided. The procedure begins at room temperature, with the temperature increasing at a rate of
5°C/min. Once the target temperature is reached, it is maintained for a specific period of time. To reduce
thermal stress generated during the cooling stage which may influence crack lengths, the cooling rate
was set at 4°C/min. When the temperature reached 300°C, the oven was turned off, and the sample
was allowed to cool to room temperature inside the furnace.

Schwind et al. (2020) tested scratched soda-lime silicate glass at around 285 °C and 525 °C, showing
strength increases of 12% and 41%, respectively, indicating that higher temperatures are substantially
more effective. In the study by Zaccaria and Overend (2016), a similar heating process is described.
The temperature was increased from room temperature at a slower rate of 2°C/min, up to 560°C. The
temperature was then held for two hours before being reduced at 2°C/min back to room temperature. It
confirmed that annealing could enhance strength, particularly for polished edges, where improvements
reached nearly 19% on average and 35% at the lowest fractiles.

Humidity

According to Girard, Faivre, and Despetis (2011), the viscosity of the glass surrounding cracks can
be significantly reduced by water diffusion and glass hydrolysis. Hydration plays a major role in the
changes observed in crack morphology during thermal treatment. According to C. Wang, H. Wang,
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Gao, et al. (2021), the healing rate can be promoted by increasing both the heating temperature and
water vapour pressure.

In the research by C. Wang, H. Wang, Liu, et al. (2020), water vapour pressure in the furnace was
controlled by bubbling air through a deionised water bath kept at a set temperature, and then injecting
it into the furnace with a steady flow. The water vapour pressure increased with the temperature of
the water bath. Three different bath temperatures were used to achieve varying humidity conditions:
60°C for 150 mmHg, 80°C for 350 mmHg, and 97°C for 700 mmHg. In C. Wang, H. Wang, Gao, et al.
(2021), four water vapour pressures were used, 0 mmHg, 150 mmHg, 350 mmHg, and 700 mmHg to
investigate the effect on subsurface crack healing.

C. Wang, H. Wang, Gao, et al. (2021) also compared subsurface damage under dry conditions before
and after the heating treatment. Even when the temperature reached 600°C, no significant healing of
subsurface cracks was observed after two hours of heating under dry conditions. However, at 600°C,
surface cracks did show limited healing, even without added humidity suggesting different behaviours
for surface and subsurface cracks.

By contrast, Datsiou, Bristogianni, et al. (2025) observed that hydrothermal treatment, combining water
soaking with thermal exposure at 500 °C, was counterproductive: it led to bubble-like defects and
reduced strength gains compared to dry heat treatment. This suggests that while ambient humidity
during heat treatment can aid viscous flow, prolonged pre-soaking promotes subcritical crack growth
and should be avoided.



Research methodology

This chapter outlines the methodology followed in this research. The steps are presented in the order
they were ultimately executed, although some procedures were adjusted during the course of the study.
The chapter reflects the final methodology. Each section provides a detailed explanation of the step
and its purpose. A brief summary of the main steps is provided below and illustrated in Figure 3.1.

1. Sample preparation & Tin side detection

Artificial ageing — Surface scratching

Microscopy and image processing (before & after treatment) — Surface defect analysis
Heat treatment — Thermal treatment of the surface

Destructive testing — Ring-on-ring strength testing

Statistical evaluation — Strength evaluation using the Weibull distribution
Energy-dispersive X-ray spectroscopy (EDS) — Surface elemental composition analysis

© N oo s DN

SCALP-05 — Surface stress assessment
9. Post-Fracture — Investigate the difference in glass behaviour

This research examines the effect of thermal treatment on both naturally aged (NA) and artificially aged
(SC) glass. Consequently, the ageing and thermal treatment procedures vary between test groups.
Panel 1 consists of four test groups, each tested on both the tin and air sides, with and without thermal
treatment at 500°C.

* P1_Tin_NA_REF — Untreated glass tested on the tin side
» P1_Air_NA_REF — Untreated glass tested on the air side
* P1_Tin_NA_500 — Glass thermal-treated at 500°C, tested on the tin side
* P1_Air_NA_500 — Glass thermal-treated at 500°C, tested on the air side

Panel 2 includes six test groups, all tested on the tin side. Half of the samples were artificially aged,
while the other half remained untreated. Each group was further divided into three subgroups: un-
treated, treated at 500°C and treated at 600°C.

* P2_Tin_NA_REF — Untreated glass

* P2_Tin_NA_500 — Thermal-treated at 500°C

* P2_Tin_NA_600 — Thermal-treated at 600°C

* P2_Tin_SC_REF — Atrtificially aged, untreated

* P2_Tin_SC_500 — Artificially aged, thermal-treated at 500°C
» P2_Tin_SC_600 — Artificially aged, thermal-treated at 600°C
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Testing
To what extent do different thermal treatments influence the morphology
of surface flaws?

l l l l l l

Control T500 T600 i Control T500 T600

l l 1 l l 1

Testing
To what extent do different thermal treatments affect the strength of aged
glass?

Testing
To what extent do surface flaws and strength recovery after thermal
treatment differ between naturally and artificially aged glass?

Research question
To what extent can thermal treatment enhance the strength of naturally
aged glass, affecting their potential for reuse?

Figure 3.1: Flowchart methodology panel 2
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3.1. Sample preparation

This section describes the procedures for preparing and handling the glass panels, covering their origin,
dimensions, sample cutting, labelling, tin side identification and the random allocation of samples to
various testing methods.

Information about the glass panel

This study is based on two glass panels retrieved from a 15-year-old building in Amsterdam provided
by Christian Louter. The panels are composite units, comprising an exterior single-pane glass layer
and an interior laminated glass panel. The exterior pane, a 8 mm thick Glaverbel Thermobel Energi N,
was selected for analysis because it represents naturally aged glass, characterized by surface defects
that developed over time due to environmental exposure and human interactions. A sketch of the glass
panel is shown in Figure 3.2. The extent of surface damage depends on both the level and duration of
exposure throughout the glass’s service life (Datsiou and Overend 2017a).

Exterior Interior Naturally Air side
single- laminated aged &

pane glass panel |:> Tin side

Naturally aged

through

environmental
exposure and
human activity

8mm 8mm

Figure 3.2: Cross section glass panel

Processing of the panel

The two glass panels were stored in a laboratory environment prior to processing. The original dimen-
sions of panel 1 also called Amsterdam 3 and panel 2 also called Amsterdam 4 were 1.94 x 1.97 metres
and 1.94 x 2.53 metres, respectively. To increase the number of test samples and to reduce the sta-
tistical uncertainty of the analysis, the glass was cut into smaller samples measuring 150 x 150 mm.
Despite the reduction in size, the samples retain the essential material properties and characteristics of
the original panels, and thus continue to represent real-world glass behaviour. To estimate the appro-
priate number of test groups, a sample size of 20 to 30 specimens per parameter was recommended
by Christian Louter and Jagoda Cupac to obtain statistically reliable results. If fewer samples are taken
per parameter, the likelihood of invalid tests due to a low p4p or R? value increases.

To begin the separation process, the layered glass panels were disassembled by drilling holes at each
corner. A jigsaw was then used to cut through the metal spacer and adhesive bonding the layers
together. The top panel was carefully removed and the aged glass was placed on protective mats
to prevent surface damage. Each panel was subsequently cut into squares measuring 15 x 15 cm.
Given the brittle nature of glass, any existing weak point can lead to immediate fracture. To control
the breakage, a scoring technique was employed: a straight edge was positioned across the panel,
and the surface was lightly scored with a blade to establish a controlled fracture line. Different cutting
methods were applied to the two panels. For the first, a light tap was delivered from beneath using a
hammer following the scoring. For the second, the scored line was aligned with a support and pressed
downward, allowing the glass to snap cleanly along the score. This process aimed to produce rectan-
gular strips with a height of 15 cm, which could then be further divided into square samples. lllustrative
images of the procedure are provided in Figure 3.3.
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(a) Glass panel 1 (b) Cutting of the glass panel (c) Cutting squares

Figure 3.3: Samples preparation in the lab

Tin side

The mechanical strength of the tin side has been found to be slightly lower than that of the air side,
due to its contact with the transport rollers during the cooling phase (Haldimann, Luible, and Overend
2008). It is therefore important to identify the tin side so that this difference in mechanical strength can
be taken into account when compared with other studies.

The tin side can be identified using ultraviolet light, under which it appears as a white, milky layer. This
effect is illustrated in Figure 3.4. In case of both panels, the tin side corresponds to the outer surface,
which is also the naturally aged side also shown in Figure 3.2. This is the same surface on which the
sample numbering has been applied.

Figure 3.4: Determining tin side

Samples results

Despite precautions, both panels did not always fracture cleanly. In many cases, cracks deviated
from the score lines, resulting in smaller, irregular fragments. Where possible, these fragments were
trimmed into 15 x 15 cm squares. The first panel, originally measuring 1.94 x 1.97 metres, could
theoretically yield 156 samples. However, it produced only 106 usable samples, corresponding to a
loss of approximately 32%. The second panel, measuring 1.94 x 2.53 metres, could theoretically yield
192 samples. It produced 170 usable samples, corresponding to a loss of approximately 11%.

Following the cutting process, each sample was numbered on the naturally aged side. Numbering
began at the bottom-left corner of the panel and progressed from left to right. Each subsequent row
continued sequentially from the final number of the previous row. Samples originating from panel 2 were
prefixed with “2.” to indicate their source. However, cutting panel 1 proved particularly challenging, with
many samples fracturing in unintended locations. As a result, a consistent numbering scheme could
not be established for this panel, and its samples remained unnumbered. These unnumbered samples
were later randomly distributed across different test methodologies.

The sample numbering and corresponding methodological assignments for panel 2 are illustrated in
Figure 3.5. Methodologies were randomly assigned to the available samples using a Python randomi-
sation script, as described in Appendix A. In total, 28 samples were assigned to each group, with two
additional samples retained as backups.



3.2. Artificially ageing 13

TR 182- M5] Extra 185- M5 [FE ) 187 - M3 ] 188-M5] 189- M5] 190 - M3 [FEARIYE
169-M6 170- M6 176- M6 FZ8Y3 178- M6 PN 180- M1
161- M5 [EEZB VN 163 - M3 [EEZMVEN 165- M3 | 166 - M3 [EEAEN Broken
VIR Bl 146 - M3 | 'Y 149-M1 150-M1 151- M6 | 153- M5 P28 15 Broken
133- M4 134 - M4 FESRVEFENYEN 137 - M3 FEBMVEN 139 - M3 141- M5 143- M3
121- M4 [EVIRYEN 123 - M4 | 124- M3 FPEERRE P io)] 127 - M4 | 128- M5 129- M5 | Broken [EEFEIVE 132 - M4

109-M5] 110 - M5 | 111 - M4 kPR ik} 115- M6 117- M3 | 118 - M5 [z RV [Sh P VR v |
=gl 98-M3 | 99-M3 101-M4 | 102 - M4 Broken | 106 - M3 bS5 (53 108 - M4

g5 e ge-ve IEAEERAETSY 0-M1 91-M1 Broken | 94-M5 RN IR B0 EE

73- M1 76- M1 CREN 79- M5 | 81-MS |

61-M5 | 62-M5 B VS E VT 68- M3 Broken |\l VM| 72- M3 |

52- M6 56- M3 59- M6

7 VN 38-M3 ECEIVES 40- M4 | PPBEN 43-M4 | 44-M3

25- M4 PRIV 27-M4 | 28-M5 | 29-M3 JERVEIVO
CEIGRIRERTEN 16- M4 | 17-M4 | 18- M5 | Broken | Broken | Broken | 20| Broken
2-M5 BEBVIRIVETE 5-M5 [IEHEE "B I Broken | Broken | Broken

Figure 3.5: Numbering and methodology of glass panel 2

3.2. Artificially ageing

As outlined in the methodology, some samples were subjected to artificial ageing. This step was added
later to the methodology because the preliminary results from the naturally aged groups contradicted
the expected outcomes based on previous studies on artificially aged glass, as stated in section 2.6.
To confirm that the glass behaviour was consistent with the previously tested artificially aged samples,
these specimens were also scratched to verify whether their results aligned with the literature studies.

Artificial ageing was introduced as a single controlled surface flaw using a scratching device, adapted
from the one described by Datsiou, Bristogianni, et al. (2025). The scratches were applied to the
exterior surface, corresponding to the naturally aged tin side of the glass samples.

The glass was placed into a custom setup, shown in Figure 3.6a, with the naturally aged side facing
upwards. The scratching device was carefully positioned on the glass at the desired location. A mass
was placed on top of the device to ensure that the load was consistent for every scratch. To ensure
consistent placement, the scratches were made centrally on each specimen. This alignment was critical
to ensure the flaw was located at the centre of loading during the ring-on-ring strength tests. A custom
setup was developed in which the scratching device was guided along a wooden frame, allowing the
operator to produce uniform linear scratches of 10 mm in length.

The scratching device shown in Figure 3.6b featured a 90° tungsten carbide tip with a radius of 120
pum, also used in Datsiou, Bristogianni, et al. (2025). The tip was mounted on a platform with a total
load of 1.6 kg, including a 1.0 kg mass on top. The device was manually moved across the surface in
a controlled sliding motion to ensure reproducibility across all scratched samples.

(a) Setup (b) Scratching device
(Datsiou, Bristogianni,
et al. 2025)

Figure 3.6: Scratching device and setup



3.3. Microscopy 14

3.3. Microscopy

The strength of glass is highly sensitive to surface flaws, as such flaws significantly reduce its mechan-
ical performance. Therefore, it is essential to assess the condition of the glass surface. In this study,
the Keyence VHX-7000 digital microscope at TU Delft was used to examine the test specimens. The
microscopy setup is shown in Figure 3.7. This high-resolution microscope, connected to a monitor,
provides live imaging of the samples under investigation and supports magnifications ranging from 20x
to 3000x. It also allows for precise measurement of surface defects. Previous studies have used this
microscope at magnifications of 20x and 50x (Verberg and Technology 2024).

Figure 3.7: Microscopy setup

Microscopy was conducted twice during this study to examine the glass surface before and after thermal
treatment. These images were used to investigate differences resulting from the thermal treatment.
Due to the time intensive nature of microscopy, five samples per treatment method were selected for
analysis. The sample IDs chosen for microscopy are listed in Table 3.1.

Table 3.1: Sample ID for microscopy

Methodology sample ID

P2 Tin_NA_500 S51 S55 S67 S113 S140
P2 Tin_ NA_ 600 S29 S68 S92 S124 S163
P2 Tin_SC 500 S5 S74 S81 S128 S158
P2_Tin_SC_600 S15 S59 S71 S119 S154

For artificially aged samples, the focus was placed specifically on the scratch area. For naturally aged
samples, the analysis concentrated on the area within the loading ring, as the locations of surface
flaws were initially unknown. The area was scanned using an image stitching method supported by
the microscope’s software. Prior to scanning, boundaries were set to define the region of interest,
allowing the microscope to capture the entire area. To accurately align the scanned region with the
ring diameter, a circular paper mould was used to define the scanning boundaries. This mould was
removed before scanning as the microscope captures square images of the specified area and this
would results in the microscope scanning the paper otherwise. Focus was maintained on the top surface
and the z-range was set to small, although this proved challenging due to the glass’s transparency. In
some cases, faint scratches observed on the images which may have originated from the opposite
side. The microscope’s autofocus function assisted in maintaining consistent focus throughout the
scan. Following scanning, visible flaws were manually marked in the images. Each scan was carefully
reviewed to identify significant scratches that could be monitored throughout the repair process.

Microscopy procedure
» Clean the glass samples to remove any dust or debris from the surface.

+ Position the sample under the microscope using styrofoam blocks.
» Begin imaging at 50% magpnification and focus on the upper surface of the sample.
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» Perform a 2D serial scan using a paper mould to define the scanning area. This allows the
software to automatically stitch together the full surface image. Save this unedited image under
the correct filename.

» Create a duplicate of the stitched image for further analysis, such as zooming in and manually
marking surface flaws.

» Use 50x magnification or higher to measure and assess individual defects.

3.4. Image processing

The glass samples were examined using a digital microscope, as described in section 3.3. The resulting
images were acquired with the objective of assessing the surface condition of the glass both prior to and
after the thermal treatment. For both the P2_Tin_NA_500 and P2_Tin_NA_600 groups, five samples
were selected on which image processing was applied. This was necessary because the area of interest
was too large to be assessed manually. In contrast, for the artificially aged glass, the area of interest
was much smaller and more easily identifiable. Therefore, image processing was not applied.

Initial attempts to analyse the images were carried out using the software included with the microscope.
However, this process proved to be labor intensive and susceptible to user bias and error. Conse-
quently, alternative approaches were explored to enable more consistent, reproducible, and automated
analysis.

ImagedJ is used which is an open-source image processing and analysis software developed by the
National Institutes of Health (NIH). In this study, ImageJ was employed to enhance image quality and
detect surface defects. To ensure repeatability and efficiency, a macro was used to automate the
analysis, allowing the processing of multiple microscopy images in a standardised manner. The macro
used in this research is shown in section A.2.

The macro followed a series of defined steps:

1. Each image was imported and converted to 8-bit grayscale format to facilitate processing.

2. Contrast enhancement was applied to improve the visibility of surface features. This produced
an initial enhanced version, although still affected by noise, revealed many of the surface flaws.

3. The enhanced image was then duplicated to preserve the contrast-adjusted version.

4. The duplicate image was further processed using thresholding techniques to generate a binary
(black-and-white) image that emphasized larger defects and surface disruptions.

It is important to note that this final binary image often excluded smaller imperfections due to the loss
of fine detail during thresholding. Therefore, both the contrast enhanced image and the binary ver-
sion were used in the comparative assessment of the glass surface condition. An example of all the
processed images is shown in Figure 3.8.
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(a) S55 (b) S55 thermal treated

(c) S55 with contrast enhanced (d) S55 thermal treated with contrast enhanced

(e) S55 with image processing (f) S55 thermal treated with image processing

Figure 3.8: Overview of the S55 samples before and after thermal treatment with imaged processing
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3.5. Thermal treatment

This section describes the thermal treatment procedure applied to the samples. The treatments were
carried out using a Rohde large glass oven located in the Civil Engineering laboratory. The oven’s base
plate measures approximately 80 cm by 100 cm, allowing up to 30 samples to be treated simultane-
ously.

There are two parameters of interest to vary as explained in section 2.6 which are temperature and
humidity. In this research, the temperature was varied. Controlling humidity was not possible due to
limitations of the oven. Two temperature profiles were employed: 500 °C and 600 °C. The oven was
programmed to follow predefined heating profiles, with heating and cooling rates chosen to minimise
thermal shock and reduce the development of internal stresses caused by rapid temperature changes.

Samples were placed in the oven facing upwards with the surface undergoing healing. All samples
fit within the oven, as illustrated in Figure 3.9a. Due to the elevated temperatures, surface markings
were burnt off during treatment. Following thermal treatment, samples were renumbered and carefully
stored to prevent surface damage.

Thermal treatment at 500 °C

For the first treatment, samples were heated to 500 °C following a three-stage profile: heating, holding,
and cooling. The temperature was raised from room temperature to 500 °C at a rate of 80 °C per hour.
After holding at 500 °C for three hours, samples were cooled back to room temperature at the same
rate. The complete heating profile is presented in Figure 3.9b.

Thermal treatment at 600 °C

The second treatment involved heating the samples to 600 °C, exceeding the glass transition tem-
perature. The temperature was increased from room temperature to 600 °C at 80 °C per hour. After
maintaining this temperature for three hours, the samples were cooled to room temperature at the same
rate.
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(a) Samples in the oven (b) Heating profile 500°C

Figure 3.9: Oven treatment 500°C

3.6. Coaxial double-ring test

The strength of glass can be determined using a coaxial double-ring test, which is widely used to mea-
sure the biaxial flexural strength of brittle materials such as glass. The ring-on-ring tests are conducted
in the Microlab using the Unitronic 50 kN universal testing machine. The machine and the controlling
computer are illustrated in Figure 3.10. This press is computer controlled and is capable of record-
ing force, displacement and time throughout the test procedure. In addition, optional sensors can be
installed to monitor environmental parameters such as relative humidity and temperature.
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(a) Ring on ring setup (b) Ring on ring controls

Figure 3.10: Ring on ring test

According to Datsiou and Overend (2017b), fast stress rates of 20 MPa/s were chosen for annealed
glass to induce rapid fracture and thus minimise the effect of subcritical crack growth. Since the machine
was operates based on displacement control, this stress rate must be converted to a displacement rate,
as shown in Equation 3.1, following the guidelines provided in (International 2019).

< ~Y D% ~
[mm/s Displacement rate
Dg [mm] = Diameter of support ring, 60 mm
= Elastic modulus (for soda-lime silicate glass, 70000 MPa (NEN-EN 1288-1, 2000)

h [mm] = Thickness of the specimen

| =

]
E [MPa)

]
¢ [MPa/s] = Stress rate, 20 MPal/s
Before testing, a thin adhesive foil is applied to the specimens to hold the fragments together after
fracture, allowing analysis of the fracture origin. This foil is placed on the opposite side of the surface
being tested. Once the foil is in place, the sample is positioned with the test surface facing downwards
and the foil facing upwards.

The results are only valid when the initial crack occurs within or directly on the loading ring. This is
because the stress distribution is measured inside the ring. If the failure occurs outside this region, the
applied force does not correspond to the stress state measured by the machine. A reference ring is
drawn onto the glass when the sample is placed in the machine. Due to the thickness of the marker
used, this drawn ring is slightly larger than the actual loading ring. As a result, if failure occurs on
the black line, it may in fact lie outside the loading ring. In Figure 3.11, four possible scenarios are
illustrated.
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(c) Outside loading ring (d) Not determined

Figure 3.11: Location of failure ring test

Testing Procedure for CDR Tests

The CDR tests were carried out in the same manner for each specimen, following the procedure de-
scribed by Verberg and Technology (2024). Each sample was first placed on the support ring and
carefully positioned so that its centre aligned with the centre of the ring. The loading ring was then
placed on top of the specimen, ensuring it was centred directly above the support ring. To prevent
movement, the sample was clamped between the rings. Although this clamping may have introduced
a small initial load, its primary purpose was to secure the sample rather than to apply a specific preload.
In practice, this also meant that the test commenced almost immediately, as the load began to increase
as soon as the press was initiated.

Once positioned, the outlines of the loading and support rings were marked to verify proper alignment.
The displacement was then set to zero, while force and time were automatically reset with each new
measurement. Temperature and relative humidity were not controlled and therefore not reset. The
measurement process began prior to activating the press to ensure complete recording of the test, with
the software capturing 100 data points per second for each variable.

The press was then activated, moving at the predetermined displacement rate specified for the test
series. If a specimen failed, both the press and the recording were stopped immediately. Following
failure, the origin of the crack was determined and the validity of the test assessed. Crack origins were
categorised as occurring inside the ring (IR), at the loading ring (LR), outside the ring (OR), or as not
detectable (ND).



3.6. Coaxial double-ring test 20

Analysis of the results

The stress at failure was not measured during the test so it must be calculated using Equation 3.2
from (International 2019). D needs to be calculated with Equation 3.3 and | can be calculated with
Equation 3.4.

3F D% — D? Dg
= 1l-v)—=—L (1 1 2
R R o] (32)
D= : (3.3)
~0.90961 + 0.12652 5= + 0.00168 In (=22) '
1=0.5(1 +12) (3.4)

Dg [mm] = Diameter of support ring, 120 mm
Dy, |
D [mm] = Diameter of a circle which expresses the characteristic size of the plate for a rectangular
[ [mm] = Average edge length (calculated as [ = 0.5(/; + l2))
[
[

Experimental data

After testing, the data files can be exported and processed using a custom Python script. The force
was measured directly by the testing machine, while time recording began simultaneously with the
start of the measurement. Strain was monitored using two strain gauges positioned on either side of
the machine. This script is shown in Appendix A in section 'Data files ring on ring test analysis’. This
script extracts key parameters from each file, including the maximum force and the final recorded force.
During some tests, the force displayed by the machine did not return to zero at failure, even though
this should have been the case, as the machine was moving freely without resistance from the glass.
This discrepancy was caused by an offset in the machine, which required correction afterwards. Con-
sequently, any residual force recorded after testing was adjusted to ensure an accurate determination
of the maximum force.

To estimate the time and strain at failure, the script identifies values at the point of maximum force as
well as at a predefined threshold force earlier in the test. These points allow for linear extrapolation
back to the origin of the loading curve. This method is used because the start of the test curve is
often unclear with a lot of noise. However, since the loading phase generally follows a linear trend,
extrapolation provides a reasonable estimate of the test duration and corresponding strain at failure.

In addition to extracting numerical values, the failure location of each sample is also assessed. If the
failure occurs within or on the loading ring, the test is considered valid and the corresponding strength
value is retained for analysis. Conversely, if the failure occurs outside this area, the result is excluded
from the dataset.
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3.7. Statistical evaluation of failure stresses

The strength of the glass samples is analysed using a Weibull distribution, a widely adopted statistical
method for modelling variability in material strength. For this analysis, the Open GLASSIab — Interactive
Strength Analysis Handbook (Cupaé, Louter, et al. 2025) is used, which provides a Python script for
Weibull-based evaluation. The method applied is the 2P Weibull distribution combined with weighted
least squares regression. The strength of each sample is determined using the formula described in
section 3.6. The Python script requires the strength values and corresponding failure times for each
sample. Within the Open GLASSIab, there is an option to plot the equivalent failure stress for a selected
reference period. This is also added to investigate what this reference time would do to the results. A
reference time period of 5 seconds is applied.

Evaluation procedure
+ Sort the stress at failure for each specimen in increasing order of magnitude: o;, where i is the
rank number.

+ Calculate the probability of failure Py ; for each measured value. Use the following estimator:
P;; = =22 (Hazen’s probability estimator), where n is the number of tested samples.

n

» Put the Weibull distribution into linearized form. Enter the measured data into the Weibull mesh.

+ Fit the data by Weighted Least Squares Regression. Find the slope, the intercept, and the coeffi-
cient of determination R2, coefficient of variation COV and the Anderson Darling goodness of fit
metric pap.

+ Calculate the confidence interval C1.
» Determine the Weibull parameters 5 (shape parameter) and 6 (scale parameter).

+ Determine the desired fractile value of the bending tensile strength f, using the regression line
and using the confidence interval. In the case of the confidence interval, the target goal seek is
used.

+ Plot the cumulative distribution function F(z) and the density function f(z).

The input required for the code includes the names of the datasets, the measured failure strengths, and
the corresponding failure times for each sample. The target stress fractile is set to 0.05, and the desired
confidence interval is 0.1. Additionally, the lower and upper x-axis limits are both set to 0, allowing the
script to determine appropriate values automatically based on the dataset.

The script provides detailed outputs, including calculated failure stresses, standard error and the Anderson-
Darling goodness of fit metric (pap), offering insights into the strength distribution.

3.8. Energy-dispersive X-ray spectroscopy

The chemical composition of the glass samples was determined using Energy-dispersive X-ray spec-
troscopy, an analytical technique used to identify the elemental composition of a material. EDS oper-
ates by analysing the X-rays emitted when a sample is bombarded with a focused beam of electrons
in a scanning electron microscope. Since each element emits X-rays at characteristic energies, EDS
allows for accurate identification of the elements present. For this study, a FEI Quanta 650 FEG SEM
equipped with EDS, located in the Civil Engineering laboratory, was used. The SEM with EDS is shown
in Figure 3.12a with the results visible in Figure 3.12b.
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(a) EDS setup (b) EDS screen

Figure 3.12: Energy-dispersive X-ray spectroscopy

This step was included in the methodology due to the appearance of a yellow discolouration on the
samples after thermal treatment. It was suspected that this may be related to a coating present on the
glass surface. Therefore, the surface was scanned, and its elemental composition was analysed to
investigate the cause of the discolouration.

The test was conducted on various glass samples subjected to the different thermal treatments used
in this study, including non-treated, treated at 500°C, and treated at 600°C. Additionally, glass from a
separate study was included. This uncoated glass was either non-treated or treated at 600°C, resulting
in a total of five test groups. All groups were tested on both the tin side and the air side of the glass,
producing ten measurements in total.

3.9. SCALP-05

This step was added later to the methodology to investigate why the preliminary results from the nat-
urally aged groups contradicted the expected outcomes based on previous studies of artificially aged
glass. Consequently, measurements were performed on the larger remaining shards, as the samples
had already undergone destructive testing.

The study focused on the effect of thermal treatment on glass. Variations in the cooling phase dur-
ing thermal treatment can lead to changes in internal stresses, which may influence the mechanical
strength of the glass either positively or negatively. Therefore, to isolate the effect of thermal treatment,
internal stresses were assessed on the samples from the groups: non-treated, treated at 500°C, and
treated at 600°C.

SCALP 05 is a portable scattered light polariscope used for depth wise stress measurement in sheet
glass. The device, shown in Figure 3.13, consists of a diode laser, optics and a camera. Itis connected
to a computer via USB, where dedicated software performs data recording and stress calculation.

Before starting the measurements, several settings need to be entered into the software. The C value,
expressed in TPa(-1), was set to 2.72, which corresponds to soda lime silicate glass. The glass thick-
ness was entered as 8 mm, and the measurement depth was set to 2 mm, to use approximately 25
percent of the total thickness. This is based on the recommendation of Dr.ir. F.A. Veer, Associate
Professor at Delft University of Technology, who lend me this device. The fit type was set to a global
fit using a third order polynomial.
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Figure 3.13: SCALP setup

The measurement process involves cleaning the glass surface, applying a drop of immersion liquid,
placing the SCALP device on the measurement spot, and starting the measurement in the software.
Each measurement produces a stress profile in about three seconds. Each location was measured
five times, and in some cases more measurements were performed to improve the fit quality. The total
amount of measurement per sample are shown in Table 4.6, Table 4.7, and Table 4.8 behind the sample
ID. In total, 6 samples per thermal treatment are tested.

The device is sensitive to errors caused by slight movement during measurement, the presence of dirt
orresidue on the glass surface or the light present in the room. These issues can affect the quality of the
data and lead to faulty readings. These effect were minimize by cleaning the sample and placing a box
over the sensor to remove any light. The software displays indicators such as excluded pixels and fit
error. These had to show a green status and be as low as possible to ensure reliability. Measurements
with poor fit quality were excluded from the dataset.

3.10. Post-Fracture

The post-fracture step in the methodology is also added due to conflicting results after analysing the
results of the ring on ring test. This section presents additional investigations into failure patterns,
stiffness measurements and post-fracture microscopy. These steps aim to provide more insight into
the different behaviour of the naturally aged glass compared to the artificially aged glass.

3.10.1. Failure pattern

To investigate the fracture behaviour, the broken glass samples were examined after failure. The anal-
ysis focused on identifying fracture origins and characterising the resulting crack patterns. Particular
attention was given to the influence of different thermal treatments on the development of these failure
features.

3.10.2. Stiffness

During this research, the ring-on-ring test was performed to evaluate the strength of the samples and
assess the effect of thermal treatment. While the primary outputs for statistical analysis were force
and time, the testing machine operated under displacement control and displacement data was also
recorded. This data allows for the determination of the stiffness of the glass, which might be influenced
by thermal treatment. Stiffness is defined as the load divided by the displacement of the sample. It
should be noted that displacement is measured using two sensors on the machine itself rather than
on the glass, which may influence the results and that these measurements include movement of the
entire test setup. As a result, the absolute stiffness values could be less accurate. Therefore, the
stiffness values in this study should be interpreted comparatively, not as precise material properties,
but can be used for comparison within this study.

To analyse the stiffness, a Python script was used which is shown in Appendix A, following a proce-
dure similar to that described in section 4.4. Load versus displacement curves were generated, and a
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trendline was fitted to each dataset. These trendlines were manually reviewed to ensure an accurate
fit. Since the initial portion of the test data often exhibited noise and disturbance, a minimum force
threshold was applied to exclude the early, unreliable data points. The slope of the fitted trendline
corresponds to the stiffness value, which was extracted for all samples.

3.10.3. Microscopy

Post-fracture microscopy is used to identify the failure origin and better understand the underlying
cause. When glass fractures, it typically initiates at a weak point and propagates outward. The area
surrounding this initiation point often breaks very smoothly before the crack accelerates and produces
rougher fracture patterns. This smooth zone is known as the mirror region, which is clearly visible under
a microscope. Adjacent to the mirror area is the mist region, which appears as a frosted or hazy zone
on the fracture surface. It marks the transition from slow, stable crack growth to faster propagation and
reflects the acceleration phase of the fracture process (Quinn 2020).

The mirror region always surrounds the point of fracture initiation and serves as a key indicator of the
stress level at failure. lts size is inversely proportional to the applied stress: a larger mirror suggests
lower fracture stress, while a smaller mirror indicates higher stress. A well-defined, circular mirror
generally implies a tensile fracture, often caused by bending or uniform tension, while a distorted or
asymmetric mirror may indicate mixed-mode loading, edge contact, or other complex stress conditions.
The mirror region can also reveal the type of flaw that initiated the break. A single, concentrated origin
often points to a pit, while a linear pattern of damage may indicate a surface scratch as the cause of
failure.

Images from the post-fracture analysis are shown in Appendix D, and the experimental setup is illus-
trated in Figure 3.14. It is important to note that in these images, the bottom of the fracture surface
corresponds to the outer surface of the glass sample, since you are viewing a cross-section.

Figure 3.14: Post fracture setup



Results

This chapter provides further insight into the effects of thermal treatment on both naturally and artificially
aged glass. Visual differences are examined using microscopy, while mechanical strength is evaluated
through ring-on-ring testing. In addition, the chemical composition and surface stress are analysed.
Post-fracture results are also presented to provide a deeper understanding of glass behaviour.

4.1. Microscopy

The naturally aged and artificially scratched samples were scanned as described in section 3.3. The
resulting images are presented in Appendix B. For the samples without an artificial scratch, stitched
images were produced at 50x magnification. Each image was enhanced using a two-step process
in Imaged, as outlined in section 3.4, resulting in two additional images per sample: one enhanced
and one defect-detection image. This produced a total of three images per sample both before and
after thermal treatment, all of which are included in Appendix B. The images with artificial scratches are
scanned at a zoom of 100x. This scan is only made of the area which was scratched. These image sets
were visually compared to assess changes in surface condition. For each sample, observations were
recorded to support the evaluation of thermal treatment effects. Table 3.1 lists the sample IDs used for
microscopy, along with their corresponding methodology. The lighting conditions were consistent for
all samples, provided by a full-ring light positioned above the microscope. The samples were placed
on the microscope’s bottom plate, which had a black surface.

4.1.1. Image processing
A custom macro for image processing was tested on untreated samples S6, S73, S78, S120, and S150,
which served as a baseline for assessing the software’s reliability and accuracy.

In several cases, the detection images revealed scratches that had been overlooked during manual
inspection but were later confirmed in the original unmarked images. This suggests that the software is
capable of identifying subtle surface flaws that may escape visual detection. A potential challenge is that
scratches on the rear side of the glass may be misidentified as surface flaws, particularly during image
processing, where differences in contrast could lead to misinterpretation of a scratch on the back as one
on the front. To mitigate this effect, the depth-up function was applied with a minimal z-range. In at least
one case, the software successfully filtered out rear-surface features, demonstrating its effectiveness.
Because these samples had not undergone thermal treatment, they remained clean, an important factor
in achieving reliable image processing. The results emphasised that sample cleanliness is critical, as
dust or debris can easily be misidentified as defects.

Overall, the image processing method proved effective and shows strong potential for reducing human
error in manual microscopy. It improves both accuracy and efficiency by enabling automated flaw
detection. However, reliable results depend heavily on sample cleanliness. Further refinement of
microscopy settings could enhance the robustness and consistency of the approach.

25
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4.1.2. Naturally aged thermal treated samples at 500 degrees

The samples were scanned before and after the 500°C thermal treatment to assess changes in sur-
face characteristics. Microscope images of these samples were analysed using image processing
techniques explained in section 3.4 to detect and compare surface defects. Both contrast and detec-
tion images were used for analysis, as in some cases, the contrast image provided clearer results than
the detection image. The samples included in this group are: $51, §55, $67, S113 & $140. The com-
plete set of images can be found in Appendix B: Figure B.1, Figure B.2, Figure B.3, Figure B.4 and
Figure B.5.

An interesting case is illustrated in Figure 4.1 and Figure 4.2. In the detection image of sample S51,
no significant scratch is visible before thermal treatment. However, after treatment, a distinct scratch
appears in the bottom right region. This suggests that the scratch may have developed either as a re-
sult of the thermal treatment itself or due to handling during the process. Another plausible explanation
relates to the condition of the samples after thermal treatment. The samples were sometimes dirtier
and difficult to clean completely. Consequently, the microscopy images may contain spots of dirt that
obstruct light transmission. This could introduce errors in the image processing, as the software may
interpret these dirt spots as scratches. In contrast, sample S55 shows the opposite effect. A visible
scratch in the bottom left area before treatment is no longer present after thermal treatment, indicating
that the scratch may have been successfully healed. These two cases demonstrate that thermal treat-
ment could both potentially introduce new surface flaws and contribute to the healing of existing ones,
assuming the handling of the samples did not damage sample 51.
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(a) S51 before thermal treatment (b) S51 after thermal treatment
Figure 4.1: Detection S51
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(a) S55 before thermal treatment (b) S55 after thermal treatment

Figure 4.2: Detection S55
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In the case of sample 67 shown in Figure 4.3, an increase in surface flaws was observed following
thermal treatment, suggesting that the surface was damaged during the process. This is particularly
evident in the greater number of visible scratches on the surface after treatment. However, the pits
present on the glass do not appear to be affected by the thermal treatment, indicating that this type of
surface defect remains largely unchanged by the thermal treatment.

)

(a) S67 before thermal treatment (b) Sample S67 after thermal treatment

Figure 4.3: Detection S67

In the case of samples S113 and S140, shown in Figure 4.4 and Figure 4.5, the surface condition
appears largely unchanged after thermal treatment. In sample S113, the surface flaw remains clearly
visible, indicating no noticeable healing effect. However, some dirt appears to be visible in the top-left
corner after thermal treatment. Similarly, for sample S140, there is no significant difference between the
pre- and post-treatment images, with the pits appearing nearly identical in both cases. This suggests
that the thermal treatment had little to no effect on these samples.
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(a) S113 before thermal treatment (b) Sample S113 after thermal treatment

Figure 4.4: Detection S113
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(a) S140 before thermal treatment (b) S140 after thermal treatment

Figure 4.5: Detection S140

The surface morphology of some samples changed after thermal treatment, with certain samples show-
ing clear alterations while others exhibited only minor differences that could be attributed to limitations
in the detection software. When evaluating all the images collectively, no consistent pattern emerged
across the group. For instance, samples S51 and S67 showed an increase in visible scratches, with
some existing scratches appearing to break into shorter segments. In contrast, sample S55 demon-
strated signs of surface improvement, while samples S113 and S140 showed no noticeable changes.
Overall, the results do not reveal a consistent trend that would support the conclusion that thermal
treatment consistently heals the glass surface.

4.1.3. Naturally aged thermal treated samples at 600 degrees

The samples were scanned before and after the 600°C thermal treatment to assess changes in sur-
face characteristics. Microscope images of these samples were analysed using image processing
techniques explained in section 3.4 to detect and compare surface defects. Both contrast and detec-
tion images were used for analysis, as in some cases, the contrast image provided clearer results than
the detection image. The samples included in this group are: S29, S68, S92, S124, and $163. The
complete set of images can be found in Appendix B: Figure B.6, Figure B.7, Figure B.8, Figure B.9 and
Figure B.10.

Samples S29 and S68, shown in Figure 4.6 and Figure 4.7, appear to be in worse condition after thermal
treatment. There are noticeably more surface flaws visible across the entire sample area. Since these
defects are spread uniformly over the surface, it is unlikely that they were caused by handling, which
typically affects localized areas. Instead, the widespread distribution suggests that the damage likely
resulted from the thermal treatment itself. Another possible reason, similar to that observed with the
500 °C heat-treated sample, is that residual dirt after the heat treatment affected the microscopy images.
This could introduce errors in the image processing, as the software may interpret these dirt spots as
scratches.
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(a) S29 before thermal treatment (b) S29 after thermal treatment

Figure 4.6: Detection S29
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(a) S68 before thermal treatment (b) S68 after thermal treatment

Figure 4.7: Detection S68

Compared to the previous samples, sample S92 shown in Figure 4.8 appears largely unchanged be-
fore and after thermal treatment. The two prominent scratches on the left side remain clearly visible
and show no noticeable alteration. While the right side of the sample displays slightly more detected
flaws after treatment, some previously visible defects have become less distinct. Overall, the surface

condition is assumed to be largely similar.
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(a) S92 before thermal treatment (b) Sample S92 after thermal treatment

Figure 4.8: Detection S92
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Sample S124, shown in Figure 4.9, appears to have fewer surface flaws than other samples initially.
However, after thermal treatment, the detection images reveal an increase in visible defects, suggesting
that the surface condition worsened following the treatment. In contrast, the opposite effect is observed
in sample S163, shown in Figure 4.10, where scratches seem to have disappeared after thermal treat-
ment. This indicates that in this case, thermal treatment may have successfully improved the surface
condition.
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(a) S124 before thermal treatment (b) Sample S124 after thermal treatment

Figure 4.9: Detection S124

(a) S163 before thermal treatment (b) S163 after thermal treatment

Figure 4.10: Detection S163

A comparison of the pre- and post-treatment images for the five samples shows visible changes in
surface morphology. Samples S29 and S68 appeared more damaged after thermal treatment, with no
signs of surface repair. One possible explanation for this deterioration is contamination or dirt on the
sample surfaces. In contrast, the images of samples S92, S124, and S163 were more consistent before
and after treatment. Samples S92 and S124 showed minimal change, with no clear signs of healing.
Sample S163, however, showed slightimprovement, as some of the larger scratches appeared to have
disappeared after thermal treatment. As observed with the naturally aged samples treated at 500°C,
no consistent pattern of surface repair was identified across this group.

4.1.4. Artificially aged thermal treated samples at 500 degrees

These samples were artificially aged prior to undergoing the 500°C thermal treatment. Microscopy
images were taken specifically at the location of the artificial damage. This area was marked with the
software to allow for better visual comparison before and after the treatment. The samples included in
this group are: S5, S74, S81, $128, and $158. The complete set ofimages can be found in Appendix B:
Figure B.11 and Figure B.12.
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A comparison of the pre- and post-treatment images for the five samples shows very little change
in surface morphology. Neither the length nor the width of the artificial scratches appears to have
altered during the 500°C thermal treatment. The width of sample 128 is illustrated by Figure 4.11b and
Figure 4.11d showing similar morphology.

Despite the overall similarity, two specific changes are worth highlighting. Several scratches exhibited
a thin, well-defined dark line along the groove prior to heating, as illustrated in Figure 4.11a. This
feature is most likely a shadow effect. After thermal treatment, the dark line is noticeably diminished,
and the scratch edges appear widened and irregular, as shown in Figure 4.11c. The same effect is also
evident in sample S158. Second, in sample S5 a subcritical crack developed, becoming visible in the
lower half of the image, whereas the upper half remained largely unchanged apart from the faded dark
line. The average scratch width in the affected region increased from approximately 95 ym to 158 ym,
suggesting that the lower region of sample S5 was negatively affected by the treatment compared to
its original condition.
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(a) Sample S5 before treatment (b) Sample S128 before treatment
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(c) Sample S5 after treatment (d) Sample S128 after treatment

Figure 4.11: Artificially aged thermal treated sample S5 and S128 with 500°C treatment

4.1.5. Artificially aged thermal treated samples at 600 degrees

These samples were artificially aged prior to undergoing the 600°C thermal treatment. Microscopy
images were taken specifically at the location of the artificial damage. This area was marked with the
software to allow for better visual comparison before and after the treatment. The samples included in
this group are: 815, 859, S71, $119 & S154. The complete set of images can be found in Appendix B:
Figure B.13 and Figure B.14.

A comparison of the pre- and post-treatment images for the five samples reveals several changes in sur-
face morphology. While the length of the artificial scratches remained unchanged, the width increased
noticeably following the 600°C thermal treatment. The central portion of the scratch created by the
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indenter appeared largely unaffected. However, the formation of subcritical cracks around the scratch
contributed to a significant increase in overall width. This effect is illustrated in Figure 4.12a and Fig-
ure 4.12e, where the scratch width in the affected region expanded from approximately 479 um to 827
pm, measured at the widest point. The change in surface morphology is also evident in Figure 4.12b
and Figure 4.12f. Before thermal treatment, the scratch appears clearly defined, whereas after treat-
ment, additional lines are visible and the shape of the scratch seems altered, indicating a change in
the surface structure. Additionally, all treated glass samples exhibited a yellow discoloration, which
appears to have developed during the thermal treatment and will be examined further in section 4.3.

Despite the general similarity across samples, two observations are noteworthy. First, as seen with the
500 °C treatment, several scratches displayed a thin, well-defined dark line along the groove before
heating, as shown in Figure 4.12c. This feature is most likely a shadow effect. After treatment, the dark
line was significantly diminished, and the scratch edges appeared widened and irregular, as illustrated
in Figure 4.12g. Second, in sample S154, naturally aged damage remained visible on the top left side
both before and after the treatment, indicating that the scratches were not fully healed by the thermal
process.
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Figure 4.12: Artificially aged thermal treated sample S15, S59, S119 and S154 with 600°C treatment

Conclusion

An examination of the 15-year-old glass samples revealed minimal surface degradation. To the naked
eye, the glass plates appeared free from visible flaws. However, microscopic analysis uncovered small
pits and fine scratches on the surface. These surface defects were further analysed using image
processing software, which demonstrated both accuracy and efficiency in detecting flaws. Given its
strong potential for automated analysis and reduced human error, this method was adopted for the
evaluation of all naturally aged glass samples.

Naturally aged glass which was thermal treatment at both 500°C and 600°C caused observable changes
in the surface morphology of naturally aged glass samples. At 500°C, some samples exhibited in-
creased scratches, while others showed a slight decrease in surface defects, indicating varied re-
sponses. At 600°C, damage appeared more pronounced in certain samples, potentially influenced
by contamination during imaging, whereas others remained largely unchanged. Minor differences in
some images may result from the limitations of the detection software. Although individual samples dis-
played visible changes in surface condition, when considering all samples collectively. These results
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show no consistent evidence that thermal treatment effectively repairs surface flaws in naturally aged
glass.

Artificially aged glass treated at 500°C exhibited minimal changes in scratch morphology. Most scratches
maintained their original length and width. One sample developed a subcritical crack and experienced
an increase in scratch width, suggesting some negative effects from the thermal process. At 600°C,
the length of the scratches remained unchanged, but the formation of subcritical cracks around the
scratches led to a significant increase in overall width, expanding from approximately 479 ym to 827
pum at the widest point. Before treatment, scratches appeared clearly defined, afterward, additional
lines became visible and the scratch shape appeared altered, indicating changes in surface structure.
The samples also exhibited yellow discolouration, likely caused by the thermal process. The samples
treated at 500°C showed minimal surface changes, with signs of deterioration becoming more evident
at 600°C. At the higher temperature, subcritical crack growth contributed to an increase in crack width,
worsening the surface condition. These results consistently indicate that thermal treatment tends to
aggravate surface flaws in artificially aged glass.

4.2. Thermal treatment

After removal from the oven, noticeable changes in surface characteristics were observed, most promi-
nently the development of a yellow discolouration, as shown in Figure 4.13. This effect is believed to
result from oxidising of the surface coating during thermal treatment. Evidence of this can be seen
in Figure 4.14a and Figure 4.14b, where the coating appears to have fragmented, creating irregular
patterns on the glass surface. This effect was mostly detected in the 600°C samples, but early signs
of discolouration were already noticeable at 500°C.

(a) Glass discolouration (b) Glass discolouration comparison

Figure 4.13: Glass discolouration samples

The coating on the glass is likely a soft, heat-sensitive layer composed of ultra-thin metal oxides. This
is supported by the observation that areas previously covered with glue did not discolour. During man-
ufacturing, the regions where glue was applied to assemble the glass units were cleaned, removing the
coating before assembly. As a result, these areas lacked surface coating. In Figure 4.14c, the left side
of the sample, which retained the coating, shows a yellow tint, while the right side, previously covered
with glue, remains clear.
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(a) Discolouration S2.7 600°C (b) Discolouration S2.184 600°C (c) Yellow discolouration

Figure 4.14: Discolouration after thermal treatment

To investigate this further, the elemental composition of the glass under various treatment conditions
was analysed, as described in section 3.8, to determine whether the coating had been degraded or
removed. This chapter will provide more insight in the chemical composition of the glass before and
after thermal treatment.

In addition to the discolouration, the backside of the samples was found to be heavily contaminated.
Cleaning cloths used after the thermal treatment showed black staining, indicating that a significant
amount of residue had been removed. However, some dirt remained adhered to the surface and could
not be fully cleaned off. Microscopy was used to examine the condition of the surface following the
thermal treatment, as shown in Figure 4.15.

(a) Glass samples after cleaning (b) Dirt sample after thermal treatment

Figure 4.15: Dirt on sample after thermal treatment

Conclusion

The glass used in this research is likely to have a surface coating that degraded during thermal treat-
ment, most likely resulting in a yellow discolouration. The effect was clearly visible at 600°C, though
it was already noticeable at 500°C. This discolouration was likely caused by the oxidising of a heat-
sensitive metal oxide coating. This will be further investigated in section 4.3. Interestingly, areas
previously covered by glue showed no discolouration, supporting the conclusion that the coating was
responsible for the colour change. Additionally, the backside of the glass was heavily contaminated
after treatment, with some dirt remaining even after cleaning.

4.3. Energy-dispersive X-ray spectroscopy

Five different glass panels were investigated, with measurements taken from both sides of each panel.
The naming convention reflects the properties of each sample. The first letter indicates the side of the
glass: "A” for the air side and "T” for the tin side, as identified using a tin detector. A second letter, "C”,
denotes the presence of a surface coating. In this study, the panel labeled “Amsterdam 4” featured such
a coating. Samples without coating were obtained from another studie which used new, uncoated glass.
The final part of the sample name may include a number indicating the oven treatment temperature
(500°C or 600°C). The results are visible in Table 4.1 and are shown in Figure 4.16 and Figure 4.17.
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The composition of glass is described in section 2.3, where elements such as oxygen (O), silicon (Si),
sodium (Na), and calcium (Ca) are identified as the primary constituents of glass. Trace amounts of
magnesium (Mg), aluminum (Al) and potassium (K) are also present. As shown in Table 4.1, additional
elements like zinc (Zn), silver (Ag), tin (Sn), nickel (Ni) and titanium (Ti) were detected, specifically on
the air side of the coated glass samples. These metals are likely components of the surface coating, as
they do not appear on either side of the uncoated samples. This suggests that Zn, Ag, and Sn originate
from the coating layer rather than the glass itself.

Table 4.1: Chemical composition of glass (Weight percentage)

AC TC AC500 | TC500 | AC600 | TC600 | A T A600 | T600
o 19.49 | 47.27 | 21.07 | 47.09 | 2715 | 46.86 | 47.51 | 47.25 | 46.71 | 46.44
Si | 8.11 34.32 | 9.5 34.06 | 14.25 | 33.66 | 34.23 | 34.27 | 33.47 | 32.95
Na 9.28 9.94 1024 | 957 | 969 | 10.14 | 101
Ca 5.86 5.83 1.91 6.08 5.81 6.9 6.53
Zn | 44.76 46.32 50.94
Ag | 19.34 15.2 3.72
Sn | 6.68 6.43 1.14
Mg | 0.26 | 2.82 | 0.33 2.69 0.78 2.74 232 |23 226 | 2.46
Al | 017 | 0.44 0.4 0.42 0.3 0.31 0.3 0.38
K 025 |6.18 | 0.21
Ni | 0.54 0.54 0.62
Ti | 0.66 0.61 0.63

EDS Analysis of Coated Glass: Air Side vs. Tin Side
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Figure 4.16: EDS Analysis of Coated Glass: Air Side vs. Tin Side
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EDS Analysis of Non-Coated Glass Sides
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Figure 4.17: EDS Analysis of Non-Coated Glass Sides

Conclusion

The results from the EDS analysis provide valuable insights into the chemical composition of the glass,
both in its untreated state and after thermal treatment. These findings are presented in Table 4.1,
Figure 4.16 and Figure 4.17.

» The primary elements identified in glass samples without coating were oxygen and silicon, with
notable amounts of sodium and calcium, and minor amounts of magnesium and aluminium. On
the air side, it shifted a bit to oxygen, silicon zinc, silver and tin.

» The air side of the coated samples contained additional metals, primarily zinc, silver and tin, likely
originating from the surface coating. Upon heating, the air side of the coated glass exhibited signif-
icant compositional changes. After heating the coated samples to 600°C, a noticeable decrease
in silver content was observed, and tin was no longer detected. In contrast, the zinc content
showed a slight increase.

* It was also observed that the air side of the coated glass lacked detectable levels of sodium (Na)
and calcium (Ca), while these elements were present on the tin side. This could suggests that
a chemical reaction involving the metallic coating on the air side may have altered the surface
composition, potentially consuming or masking the presence of Na and Ca.

* The non-coated glass samples showed a consistent chemical composition across both sides and
at all treatment levels. Their composition closely resembled that of the tin side of the coated
glass. As shown in Figure 4.17, all non-coated glass samples display similar elemental profiles,
indicating that both sides of the non-coated glass and the tin side of the coated glass share a
comparable base composition.

Despite being identified as the tin side using a UV tin detector, most samples did not show measur-
able tin content. An exception was observed in the “Tin No Coating 600” sample, which showed
a tin content of 1.14 wt%.

These results provide greater insight into the chemical composition of the glass and its behaviour after
thermal treatment. They confirm the presence of a metallic coating on the air side. Following thermal
treatment, the concentrations of silver and tin were notably reduced, which may have contributed to
the yellow discolouration observed on the glass surface.
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4.4. Ring test and statistical evaluation

As mentioned in section 3.1, two glass panels were obtained from a building in Amsterdam, resulting
in two sample sets: panel 1 and panel 2, containing 106 and 170 samples respectively.

Panel 1 was divided into four test groups and panel 2 was divided into 6 test groups resulting in 10
groups total. The name for both panels is based on the 'panel’, ’side of the glass’, ’Ageing method’ and
‘treatment condition’.

Samples panel 1

» P1_Tin_NA_REF: Untreated sample tested on the tin side.
* P1_Air_NA_REF: Untreated sample tested on the air side.
* P1_Tin_NA_500: Oven-treated (T500) sample tested on the tin side.
* P1_Air_NA _500: Oven-treated (T500) sample tested on the air side.

Samples panel 2

« P2_Tin_NA_REF: Untreated sample tested on the tin side.

» P2_Tin_NA_500: Oven-treated (T500) sample tested on the tin side.

» P2_Tin_NA_600: Oven-treated (T600) sample tested on the tin side.

» P2_Tin_SC_REF: Untreated sample with an artificial scratch tested on the tin side.

* P2 _Tin_SC_500: Oven-treated (T500) sample with an artificial scratch tested on the tin side.
+ P2_Tin_SC_600: Oven-treated (T600) sample with an artificial scratch tested on the tin side.

4.4.1. Statistical evaluation

The data files from the ring on ring test were processed using a Python script. The processed data is
also shown in Appendix E. The data was organised and in combination with the formulas outlined in
section 3.6: Analysis of the results, the stress values for all samples were calculated. The strength data
was further analysed using Python code from OpenGlassLab, applying Method 2P: Weibull distribution
with Weighted Least Squares Regression (Cupac, Louter, et al. 2025). The strength values were input
into the program, which then performed the Weibull statistical evaluation. The results, are presented
in Table 4.2 and Table 4.3. Corresponding Weibull plots are shown in Figure 4.18 and Figure 4.19.
The p4p Value = 5 means the fit is statistically acceptable and the data is consistent with a Weibull
distribution. In a ring-on-ring test, the R-squared value indicates the goodness of fit. A value of 0
indicates the model does not fit the data at all, while a value of 1 signifies a perfect fit.

Table 4.2: Weibull panel 1

Valid data 0.8% MPa] 5% [MPa] 50% [MPa] Min MPa) Max [MPa] Var %] pabp R2

P1_Tin_NA REF 32.16 48.85 87.87 54.93 129.2 2555 57.77 0.924
P1_Air NA REF 45.36 70.83 132.44 52.26 190.2 27.07 84.6 0.969
P1_Tin_NA 500 27.5 42.4 77.87 51.72 112.9 26.37 37.83 0.894
P1_Air NA 500 18.42 36.12 93.0 50.0 158.8 39.25 9.01 0.864

Table 4.3: Weibull panel 2

Valid data 0.8% MPa] 5% [MPa] 50% [MPa] Min MPa] Max MPa] Var (%] pap R2

P2 Tin_NA_REF 36.39 54.41 95.71 49.72 146.2 2466 77.81 0.981
P2 _Tin_NA 500 22.73 38.93 82.89 34.99 123.6 321 58.88 0.966
P2 Tin_NA 600 12.38 24.08 61.3 30.71 108.7 38.83 47.74 0.910
P2 Tin_ SC_REF 16.29 23.72 40.2 30.82 68.97 2319 012 0.724
P2 Tin_SC 500 18.9 26.88 44.05 31.78 63.73 21.83 18.01 0.863

P2_Tin_SC_600 23.38 33.41 55.16 28.33 79.03 2212 6525 0.977
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Figure 4.18: Statistical evaluation panel 1
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Figure 4.19: Statistical evaluation panel 2

4.4.2. Statistical evaluation of equivalent failure stress

A similar procedure is needed to analyse the strength data with a time conversion. Within the Open-
GLASSIab code (Cupa¢, Louter, et al. 2025), the time of failure needs to be added to the python code.
In this case, the data is displayed with applying a time conversion and a reference period of 5 sec-
onds. The results of equivalent failure stress, are presented in Table 4.4 and Table 4.5. Corresponding
Weibull plots are shown in Figure 4.20 and Figure 4.21.
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Table 4.4: Weibull panel 1 of equivalent failure stress

Valid data 0.8% MPa] 5% [MPa] 50% [MPa] Min MPa) Max [MPa] Var %] pabp R2

P1 _Tin_ NA REF 25.31 39.36 73.15 44 57 109.91 26.84 57.34 0.923

P1_Air NA_ REF 36.36 58.24 112.84 42.34 165.49 28.46 84.73 0.970

P1_Tin_NA 500 21.36 33.76 64.22 41.6 95.22 27.75 39.25 0.895

P1_Air_NA_500 13.95 28.46 77.41 40.09 136.39 4129 8.83 0.864
Table 4.5: Weibull panel 2 of equivalent failure stress

Valid data 0.8% MPa] 5% [MPa] 50% [MPa] Min MPa] Max MPa] Var (%] Ppap R2

P2_Tin_NA_REF 28.67 43.91 79.89 39.93 125.27 26.0 77.81 0.981

P2 _Tin_NA 500 17.42 30.8 68.59 27.6 104.72 33.8 58.23 0.966

P2_Tin_NA_600 9.69 19.24 50.4 25.34 91.72 39.89 47.21 0.904

P2 Tin SC_ REF 12.19 18.16 31.78 23.99 56.33 2447 0.1 0.723

P2 _Tin_SC 500 14.29 20.75 35.01 25.13 51.72 23.01 16.97 0.857

P2 Tin_SC 600 18.73 27.0 4512 23.28 65.59 22.61 7143 0.981
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Figure 4.20: Statistical evaluation panel 1 of equivalent failure stress
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Figure 4.21: Statistical evaluation panel 2 of equivalent failure stress

Conclusion

The results without a reference period are presented in Table 4.2 and Table 4.3. The corresponding
Weibull plots are shown in Figure 4.18 and Figure 4.19. These results reveal several notable trends,
based primarily on the dataset without the reference period included. While the general shape and
behaviour of the Weibull curves remain similar, time conversion lowers the strength values by approxi-
mately 20%.

Panel 1 contains tin and air side samples treated at 500 degrees. Several interesting conclusions can
be drawn from the results in Table 4.2 and Figure 4.18:

» The 5% characteristic strength of the air side is higher than that of the tin side before treatment.
Specifically, the air side exhibits a strength of 70.83 MPa, compared to 48.85 MPa for the tin side,
an increase of 45%. However, after thermal treatment, this trend reverses: the tin side becomes
stronger, with a strength of 42.2 MPa, while the air side drops to 36.12 MPa, representing a 15%
advantage in favour of the tin side.

A similar pattern is observed in the mean strength values of the reference samples. The air side
shows a mean strength of 132.44 MPa, compared to 87.87 MPa for the tin side, an increase of
51%. After thermal treatment, the strengths decrease, but the air side remains stronger than the
tin side: 93.0 MPa versus 77.87 MPa, representing a 19% increase in favour of the air side.

* In both cases, thermal treated samples show a reduction in strength compared to the untreated
reference samples. This trend is clearly visible in Figure 4.18. The tin-side samples before treat-
ment consistently outperforms the tin-side sample after treatment, and the same applies to the
air-side samples. At the 5% fractile, the strength of the tin side decreases by 13%, while the air
side decreases by 49%. At the 50% level, the tin side is reduced by 11% and the air side by 30%.
This means that the thermal treatment reduces the strength of the air side much more compared
to the tin side.

» The P1_Air_NA 500 sample shows some noteworthy deviations. Compared to the other samples,
ithas alow p4p value of 9.01. Besides, the slope of its line in Figure 4.18 deviates from the others.



45. SCALP-05 41

Panel 2 contains both scratched and unscratched samples. Note that P2_Tin_Na are unscratched,
while P2_Tin_SC are scratched. The results can be found in Table 4.3 and Figure 4.21:

* For the unscratched samples, strength decreases with higher thermal treatment temperatures.
The 5% strength of the reference sample (P2_Tin_NA_REF) drops by 28% after 500°C treatment
and by 56% after 600°C treatment. At the 50% level, the reductions are 13% and 36% respec-
tively.

» Conversely, the scratched samples improve in strength after thermal treatment. The 5% strength
increases by 13% at 500°C and by 41% at 600°C compared to the reference. At the 50% level,
strength improves by 10% and 37%, respectively. This indicates that thermal treatment may be
more effective for samples with significant surface flaws.

» Scratching the glass has a large negative impact on strength before treatment. The 5% value
drops by 56% and the 50% value by 58% compared to unscratched samples.

+ Across all methods, 50% strength is consistently higher for unscratched glass. However, there
are exceptions at the 5% strength for example, the P2_Tin_NA 600 sample is weaker than
P2_Tin_SC_600.

* The psp of P2_Tin_SC_REF is only 0.12, well below the threshold of 5, indicating that the Weibull
fit is statistically poor.

» The slopes of the Weibull lines for P2_Tin_NA_REF, P2_Tin_NA_500, and P2_Tin_NA_600 vary.
While P2_Tin_NA_REF resembles the scratched sample trends, P2_Tin_NA_ 500 and P2_Tin_NA_600
have increasingly horizontal slopes.

The results indicate that thermal treatment has contrasting effects on artificially scratched versus nat-
urally aged glass. For artificially scratched glass, strength improved significantly after treatment. The
5% characteristic strength increased by 13% at 500°C and by 41% at 600°C compared to the reference
samples. Similarly, at the 50%, strength increased by 10% and 37%, respectively.

However, naturally aged glass exhibited a decline in performance after thermal treatment. The 5%
characteristic strength decreased by 28% at 500°C and by 56% at 600°C, while mean strength dropped
by 13% and 36%, respectively. A similar weakening trend was observed in Panel 1: at the 5% fractile,
the tin side showed a 13% reduction in strength, and the air side dropped by 49%. At the 50% level,
the tin and air sides were reduced by 11% and 30%, respectively. These findings suggest that while
thermal treatment may help repair larger flaws, it negatively affects naturally aged glass.

4.5. SCALP-05

The SCALP 05 tests were performed on samples from three different groups: untreated (no thermal
treatment), thermal treated at 500°C, and thermal treated at 600°C. For each group, six samples were
tested to determine the effect of thermal treatment on surface stresses. The complete results from the
software, including the corresponding stress profiles for each sample, are presented in Appendix C.
In the graphs, each line represents an individual measurement. The average surface stress value is
displayed in the center of each images to provide a clear overview of the stress distribution. The results
of the tests are shown in Table 4.6, Table 4.7 and Table 4.8. Behind the samples ID is also the number
of measurement shown between brackets.

Table 4.6: Surface stresses - no thermal treatment

Sample ID Surface stress MPa]
17 (9) -6.01
43 (10) -6.93
101 (13) -7.37
123 (5) -5.35
132 (10) -6.71
173 (5) -6.56

Average surface stress [Mpa] -6.49
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Table 4.7: Surface stresses - thermal treatment 500 degrees

Sample ID Surface stress [MPa]
2 (10) -3.08
5(10) -3.77
141 (8) -2.36
148 (10) -2.33
158 (10) -2.19
161 (10) -2.81

Average surface stress [vpa] -2.76

Table 4.8: Surface stresses - thermal treatment 600 degrees

Sample ID Surface stress [MPa]
4 (10) -2.71
15 (10) -2.79
23 (10) -2.38
63 (10) -1.89
97 (9) -2.16
115 (11) -1.85

Average surface stress Mpa] -2.30

The stresses of the glass samples are corrected with the surface stress and the new graphs are shown
in Figure 4.22 and Figure 4.23.
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Figure 4.22: Panel 1 scalp corrected
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Figure 4.23: Panel 2 scalp corrected

Conclusion

The SCALP measurements were conducted on three groups: untreated (no thermal treatment), ther-
mal treated at 500°C, and thermal treated at 600°C. The average surface stresses were -6.49 MPa,
-2.76 MPa, and -2.30 MPa, respectively. These results indicate that surface stress decreases with
thermal treatment. The difference between the 500°C and 600°C treatments is small and not clearly
distinguishable. However, the reduction in surface stress from untreated to 500°C treated samples is
3.73 MPa, which could contribute to a decrease in the stresses measured in the ring-on-ring test.

The strength of the samples was corrected using the surface stress, as shown in Figure 4.22 and
Figure 4.23. These corrections indicate that the repair process became more effective, resulting in
a smaller reduction in strength. While the absolute strength values change, the overall trends and
conclusions regarding the stresses remain consistent.

4.6. Post-Fracture

In this study, the difference between naturally aged and artificially aged glass is assessed. The ring-
on-ring test results show that thermal treatment reduces the strength of naturally aged glass, while it
increases the strength of artificially aged glass. This distinction is crucial for potential application in
the construction industry, where the goal would be to repair and reuse naturally aged glass. Therefore,
understanding the underlying cause of this difference in strength behaviour is essential. These steps
aim to provide insight in the observed behaviour.

4.6.1. Failure pattern

The evaluation revealed several distinct fracture patterns in the artificially aged samples. These are
illustrated in Figure 4.24. In total, six different failure types were identified. For clarity in the illustrations,
artificially induced scratches were marked as black lines, while the resulting cracks were traced in blue.
The ring is drawn in gray onto the failure pattern, but the sketches are not fully precise, showing bends
in the failure pattern that are likely related to the ring without exactly aligning with it. Among them, types
A to C represent the primary modes of failure, while types D to F occurred less frequently but remain
of interest for understanding alternative fracture mechanisms.

Failure pattern A, shown in Figure 4.24a, features a scratch located centrally on the glass surface. A
crack forms directly along the scratch and continues in a straight line even beyond the visible end of
the scratch. This results in a crack that is always longer than 1 cm. Additionally, a horizontal zigzag
shaped branching of cracks often appears above and below the main vertical crack, indicating further
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crack propagation.

Failure pattern B, shown in Figure 4.24b is similar to A, but with a key difference. The cracks do not
follow the scratch to its full extent. Instead, they divert from the scratch path before reaching its end,
causing the vertical crack to be shorter than 1 cm.

Failure pattern C, shown in Figure 4.24c, the cracks appear partly unrelated to the scratch. The origin is
located on the scratch, but the cracking pattern is radial propagating in all directions, typical of fracture
behaviour in undamaged or new glass. Although no distinct vertical crack is visible along the scratch,
the origin of failure is still located at the scratch.

Failure pattern D, shown in Figure 4.24d, is similar to pattern C in its radial layout, but the origin of
failure is located at a random point on the glass surface, far from the scratch. This indicates that the
scratch did not play a role in triggering the failure.

Failure pattern E, shown in Figure 4.24e, appears as a combination of pattern A and B. A crack ini-
tiates at the scratch and propagates vertically beyond the scratch’s visible length, as seen in pattern
A. However, the crack path turns horizontally before the scratch ends, meaning the scratch is not fully
enclosed within the vertical fracture zone.

Finally, failure pattern F, shown in Figure 4.24f, involves failures that originate at the edge of the glass.
Such failures typically invalidate the test, but they occurred multiple times. These edge origin failures
may result from pre-existing edge damage or handling issues, highlighting the sensitivity of the test
setup to edge conditions.

(a) (b) (c)

(d) (e) )

Figure 4.24: Failure pattern artificially aged glass

The failure patterns of the naturally aged glass is analysed and shown in Figure 4.25. Overall, the
failure pattern for the naturally aged glass appears to be more influenced by the interaction with the
ring. Inside the ring, the glass breaks into smaller fragments that seem somewhat interconnected,
while outside the ring, cracks propagate toward the edge without intersecting or coming close to each
other. The crack appears to initiate at a single point, suggesting that pits are more likely the governing
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failure mode. A similar pattern is observed in the samples treated at 500°C. However, at 600°C, the
glass exhibits a variety of failure patterns with no consistent trend. Interestingly, these diverse patterns
resemble those seen in artificially aged glass treated at 600°C.

\g@g
SN

Figure 4.25: Failure pattern naturally aged glass

Some samples were examined under a microscope to analyse surface defects, and these images
were compared to the failure locations observed after the ring test. However, the exact origin of failure
was difficult to determine precisely, and the images did not always reveal clear defects. This made it
challenging to confidently correlate specific surface flaws with the failure points.

The failure behaviour of artificially aged glass varied noticeably depending on the level of thermal treat-
ment. In the untreated glass samples, 70% of failures followed failure mode A, where the scratch was
clearly the primary cause. The cracks propagated directly along the scratch and often extended in a
straight line beyond its visible end, as if compelled to follow the scratch path entirely. About 22% of
failures followed failure mode B.

In contrast, the glass treated at 500°C showed signs of improvement in the area surrounding the scratch.
The failure pattern shifted more frequently toward failure mode B, in which the cracks initially followed
the scratch but then diverted, indicating that the scratch was no longer the weakest path throughout the
entire surface. In these samples, 21% of failures followed failure mode A, while 57% followed failure
mode B. This shift suggests that thermal treatment at 500 °C may have locally strengthened the glass
or mitigated the severity of the scratch induced flaw.

At 600°C, the failure behaviour changed even further. 96% of the samples exhibited failure mode C,
where the cracks appeared largely uninfluenced by the scratch. Although the failure typically origi-
nated near the scratch, the crack path no longer followed it. Instead, it propagated in its own direction,
as though the scratch had little influence beyond the initial crack initiation. This suggests that while
the scratch remained the starting point of failure, the rest of the scratch was no longer the dominant
weakness, and the glass fractured in a manner more consistent with undamaged material.

The failure pattern of the naturally aged glass appears more radial, with cracks propagating in various
directions. It also seems to be influenced by the interaction with the ring, as a noticeable difference
can be observed between the inside and outside of the loading ring. A similar pattern is seen in the
samples treated at 500°C. However, in the samples treated at 600°C, the failure behaviour becomes
more varied, with no consistent pattern emerging.

Conclusion

The artificially aged glass appears to be significantly influenced by the thermal treatment. The failure
pattern evolves progressively with increasing treatment temperature. Initially, cracks follow the scratch
entirely, but as the thermal treatment temperature increases, they begin to follow the scratch only
partially, and at higher temperatures, they originate near the scratch but no longer propagate along its
path. This progression suggests that the scratch is undergoing a degree of healing during the thermal
treatment. For the naturally aged samples, the failure pattern remains consistent between the untreated
and the 500°C treated specimens. However, at 600°C, the failure behaviour begins to change, and the
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crack patterns become more varied. This shift may indicate that the properties of the glass are being
altered by the thermal treatment.

4.6.2. Stiffness

The stiffness values were extracted from all data files, and the average results are presented in Ta-
ble 4.9. The stiffness of the untreated samples and those treated at 500°C were found to be similar.
However, after treatment at 600°C, the stiffness decreased by approximately 21%. Additionally, it was
observed that for some of the thermally treated samples at 600°C, the load-displacement curves began
to deviate from linearity, becoming more curved. This behaviour suggests a potential change in the
mechanical response of the glass at higher treatment temperatures.

Table 4.9: Stiffness glass samples

Stiffness [kN/mm]

Naturally aged glass 294
Naturally aged glass (500°C) 29.0
Naturally aged glass (600°C) 23.2
Artificially aged glass 291
Artificially aged glass (500°C) 29.2
Artificially aged glass (600°C) 22.9

Conclusion

The stiffness of glass treated at 600°C was reduced by approximately 21%. This reduction may partially
explain the observed decrease in strength for naturally aged glass at this temperature. However, these
values should be used for comparison only, as differences could also arise from variations in failure
strength or testing conditions between samples.

4.6.3. Microscopy

The images obtained from each method are shown in Appendix D and were compared, revealing sev-
eral notable differences. Samples with more surface flaws, such as those with local damage or artificial
scratches, generally exhibited lower strength. This confirms a clear relationship between surface de-
fects and strength.

When comparing naturally aged glass to artificially aged glass, the area of interest around the fracture
origin differed notably. Naturally aged glass required higher magnification during microscopy, typi-
cally 150x, to capture the entire mirror region and its surroundings. In contrast, artificially aged glass
had larger defects, so lower magnifications (50x for untreated, 500°C for treated and 100x for 600°C
treated) were sufficient. The smaller mirrors observed in naturally aged glass correspond to higher
failure stresses, consistent with the known relationship between mirror size and failure stress (Quinn
2020). Conversely, the larger mirrors in artificially aged glass reflect lower failure stresses. In scratched
samples, the mirror could be elongated along the scratch, making it wider, which also influenced the
magnification required to observe the full fracture region.

In untreated naturally aged samples, a darker spot likely some kind of shadow was often visible in the
centre of the mirror region as shown in Figure 4.26a. This effect was also noticed in other non treated
samples. After thermal treatment at 500°C and 600°C, this failure origin became less localised, with
damage more distributed across the surface. This could indicate that the thermal process either altered
the surface characteristics or introduced additional surface degradation, possibly due to contamination
in the oven. This is shown in Figure 4.26.
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(a) S64 non treated (99 MPa) (b) S41 treated 500 °C (86 MPa) (c) S174 treated 600 °C (48 MPa)

Figure 4.26: Post fracture of naturally aged glass

In contrast, the artificially aged samples showed an inverse trend. Initially, the surface damage was
broadly distributed along the scratch. After thermal treatment at 600°C, however, failures became more
concentrated around a specific point rather than spreading along the entire scratch. In some 500°C-
treated samples, flaws appeared shallower compared to untreated ones, suggesting partial healing.
This is shown in Figure 4.27.

(a) S16 non treated (36 MPa) (b) S188 treated 500 °C (47 MPa) (c) S59 treated 600 °C (53 MPa)

Figure 4.27: Post fracture of artificially aged glass

Conclusion

The failure behaviour of the samples varied considerably, making direct comparisons challenging. How-
ever, a clear correlation was observed between the measured strength from the ring-on-ring test and
the visible surface damage seen during post-fracture analysis. The artificially aged glass exhibited a
larger damaged area compared to naturally aged glass. For the naturally aged samples, thermal treat-
ment appeared to change the damage pattern from more concentrated flaws to more dispersed ones
across the surface. In contrast, the artificially aged glass showed signs of healing, as the previously ex-
tended scratch damage became more localized. Overall, while some surface changes were observed
due to thermal treatment, most differences in failure behaviour seem to relate more closely to variations
in strength than to the treatment conditions themselves.



Discussion

This chapter discusses the results obtained in this study, interpreting both expected and unexpected
observations and comparing them with previous research. Explanations for the observed behaviours
and their implications are provided and limitations encountered during the experiments are highlighted.

5.1. Samples preparation & Artificial ageing

The preparation of the samples and the artificial ageing do not yield results on their own, but are neces-
sary to prepare the samples for the methodology chosen in this study. For example, cutting the glass
panels was required to increase the sample size of each group and to ensure a proper fit for the ring-
on-ring test. As a result, nine out of the ten groups achieved a sufficient goodness of fit, with a p4p
value above 5. Some of the samples were also artificially aged due to inconsistencies in the strength
results. This was done to determine whether the behaviour of the artificially aged glass was consistent
with previous studies or if there were factors specific to the type of glass influencing the results. Ulti-
mately, the artificially aged glass behaved in a manner consistent with earlier studies, increasing the
reliability of the results for the naturally aged glass. However, certain limitations in these procedures
were identified, which could be addressed in future research.

Limitations

The glass panels were delivered in full-size sheets and had to be cut into smaller square samples
before testing could begin. Since glass is a brittle material, the cutting process required careful handling.
Despite this, it is possible that some surface or edge damage occurred during processing, which may
have affected the mechanical properties of certain samples.

Artificial ageing was carried out by manually scratching the glass using a controlled scratching device.
While care was taken to ensure the scratches were similar in appearance and depth, microscopic
inspection later showed some variation between them. This inconsistency may have influenced the
comparison of healing effects between samples.

All glass used in this study was naturally aged, meaning it had been exposed to environmental con-
ditions over time. Due to time and material constraints, artificial scratches were introduced onto this
naturally aged glass instead of using completely new glass. As a result, the analysis assumes that
the artificially introduced scratch is the primary failure during testing. This assumption is confirmed in
subsection 4.6.1, where the failure pattern was analysed. In samples without thermal treatment, 92%
failed along the scratch, either partly or along its entire length. After the 500°C thermal treatment, 78%
of the failures followed or partly followed the artificially made scratch. For samples treated at 600°C, the
failures no longer followed the scratch. However, in 96% of cases, the failure originated somewhere
on the scratch.

48
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5.2. Microscopy

The microscopy analysis in this study employed two distinct approaches: stitched image processing
for the naturally aged glass and direct microscopy for the artificially aged glass. The types and sizes of
damage differ substantially. Naturally aged glass exhibits very small defects that are difficult to detect
over a large area of interest, whereas artificially aged glass displays visible scratches of approximately
1 cm, which can be observed with the naked eye.

For the naturally aged glass, stitched image processing proved to be an effective method for analysing
surface defects. At 500°C, some samples exhibited an increase in scratches, while others showed
a slight reduction, indicating variable responses. At 600°C, damage appeared more pronounced in
certain samples, potentially due to contamination during imaging, while others remained largely un-
changed, emphasising the importance of thorough sample cleaning. If the sample was dirty and blocked
light, this could alter the contrast, resulting in misinterpretation of dirt as scratches. The microscopy
revealed numerous small scratches, pits, and other types of damage. Some scratches or surface flaws
also appeared after the thermal treatment, which could be the result of internal defects within the glass
emerging at the surface. Further research is required to better understand this phenomena. The anal-
ysis considered the entire sample rather than individual flaws. Although scanning individual defects
could provide additional insights, it may be time-consuming, and the microscope’s resolution could
limit the measuring of very small flaws. Reference studies for naturally aged glass are lacking, and the
size of defects appears to respond differently to thermal treatment, indicating that naturally aged glass
does not necessarily behave like artificially aged glass.

For artificially aged glass, only the area of interest was scanned, allowing higher magnification and more
detailed observation of scratches. Samples treated at 500°C exhibited minimal changes in scratch
morphology, with most scratches maintaining their original length and width. One sample developed
a subcritical crack and showed an increase in scratch width, suggesting some adverse effects of the
thermal process. At 600°C, scratch length remained largely unchanged. However, the formation of
subcritical cracks around the scratches resulted in a significant increase in overall width. These ob-
servations suggest that internal stresses or heating from the oven caused crack expansion. As the
images are two-dimensional, subsurface processes could not be observed, and the changes appear
limited primarily to subcritical crack growth. However, microscopy revealed an increase in cracks de-
spite an observed increase in strength. This could suggests an ambiguous role of the cracks in the
glass, as they may either contribute to damage or represent a form of self-healing. Further research is
required to better understand these phenomena.

Comparison with the findings of Datsiou, Bristogianni, et al. (2025) indicates some discrepancies. In
that study, samples treated at 500°C exhibited visible improvements, with scratches appearing narrower
and partially healed, suggesting that viscous flow and partial thermal healing occurred. In contrast, the
500°C samples in this study resemble the 300°C treated samples reported by Datsiou, Bristogianni,
et al. (2025), which showed only minor changes compared to untreated controls, apart from slight
rounding of crack edges. This discrepancy may be due to differences between the actual temperature
experienced by the glass and the oven temperature, suggesting that the effective temperature of the
glass during treatment may have been lower than intended. This difference might have something to
do with the glass used in this study being 8 mm instead of the 4 mm reported in Datsiou, Bristogianni,
et al. (2025).

The study by Blael and Miiller (2023) demonstrated that healing depends on the interaction between
radial and lateral cracks. In Figure 5.1, a schematic representation of crack morphology is provided.
In this study, the widening of the cracks is interpreted as subcritical crack growth. However, because
observations are based on 2D images, contributions from lateral and radial cracks cannot be excluded.
Blael® and Muller (2023) concluded that if lateral cracks heal slowly, radial cracks continue to widen,
the surrounding material bulges, and secondary cracks may form, thereby delaying the healing pro-
cess despite similar viscous transport conditions. In the microscopy samples, cracks appear to widen.
However, due to the two-dimensional imaging, it is unclear which regions of the glass are affected. It is
possible that, consistent with Blael and Miiller (2023), radial cracks continue to widen because lateral
cracks are healing slowly, potentially influenced by the oven’s heating rate.
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Figure 5.1: Schematic representation of the crack morphology (Prof.Dr. M. Overend)

Limitations

The samples were scanned using an automated image-stitching function within the microscope soft-
ware, which allowed larger surface areas to be captured efficiently. However, due to time constraints,
individual scratches were not tracked or assessed in detail to observe visual changes before and after
thermal treatment.

With the microscope software, scratches or defects could be manually marked, but this process was
time consuming and prone to human error. Due to the large surface area and the difficulty in identifying
specific locations on the sample, it was easy to overlook some scratches. As a result, not all flaws were
consistently marked in the images. To address this issue, image processing was introduced to improve
accuracy and efficiency.

Proper cleaning of the samples was essential, as any residual dirt could affect the image quality and
be misinterpreted as surface damage. For the oven-treated samples, it was not always possible to
remove all contamination, particularly on the back side of the glass. This may have influenced some
of the imaging results. Figure 4.10a shows a few curved black lines, which are likely marks left by the
water used during cleaning.

The images were analysed using ImagedJ, a basic but widely used image processing tool. While the
software was tested on several scratched samples and generally worked as intended, not all samples
were analysed in detail due to the limited scope of this research.

In this study, microscopy was used to analyse the glass in two dimensions, capturing only surface
features. Consequently, the depth of cracks and any movement within them could not be observed.
Incorporating three-dimensional imaging in future studies could provide a more comprehensive under-
standing of crack behaviour.

5.3. Thermal treatment & Energy-dispersive X-ray spectroscopy
During thermal treatment, the glass developed a yellow discolouration. This effect was clearly visible at
600°C and already noticeable at 500°C, resulting in visual distortion. The phenomenon was most likely
caused by oxidation of the metallic coating, as later confirmed by EDS analysis. Since the EDS mea-
surements were performed on a single sample, the results may have been influenced by non-uniform
chemical composition across the surface. A comparison between coated and uncoated specimens pro-
vided the basis for identifying differences between the air side and the tin side, and for interpreting the
changes induced by thermal treatment. Nevertheless, additional elements were detected which may
also have contributed to the discolouration, leaving it unclear whether the yellow tint resulted from a
combination of metals or a single element. Previous studies did not report such effects, most likely be-
cause they examined new, uncoated glass. This limitation should be addressed in future research, as
the observed discolouration could have significant implications for the practical application of thermally
treated glass in the construction industry.
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Limitations thermal treatment

During thermal treatment, the glass samples were placed on the bottom plate of the oven. This setup
may have caused uneven heating, where the top surface of the samples reached higher temperatures
more quickly than the bottom.

The heating program followed a predefined temperature profile, and it was assumed that the tempera-
ture of the glass closely matched that of the oven. However, some discrepancies were noticed during
cooling when the oven reached around 100°C, the samples could already be touched by hand, sug-
gesting a lag in temperature transfer. Besides, the oven did not return to room temperature as quickly
as expected. After 24 hours, it still measured around 150°C, which indicates that the cooling process
was slower than the programmed profile. This could be solved by adding a thermocouple in the oven.

Finally, the humidity inside the oven was not actively controlled or monitored in this study. This was a
limitation of the oven used in this research.

Limitations Energy-dispersive X-ray spectroscopy

EDS analysis was carried out on one glass shard per side for each treatment method. Since this is a
point-based measurement, the results may not fully represent the overall composition of the surface,
especially if local impurities or surface variations are present.

To identify the tin side of the float glass, a UV-based tin side detector was used. Interestingly, the EDS
analysis failed to detect tin on this side in most cases, only one sample showed a tin signal.

5.4. Coaxial double-ring test

The ring-on-ring test was conducted on glass samples to evaluate strength after different thermal treat-
ments. The results revealed contrasting effects between artificially scratched and naturally aged glass.
For artificially scratched specimens, strength improved significantly after treatment: the 5% character-
istic strength increased by 13% at 500°C and by 41% at 600°C compared to the reference group. At
the 50% characteristic level, strength increased by 10% and 37%, respectively.

In contrast, naturally aged glass panel 2 exhibited a decline in performance following thermal treatment.
At 500°C, the 5% characteristic strength decreased by 28% and the mean strength by 13%. At 600°C,
these values declined further, by 56% and 36%, respectively. Naturally aged glass panel 1 also ex-
hibited a decline in performance following thermal treatment. At 500°C, the 5% characteristic strength
decreased by 13% and the mean strength by 11%. However, it should be noted that the results for
the 500 °C treatment of panels 1 and 2 differ considerably: the 5% characteristic strength decreased
by 13% and 28%, respectively, suggesting that the strength reduction may be highly dependent on
the individual glass panel. Interestingly, the mean strength decreased by 11% and 13%, respectively,
which are much closer to each other. These results could potentially demonstrate that glass responds
differently to thermal treatment depending on the type of pre-existing damage.

Previous studies have focused primarily on artificially aged glass, limiting direct comparisons with the
naturally aged samples. For artificially scratched glass, however, the findings can be checked against
existing literature. Datsiou, Bristogianni, et al. (2025) reported a mean strength recovery of 42% after
treatment at 500°C, while Schwind et al. (2020) observed a 41% increase after thermal treatment at
525°C. Both studies therefore demonstrated an improvement in glass strength of around 41 and 42%,
which corresponds well with the 37% increase observed in the artificially scratched samples treated at
600°C in this study. Nevertheless, the mean strength increase of only 10% at 500°C was considerably
lower than the values reported by Datsiou, Bristogianni, et al. (2025) and Schwind et al. (2020).

Datsiou, Bristogianni, et al. (2025) reported a 0.8% strength corresponding to 29.8 MPa for scratched
glass, 38.4 MPa for heat treatment at 300 °C, and 46.4 MPa for heat treatment at 500 °C. This repre-
sents a strength increase of 29% after healing at 300 °C and 56% at 500 °C compared to artificially
aged glass. In comparison, the results of this study show that the strength increase from scratched
glass to 500 °C heat treatment is 16%, and to 600 °C is 44%. These results appear to diverge consider-
ably. In this study, the 500 °C treatment corresponds more closely to the 300 °C treatment in Datsiou,
Bristogianni, et al. (2025), while the 600 °C treatment aligns better with their 500 °C data.

As with the microscopy results, this discrepancy may be due to differences between the actual temper-
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ature experienced by the glass and the nominal oven temperature, potentially influenced by the heating
rate. Furthermore, differences in sample thickness (8 mm in this study compared with 4 and 6 mm in
the cited studies) may also have contributed to the variation in results.

Limitations coaxial double-ring test

The testing machine is controlled via displacement sensors located on the sides of the device. However,
because these sensors are not positioned directly at the point of loading, there may be a slight reduction
in measurement accuracy.

Each sample was mounted in the setup with a small preload. When the test began, the force did not
increase immediately in a linear fashion. Instead, there was a brief period of disturbance before the
load was applied consistently. This could have influenced the early phase of the loading curve and
should be considered when interpreting the failure data.

5.5. SCALP-05

The heating profile was selected to ensure that the internal stresses remained comparable to those of
the reference group, thereby isolating the effect of thermal healing without additional stress influencing
the results. SCALP measurements indicated that surface stress decreased with thermal treatment. To
assess whether internal stress influenced the results, the data were corrected accordingly. Although the
absolute strength values changed after correction, the overall trends and conclusions regarding stress
behaviour remained consistent. This underlines the importance of carefully controlling the heating
process. In the present study, the differences were too small to affect the outcome.

Limitations SCALP

The surface stress values obtained using the SCALP-05 device were relatively low, which may influence
the accuracy of the results. The device has a minimum measurable surface stress of 1 MPa, with a
precision of £1 MPa for surface stress below 4 MPa, and within £5% for surface stress above 4 MPa.
This level of precision should be considered when interpreting the results, particularly for the samples
treated at 500°C and 600°C, where the measured surface stresses are close in value.

Since the original panels had already been tested destructively, SCALP measurements were performed
on leftover glass shards. While surface stress is generally uniform across a glass pane, using fragments
instead of whole panels may have influenced the results slightly, especially if stress variations exist
across the surface. The shard could also impact the results due to light scattering, which is used to
measure the internal stresses.

5.6. Post-Fracture

The post-fracture is later added and aims to explain why the strength of artificially aged glass improves
after thermal treatment, while the strength of naturally aged glass decreases. This is based on the
data already discussed but also on the crack pattern, stiffness and the post fracture. Based on these
findings, a theory is proposed to account for these differences.

Thermal treatment had a strong influence on artificially aged glass. With increasing temperature, the
failure pattern progressed from cracks fully following scratches, to partially following them, and even-
tually to initiating near scratches without propagating along them. This behaviour indicates changes
in the scratch damage during treatment. In naturally aged glass, failure patterns remained similar be-
tween untreated and 500 °C specimens, but at 600 °C the behaviour changed, with more varied crack
patterns and a shift from concentrated flaws to a more dispersed distribution. At the same temperature,
a reduction in stiffness of about 21% was measured, which corresponds with the observed decrease in
strength for naturally aged glass. Post-fracture analysis showed that artificially aged samples generally
exhibited larger damaged areas, but also evidence of localized healing of scratches, whereas naturally
aged samples displayed a redistribution of damage across the surface. The measured strength from
the ring-on-ring tests correlated closely with the observed fracture damage.
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Healing vs. Degradation: a proposed theory

Based on these findings, it appears that cracks in artificially aged glass undergo a healing process
during thermal treatment. This conclusion is supported by the crack pattern analysis in subsection 4.6.1,
which shows that at first, cracks follow the scratch entirely. As the thermal treatment temperature
increases, cracks begin to deviate from the scratch path, and at higher temperatures, they originate
near the scratch but no longer propagate along it.

Conversely, the glass itself seems to lose strength during thermal treatment. In Figure 4.5, surface
stress measurements show reductions of 3.73 MPa and 4.19 MPa after treatment at 500°C and 600°C,
respectively. Additionally, the stiffness of glass treated at 600°C decreases by approximately 21%.
Structural relaxation may also contribute to this weakening, as it involves molecular rearrangements
that reduce internal tensile stresses, which initially made the glass appear slightly harder or more brittle.

It is likely that multiple processes are occurring simultaneously, but their effects differ depending on the
type of glass. In artificially aged glass, the primary failure mode is the scratch. As a result, thermal
treatment can partially heal this flaw, reducing its severity and thereby increasing the overall strength
of the glass. In contrast, naturally aged glass may not have a single dominant surface flaw. Instead, it
typically contains many smaller flaws scattered across the surface. Because there is no clear flaw to
heal, thermal treatment has limited effect in strengthening the material.

Meanwhile, both types of glass experience a general reduction in intrinsic strength due to thermal
exposure. However, this reduction influences the two types of glass differently. In naturally aged glass,
where the surface itself becomes the primary failure origin, any decrease in intrinsic material strength
directly reduces the overall strength. In artificially aged glass, the scratch remains the dominant flaw,
so weakening of the surface plays a lesser role. The scratch remains the critical point of failure, not the
surface itself. A visual representation is illustrated in Figure 5.2 which shown the effect of the healing
and degradation for the different groups.
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Figure 5.2: Visualisation of the healing effect
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The gap in strength is not fully quantifiable because two processes appear to act simultaneously. Sur-
face strength could be assessed through SCALP measurements and stiffness, which both reflect sur-
face behaviour. However, the healing effect of the scratch cannot be directly measured. In naturally
aged glass, surface degradation is the primary cause of failure and can be estimated, but in scratched
glass this effect may be obscured because the scratch weakens the glass significantly, causing failure
from the scratch rather than from the surface strength.

Ultimately, the net effect of thermal treatment depends on the balance between crack healing and
strength reduction, which is influenced by the dominant failure mode. Artificially aged glass benefits
because scratch healing outweighs the material weakening, while naturally aged glass deteriorates
because minimal healing cannot compensate for the strength loss.

Inconsistencies with the proposed theory

Several factors may explain the differing behaviour observed between naturally aged and artificially
aged glass, but one aspect does not fully align with the proposed theory. According to this theory, nat-
urally aged glass loses strength due to surface deterioration, while artificially aged glass gains strength
because of scratch healing. This suggests there should be a point where the effects of scratch healing
and surface deterioration balance out, resulting in no net change in strength.

After thermal treatment at 600°C, the artificially aged glass P2_Tin_SC_600 shows in Figure 4.19 a
notable increase in strength, while the naturally aged glass P2_Tin_NA_600 exhibits a decrease. Intu-
itively, the naturally aged glass should have similar or higher strength compared to the artificially aged
glass if such a balance point exists. However, in this case, the artificially aged glass has higher strength
than the naturally aged glass. This could suggests that smaller surface cracks in naturally aged glass
might worsen during thermal treatment, indicating that the thermal process affects different types of
surface flaws in distinct ways. It could also be influenced by the condition of the glass itself. As de-
scribed in the methodology, the naturally aged glass was intentionally scratched, thereby transforming
it into artificially aged glass. This approach assumes that the introduced scratch represents the primary
failure mode. However, due to the heat treatment, this assumption may no longer hold, as the surface
characteristics could change.

Another possible explanation lies in the analysis of the strength data. A box plot of the strength data
shown in Figure 5.3, reveals a similar trend as the Weibull distribution plots but also highlights the
differences in spread between groups. The naturally aged glass exhibits a much wider spread in
strength values compared to the artificially aged glass. Looking more closely at the P2_Tin_NA_600
and P2_Tin_SC_600 methods, both thermally treated at 600°C, the groups have similar minimum val-
ues and comparable averages. However, their spreads and maximum values differ significantly. This
nuance is harder to discern in statistical evaluations, so exploring alternative data analysis methods
may provide further insights into the differing glass behaviours.
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This effect can also be confirmed by examining the shape factor (B) of the Weibull distribution, which
characterizes the scatter of failure strengths. For the naturally aged glass, the calculated shape factors
are 4.61, 3.45, and 2.79, while the artificially aged glass exhibits higher values of 4.93, 5.27, and 5.19.
The shape factor corresponds to the slope of the Weibull probability plot, a higher value produces a
steeper slope, meaning that failures occur within a narrower range of strength values. This reflects a
more uniform and predictable failure behaviour. In contrast, lower shape factors result in a flatter slope,
indicating a wider spread of strength values and greater variability in the failure process. Thus, the
naturally aged glass demonstrates a broader distribution of failure strengths, while the artificially aged
glass shows more tightly clustered failures, suggesting that artificial ageing produces more consistent
degradation.

Additional considerations

In addition to the three subjects already explained, several other possible explanations could be interest-
ing to discuss in this section and explored further in future research. Surface stress and stiffness have
already been investigated, but structural relaxation could also play a role in influencing the strength of
the glass. Structural relaxation in glass refers to the rearrangement of atoms or molecules toward a
more stable, lower-energy configuration. This typically occurs near or below the glass transition tem-
perature, where the glass is rigid but still exhibits some molecular mobility. An important consequence
of this process is the gradual loss of pre stress. As the glass structure relaxes, compressive stresses
are reduced, which can alter the apparent hardness or brittleness of the material. Recent work by
(Hamada et al. 2023) confirmed that when soda lime silicate glasses were annealed 50 K below the
glass transition temperature, they underwent structural and volume relaxation involving reorganization
of the SiO; network and migration of Na* ions, changes that are consistent with the release of internal
stresses and the reduction of pre stress in the glass.

Besides scratches, other types of flaws such as pits were observed during microscopy. These pits could
react differently to thermal treatment, potentially influencing the degradation seen in naturally aged
glass. This effect has not been investigated in this study and could be an important factor contributing
to the deterioration of naturally aged glass.

Another factor to consider is the size and nature of surface flaws. Artificially aged glass have larger
flaws due to the intentionally made scratch, which may respond differently to thermal treatment. Larger
flaws generally have lower stress concentrations at their tips compared to sharp micro-cracks. Dur-
ing heating, the increased viscosity of the glass allows viscous flow at the edges of these flaws, par-
tially “rounding” the defects and reducing the stress intensity factor. This mechanism can improve the
strength of artificially scratched glass. In contrast, naturally aged glass typically contains numerous
small but sharper cracks that have higher stress intensities. These sharp cracks are less likely to blunt
significantly during thermal exposure and can remain critical flaws. This rounding mechanism has been
experimentally confirmed by (Blaels and Muller 2023), who studied the thermal healing of Vickers inden-
tation, induced cracks in different silicate glasses. They observed that during annealing, initially sharp
cracks undergo tip blunting and edge rounding, often widening into oval or cavity, like shapes before
gradually smoothing and filling through viscous flow. This process lowers the stress concentration at
the flaw tip and can delay or suppress further crack growth. Importantly, their results show that larger
indentation flaws are more prone to this rounding and partial healing, whereas smaller, sharper cracks
remain critical and heal less effectively



Conclusion & Recommendations

This chapter addresses the additional research questions posed at the beginning of the study, using
the findings gathered throughout this research. It also provides a final answer to the main research
question, bringing the investigation to a conclusion. Lastly, recommendations are provided to guide
future research in this area.

6.1. Research question

To what extent can thermal treatment enhance the strength of naturally aged glass, affecting
their potential for reuse?

Additional research questions:

» To what extent do different thermal treatments influence the morphology of surface flaws?
» To what extent do different thermal treatments affect the strength of aged glass?

» To what extent do surface flaws and strength recovery after thermal treatment differ between
naturally and artificially aged glass?

To what extent do different thermal treatments influence the morphology of surface flaws?

In this research, both naturally and artificially aged glass were investigated. Naturally aged glass
showed minimal surface degradation, with only small flaws detectable. In contrast, artificially aged
glass was intentionally scratched to create larger, visible surface flaws for analysis.

Thermal treatment of naturally aged glass led to observable but inconsistent changes in surface mor-
phology. At 500°C, some samples developed additional scratches, while others showed a slight reduc-
tion in surface defects, reflecting varied responses. At 600°C, the damage became more pronounced in
certain samples, potentially due to contamination affecting image interpretation, while others remained
relatively unchanged. Although individual samples showed visible changes, there was no consistent
trend across the entire group. These findings suggest that thermal treatment does not reliably repair
surface flaws in naturally aged glass.

Artificially aged glass showed a more consistent pattern. At 500°C, changes in scratch morphology
were minimal. Most scratches retained their original shape, though some showed a fading of the
dark groove line or developed subcritical cracks. At 600°C, subcritical crack formation around exist-
ing scratches led to a significant increase in overall crack width. Scratches became less defined, and
their shapes appeared altered, indicating a degradation of surface structure. These results consistently
show that thermal treatment, particularly at higher temperatures, tends to aggravate surface flaws in
artificially aged glass.

In summary, thermal treatment produces inconsistent and partly negligible effects on the surface flaws
of naturally aged glass, whereas in artificially aged glass it consistently aggravates existing scratches,
particularly at higher temperatures.
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To what extent do different thermal treatments affect the strength of aged glass?

In this research, both naturally and artificially aged glass were tested to assess the effect of thermal
treatment on mechanical strength.

For artificially aged glass, strength improved significantly after thermal treatment. The 5% character-
istic strength increased by 13% at 500°C and by 41% at 600°C compared to the reference samples.
Similarly, the mean strength increased by 10% and 37%, respectively. These results suggest that
thermal treatment can positively affect the strength of artificially aged glass.

In contrast, naturally aged glass exhibited a decline in strength following thermal treatment. The 5%
characteristic strength decreased by 28% at 500°C and by 56% at 600°C, while the mean strength
dropped by 13% and 36%, respectively. A similar trend was observed in panel 1, where thermally
treated naturally aged glass also showed reduced strength. These findings indicate that thermal treat-
ment tends to negatively affect the performance of naturally aged glass.

To isolate the effect of thermal treatment from surface stress, SCALP-05 measurements were con-
ducted. These results showed a reduction in surface stress due to thermal treatment by 3.73 MPa at
500°C and by 4.19 MPa at 600°C. This reduction in surface stress may have contributed to the lower
strength values observed in the ring-on-ring tests.

Overall, when accounting for the reduction in surface stress, the improvement in artificially aged glass
becomes larger, while the decrease in strength for naturally aged glass appears less severe. However,
the SCALP-05 measurements do not alter the general trends or the main conclusions regarding the
effects of thermal treatment on glass strength.

In summary, thermal treatment significantly increases the strength of artificially aged glass while simul-
taneously decreasing the strength of naturally aged glass, with the magnitude of these effects growing
at higher temperatures.

To what extent do surface flaws and strength recovery after thermal treatment differ between
naturally and artificially aged glass?

The difference between naturally aged and artificially aged glass begins with the type of surface dam-
age. Naturally aged glass deteriorates over time, exhibiting mostly small scratches and pits, whereas
artificially aged glass is intentionally scratched in the laboratory, creating a larger, visible flaw. Conse-
quently, the approaches for investigating surface flaws differed. In artificially aged glass, a 1 cm scratch
was placed in the center, making it easy to detect and compare before and after thermal treatment. In
contrast, naturally aged glass contained numerous smaller flaws at unknown locations, requiring the
entire ring area to be scanned to assess changes.

The effects of thermal treatment on surface flaws also differed between the two types. Naturally aged
samples showed inconsistent responses: some surfaces improved slightly, others deteriorated, and
some remained unchanged. Artificially aged glass, however, consistently exhibited visually worsened
surface defects after heating, primarily due to subcritical crack growth.

Strength recovery mirrored these differences. Naturally aged glass showed a reduction in strength after
thermal treatment, while artificially aged glass demonstrated improved strength. Failures in naturally
aged glass could originate anywhere on the surface, whereas in artificially aged glass, failures typically
initiated at the scratches.

Based on these observations, a theory is proposed to explain the contrasting effects of thermal treat-
ment on naturally and artificially aged glass, where the primary failure mode largely determines the
outcome. In artificially aged glass, the dominant scratch acts as the critical flaw, and thermal treatment
allows partial healing, reducing its severity and increasing overall strength. Crack pattern analysis
shows that at lower temperatures, cracks follow the scratch, while at higher temperatures they initiate
near the scratch without propagating along it. Although the surface itself experiences some intrinsic
weakening, the scratch remains the primary failure point, so the net effect is strengthening. In naturally
aged glass, failure arises from numerous small surface flaws, leaving no dominant crack to heal. As
a result, thermal treatment cannot significantly improve strength, and the glass experiences overall
weakening due to surface degradation and intrinsic material loss.
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These results highlight the contrasting outcomes of thermal treatment on naturally aged versus artifi-
cially scratched glass. Microscopy revealed minimal visible changes in naturally aged glass despite
the reduction in strength, while artificially aged glass appeared visually worse but showed strength im-
provements in ring-on-ring testing. This suggests a transition point at which thermal treatment becomes
ineffective or even detrimental, depending on the characteristics of the surface flaws.

To what extent can thermal treatment enhance the strength of naturally aged glass, affecting
their potential for reuse?

This research assessed the potential of thermal treatment to restore the strength of naturally aged
glass. Naturally aged glass develops surface defects over time due to environmental exposure and
handling. The goal was to determine whether thermal treatment could recover the glass’s strength for
reuse in the construction industry. However, the results showed that thermal treatment did not improve
the strength of naturally aged glass. Instead, it caused a noticeable reduction in strength.

The glass used in this study had a metallic surface coating that degraded during thermal treatment,
likely resulting in the observed yellow discoloration. This discoloration was probably caused by the
oxidising of a heat-sensitive metal oxide coating. The effect was clearly visible at 600°C, though it was
already noticeable at 500°C. These findings indicate that for thermal treatment to be a viable option
for glass reuse in construction, surface coatings must either be thermally resistant or removed prior
to processing. Such aesthetic changes are undesirable in the building industry and therefore limit the
potential for reuse.

Overall, thermal treatment as applied in this study reduced both the mechanical performance and visual
quality of naturally aged glass. Consequently, it cannot be considered a suitable method for restoring
naturally aged glass for reuse in construction.
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6.2. Recommendations

Based on this research, several recommendations can be made to support future investigations and
enhance the reuse potential of glass. The process of thermal treatment was carried out on naturally
aged glass, but this category is quite broad and lacks clear definition. It remains unclear when glass
can be formally classified as "naturally aged” and how its condition should be assessed. There may be
a threshold in the ageing process beyond which thermal treatment becomes more effective, but further
research is needed to identify such a point.

To better simulate the micro-scale damage in naturally aged glass, a Berkovich nanoindenter can intro-
duce fine surface flaws in a controlled, reproducible manner. (Moayedi and Wondraczek 2017) used
an instrumented microindenter (G200, Agilent) with a Berkovich diamond tip to scratch silica glass un-
der gradually increasing loads, recording forces and later examining the marks microscopically. This
allowed them to pinpoint the onset of cracking and microabrasion, showing that this can quantitatively
reproduce and accelerate natural surface wear, making them well suited for artificial ageing tests.

An interesting extension of this work would be to explore the role of oven parameters. Experiments
could be conducted using different temperatures and investigating the effect of humidity during the
healing process. It may also be worth exploring active cooling methods to achieve a faster cooling rate,
which could increase surface stress and potentially improve the mechanical strength of the glass.

Furthermore, the actual glass temperature may not have matched the oven set temperature, which
could have significantly influenced the healing process, as healing depends directly on the glass tem-
perature. Some results in this study appear to resemble outcomes from samples treated at lower tem-
peratures, suggesting such discrepancies. This issue could be addressed by using a thermal coupling
in the oven to ensure that the glass temperature corresponds to the desired treatment temperature.

The image processing method proved to be an effective and accurate approach for analysing larger
glass surfaces, with strong potential to reduce human error in manual microscopy. By enabling auto-
mated flaw detection, it improves both accuracy and efficiency. Further research, including refinement
of microscopy settings and optimization of processing parameters, could enhance the robustness, con-
sistency, and overall effectiveness of the method for assessing extensive glass areas.

To improve the comparability of data, the development of a standardised test procedure, with a fixed
loading rate and controlled conditions, would be beneficial. Naturally aged glass is not only limited
in availability but also varies significantly depending on its exposure to environmental conditions. A
standardised approach would help generate more consistent results and provide a clearer picture of
glass degradation over time.

More attention should be given to the coatings commonly found on architectural glass. This study sug-
gests that such coatings degrade or burn off at elevated temperatures, leading to discolouration. Since
discoloured glass is often undesirable in the construction industry, this effect could limit the practical
reuse of thermally treated glass.

Further research is needed to investigate the proposed theory in section 5.6: 'Healing vs. Degradation:
a proposed theory’ and deepen understanding of how thermal treatment affects glass. One possible
approach is to use Differential Scanning Calorimetry to study how the material relaxes strain at different
temperatures, which would provide valuable insight into the thermal behaviour of glass during treatment.
Complementing this, experiments with new, untreated glass could help to isolate the direct impact of
the oven environment itself and reveal whether thermal treatment introduces contamination.

Beyond thermal considerations, greater attention should be given to the role of flaws in determining
glass behaviour. Studying artificially introduced defects, such as micro-scratches or surface pits, would
allow more systematic comparisons between different flaw types and their response to treatment. While
the effect of scratches has mainly been assessed through 2D imaging, extending this work to 3D analy-
sis could provide a more complete picture of how subsurface flaws evolve after treatment. Interestingly,
microscopy revealed an increase in cracks despite an observed increase in strength, suggesting that
cracks may not solely be damaging but could also contribute to a form of self-healing. In addition, new
scratches or surface flaws appeared after thermal treatment, possibly resulting from internal defects
emerging at the surface. These phenomena require further investigation to better understand their
implications for glass behaviour.
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Appendix A: Python scripts

A.l. Random method assignment
import numpy as np

import matplotlib.pyplot as plt

import pandas as pd

np.random.seed (1)

N=2¢6
group_size = 28
Mic_samples_size = 7

samples = list(range(1l, 193))

broken = {9, 10, 11, 12, 19, 20, 21, 24, 33, 34, 35, 45, 47,

48, 69, 70, 89, 93, 105, 130, 155, 168}

extra = {171, 183}

samples_after_cutting = [num for num in samples if num not in broken]
samples_total = [num for num in samples_after_cutting if num not in extral

data = pd.DataFrame(samples_total, columns=['Sample'])

random_numbers = []
for i in range(l, (N + 1)):
random_numbers.extend([i] * group_size)

np.random.shuffle(random_numbers)
data['Method'] = random_numbers

data["Microscopy"] = ""
for group in range(l, (N+1)):
group_rows = datal[data["Method"] == group]

random_sample_indices = group_rows.sample(n=Mic_samples_size, random_state=12).index

data.loc[random_sample_indices, "Microscopy"] = "Yes"

# pd.set_option('display.max_rows', None)
print(data)
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A.2. Image processing
open() ;

imgName = getTitle();
run("8-bit");

rename (imgName + " - Contrast");

run("Gaussian Blur...", "sigma=1.0");

run ("Enhance Contrast", "saturated=0.50");
run("Duplicate...", "title=[" + imgName + " - Detection]");

run("Find Edges");

setAutoThreshold("Triangle dark");
setOption("BlackBackground", false);

run("Convert to Mask");

run("Dilate");

showMessage ("Complete", "Finished with:\n" + imgName) ;
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A.3. Data files ring on ring test analysis
import pandas as pd

import numpy as np

import os

from glob import glob

def analyze_file(file_path, force_threshold=2):
df = pd.read_excel(file_path)

force_start_idx = df.index[(df['Load']) > force_threshold] [0]
start_row = df.loc[force_start_idx]
max_idx = df ['Load'].idxmax()

max_row = df.loc[max_idx]

max_force = max_row['Load']
end_force = df['Load'].iloc[-1]
corrected_force = max_force - end_force

segment = df.loc[force_start_idx:max_idx]

a_time, b_time = np.polyfit(segment['Time'], segment['Load'], deg=1)
zero_time = (end_force - b_time) / a_time

max_time = max_row['Time']

total_time = max_time - zero_time

a_strain, b_strain = np.polyfit(segment['Avg_S1_S2'], segment['Load'], deg=1)
zero_strain = (end_force - b_strain) / a_strain

max_strain = max_row['Avg_S1_S52']

total_strain = max_strain - zero_strain

stiffness = corrected_force / total_strain
loading_rate = total_strain / total_time

H = df['H'] .mean() if 'H' in df.columns else None
T =df['T'] .mean() if 'T' in df.columns else None
return {
"filename": os.path.basename(file_path),
"max_force": round(max_force, 3),
"end_force": round(end_force, 3),
"corrected_force": round(corrected_force, 3),
"loading_rate": round(loading_rate, 3),
"total_time": round(total_time, 2),
"total_strain": round(total_strain, 3),
"Stiffness": round(stiffness, 3),
"H": round(H, 2) if H is not None else None,
"T": round(T, 2) if T is not None else None
}

folder_path = "."
files = glob(os.path. join(folder_path, "*.xlsx"))
results = []

for file_path in files:
try:
result = analyze_file(file_path)
results.append(result)
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except Exception as e:
print (f"Error processing {file_path}: {e}")

df_results = pd.DataFrame(results)
df _results.to_csv("Results.csv", index=False)
print (df _results)
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A.4. Stiffness plots

import pandas as pd

import numpy as np

import os

from glob import glob

import matplotlib.pyplot as plt

def analyze_file(file_path, force_threshold=2):
df = pd.read_excel(file_path)

# Determine starting point where load exceeds threshold
force_start_idx = df.index[(df['Load']) > force_threshold] [0]
start_row = df.loc[force_start_idx]

max_idx = df['Load'] .idxmax()
df .loc[max_idx]

max_row

# Force values

max_force = max_row['Load']

end_force = df['Load'].iloc[-1]
corrected_force = max_force - end_force

# Segment used for trendline
trendline_segment = df.loc[force_start_idx:max_idx]

# Linear fits

a_time, b_time = np.polyfit(trendline_segment['Time'],
trendline_segment['Load'], deg=1)

zero_time = (end_force - b_time) / a_time

a_strain, b_strain = np.polyfit(trendline_segment['Avg_S1_S2'],
trendline_segment['Load'], deg=1)
zero_strain = (end_force - b_strain) / a_strain

max_time = max_row['Time']
max_strain = max_row['Avg_S1_S2']

# Calculations

total_time = max_time - zero_time
total_strain = max_strain - zero_strain
stiffness = corrected_force / total_strain
loading_rate = total_strain / total_time
time_over_load = corrected_force / total_time

# Optional columns

H=df['H'] .mean() if 'H' in df.columns else None
T =df['T'].mean() if 'T' in df.columns else None
return {

"filename": os.path.basename(file_path),
"max_force": round(max_force, 3),
"end_force": round(end_force, 3),
"corrected_force": round(corrected_force, 3),
"loading_rate": round(loading rate, 3),
"total_time": round(total_time, 2),
"total_strain": round(total_strain, 3),
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"Stiffness": round(stiffness, 3),
"H": round(H, 2) if H is not None else None,
"T": round(T, 2) if T is not None else None

}
folder_path = "." # Or specify your folder
files = glob(os.path.join(folder_path, "*.xlsx"))
results = []

trendline_stiffness_list = [] # NEW: collect trendline slopes

# Make sure plot folder exists
plot_folder = "plots4"
os.makedirs(plot_folder, exist_ok=True)

for file_path in files:

try:

# Analyze file
result = analyze_file(file_path)
results.append(result)

# Load data again for plotting

df = pd.read_excel(file_path)

force_start_idx = df.index[(df['Load']) > 2][0]
max_idx = df['Load'].idxmax()

trendline_segment = df.loc[force_start_idx:max_idx]

# Actual data

x = trendline_segment['Avg_S1_52']
y = trendline_segment['Load']
# Fit line

a_strain, b_strain = np.polyfit(x, y, deg=1)
x_fit = np.linspace(x.min(), x.max(), 100)
y_fit = a_strain * x_fit + b_strain

# Save slope for this file
trendline_stiffness_list.append({
"filename": os.path.basename(file_path),
"trendline_stiffness": round(a_strain, 3)

b

# Plot

plt.figure(figsize=(8, 6))

plt.plot(df['Avg_S1_S2'], df['Load'], label='Full Data', alpha=0.4)
plt.plot(x, y, 'o', label='Trendline Segment', color='orange')
plt.plot(x_fit, y_fit, '--', label='Trendline Fit', color='red')

# Title and labels

filename = result["filename"]
plt.title(f"{filenamel}")
plt.xlabel("Avg_S1_S2 (Strain)")
plt.ylabel("Load (Force)")
plt.legend()

plt.grid(True)

# Add stiffness text (from trendline slope)
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stiffness_text = f"Stiffness = {a_strain:.3f}"
plt.text(
0.05, 0.95,
stiffness_text,
transform=plt.gca() .transAxes,
fontsize=10,
verticalalignment="'top',
bbox=dict (boxstyle="round,pad=0.3", facecolor="white", edgecolor="gray")

# Save plot

plot_path = os.path.join(plot_folder, f"{filename}.png")
plt.savefig(plot_path)

plt.close()

except Exception as e:
print (f"Error processing {file_path}: {e}")

# Convert to DataFrames
df _results = pd.DataFrame(results)
df_trendline_stiffness = pd.DataFrame(trendline_stiffness_list)

# Merge both into one file if desired
df _combined = df_results.merge(
df _trendline_stiffness,
on="filename",
how="left"

print (df _combined)

# Save to Excel
df _combined.to_excel("All_Results_with_Trendline_ Stiffness.xlsx", index=False)
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Figure B.1: Imaged processing of S51 pre- and post-treatment



71

(a) S55 (b) S55 thermal treated

(c) S55 with contrast enhanced (d) S55 thermal treated with contrast enhanced

(e) S55 with image processing (f) S55 thermal treated with image processing

Figure B.2: Imaged processing of S55 pre- and post-treatment
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(a) S67

(c) S67 with contrast enhanced
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Figure B.3: Imaged processing of S67 pre- and post-treatment



73
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(c) S113 with contrast enhanced
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Figure B.4: Imaged processing of S113 pre- and post-treatment
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(a) S140

(c) S140 with contrast enhanced

(b) S140 thermal treated

(e) S140 with image processing
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(f) S140 thermal treated with image processing

Figure B.5: Imaged processing of S140 pre- and post-treatment
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(f) S29 thermal treated with image processing

Figure B.6: Imaged processing of S29 pre- and post-treatment
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(a) S68

(e) S68 with image processing

(b) S68 thermal treated
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(f) S68 thermal treated with image processing

Figure B.7: Imaged processing of S68 pre- and post-treatment
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(a) S92 (b) S92 thermal treated

(e) S92 with image processing (f) S92 thermal treated with image processing

Figure B.8: Imaged processing of S92 pre- and post-treatment
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(f) S124 thermal treated with image processing

Figure B.9: Imaged processing of S124 pre- and post-treatment
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(a) S163 (b) S163 thermal treated

(c) S163 with contrast enhanced (d) S163 thermal treated with contrast enhanced
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Figure B.10: Imaged processing of S163 pre- and post-treatment
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Appendix C: Scalp-05 measurement

Specimen: 217 Surface Stress, MPa Stress distribution (isotropic).
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Measure ‘ ‘ Repeat 5 times -
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Figure C.1: Scalp-05 measurement S2.17 (No treatment)

Specimen: 243 Surface Stress, MPa Stress distribution (isotropic).
Note: Average Stdev OAverage
0
Laser direction: v - 6 9 O 5
Time: 04.07.25, 9:58:09
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Glass thickness: |8 Fit error: - 5 0
Meas. depth: 2 @ Stress details, MPa
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Fit method Global © &
Fit closeness: 0,5
Polynomial: | 3 v ©
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Fiv ratard - [7]
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Measure ‘ ‘ Repeat 5 times -
Depth, mm Retardation

Figure C.2: Scalp-05 measurement S2.43 (No treatment)
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Figure C.3: Scalp-05 measurement S2.101 (No treatment)
Specimen: 2123 Surface Stress, MPa Stress distribution (isotropic).
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Laser direction: v _ 5 3 0 2
Time: 04.07.25, 9:50:55
-1
C, TPal-1): 272 Excl. pixels: . 10% 0%
Glass thickness: |& Fit error: - 33 0
Meas. depth: 2 @ Stress details, MPa 2
Refr. index: 152 £
=
() Fitting w3
|
Fit method Global ~ a
Fit closeness: 05 4
Polynomial: | 3 o
Background: | normal "2 5
Fiv ratard - [J1
- 0 0,5 1 15
Measure Repeat 5 times
Depth, mm
Figure C.4: Scalp-05 measurement S2.123 (No treatment)
Specimen: 2132 Surface Stress, MPa Stress distribution (isotropic).
Note Average Stdev , G Average
Laser direction: v _6 7 0 6
Time: 04.07.25, 9:39:48
C, TPa(-1): 2,72 Excl. pixels: - 11% 0%
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Glass thickness: 8 Fit error: - 3 0
Meas. depth: 2 () stress details, MPa
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Figure C.5: Scalp-05 measurement S2.132 (No treatment)
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Note:

Laser direction:
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Figure C.6: Scalp-05 measurement S2.173 (No treatment)
Specimen: 2 Surface Stress, MPa Stress distribution (isotropic).
Note: Average Stdev OoAverage
Laser direction: v _3 1 O 8
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Figure C.7: Scalp-05 measurement S2.2 (500°C)
Specimen: 5 Surface Stress, MPa Stress distribution (isotropic).
Note: Average Stdev O‘Average
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Figure C.8: Scalp-05 measurement S2.5 (500°C)
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Retardation
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Specimen: 141 Surface Stress, MPa Stress distribution (isotropic).
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Figure C.9: Scalp-05 measurement S2.141 (500°C)
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Figure C.10: Scalp-05 measurement S2.148 (500°C)

Specimen: 158 Surface Stress, MPa Stress distribution (isotropic).
Note: Average Stdev O‘Average
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Figure C.11: Scalp-05 measurement S2.158 (500°C)
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Stress distribution (isotropic).

Specimen: 161 Surface Stress, MPa
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Figure C.12: Scalp-05 measurement S2.161 (500°C)
Specimen: 4 Surface Stress, MPa Stress distribution (isotropic).
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Figure C.13: Scalp-05 measurement S$2.4 (600°C)

Specimen: 15 Surface Stress, MPa Stress distribution (isotropic).
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Figure C.14: Scalp-05 measurement S2.15 (600°C)
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Laser direction:

Time: 04.07.25, 11:06:02
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Figure C.15: Scalp-05 measurement S2.23 (600°C)

Figure C.16: Scalp-05 measurement S63 (600°C)
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Figure C.17: Scalp-05 measurement S2.97 (600°C)
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Specimen: 115
Note:

Laser direction:
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Figure C.18: Scalp-05 measurement S2.115 (600°C)
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Appendix D: Post fracture images

Naturally aged glass without thermal treatment

— —_—
100pum 100pum

(a) S64 first view (b) S64 second view

Figure D.1: Different views of S64 (99 MPa)

1000pm 1000pm

(a) S76 first view (b) S76 second view

Figure D.2: Different views of S76 (77 MPa)
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1000pum 100pm

(a) S90 first view (b) S90 second view

Figure D.3: Different views of S90 (83 MPa)

(a) S91 first view (b) S91 second view (c) S91 third view

Figure D.4: Different views of S91 (50 MPa)

1000um 100pm

(a) S145 first view (b) S145 second view

Figure D.5: Different views of S145 (81 MPa)
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Naturally aged glass with thermal treatment of 500 degrees

[
100um

Figure D.6: View of S36 (102 MPa)

1000um 100pm

(a) S41 first view (b) S41 second view

Figure D.7: Different views of S41 (86 MPa)

(a) S55 first view (b) S55 second view (c) S55 third view

Figure D.8: Different views of S55 (35 MPa)
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(a) S113 first view (b) S113 second view

Figure D.9: Different views of S113 (62 MPa)
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100um

Figure D.10: View of S114 (78 MPa)

(a) S144 first view (b) S144 second view

Figure D.11: Different views of S144 (63 MPa)
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(a) S156 first view (b) S156 second view (c) S156 third view

Figure D.12: Different views of S156 (43 MPa)

1000pm: 100pum

(a) S175 first view (b) S175 second view

Figure D.13: Different views of S175 (79 MPa)
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Naturally aged glass with thermal treatment of 600 degrees

1000pm

(a) S57 first view (b) S57 second view

Figure D.14: Different views of S57 (61 MPa)

(a) S72 first view (b) S72 second view (c) S72 third view

Figure D.15: Different views of S72 (67 MPa)

1000pm

(a) S117 first view (b) S117 second view

Figure D.16: Different views of S117 (31 MPa)
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1000pm 1000pm

(a) S143 first view (b) S143 second view

Figure D.17: Different views of S143 (82 MPa)

[R—
1000pm 100pum

(a) S174 first view (b) S174 second view

Figure D.18: Different views of S174 (48 MPa)

1000.0pm 100pm

(a) S184 first view (b) S184 second view

Figure D.19: Different views of S184 (45 MPa)
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Artificially aged glass without thermal treatment

100um 100um

(a) S16 first view (b) S16 second view

100pm 100um

(c) S16 third view (d) S16 fourth view

Figure D.20: Different views of S16 (36 MPa)

100um

(a) S27 first view (b) S27 second view

Figure D.21: Different views of S27 (51 MPa)
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(a) S65 first view (b) S65 second view (c) S65 third view

Figure D.22: Different views of S65 (46 MPa)

(a) S108 first view (b) S108 second view

Figure D.23: Different views of S108 (54 MPa)

(a) S127 first view (b) S127 second view (c) S127 third view

Figure D.24: Different views of S127 (37 MPa)

(a) S179 first view (b) S179 second view

Figure D.25: Different views of S179 (50 MPa)
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Artificially aged glass with thermal treatment of 500 degrees

(a) S5 first view (b) S5 second view

(c) S5 third view (d) S5 fourth view

Figure D.26: Different views of S5 (33 MPa)

(a) S18 first view (b) S18 second view (c) S18 third view

Figure D.27: Different views of S18 (61 MPa)

(a) S188 first view (b) S188 second view (c) S188 third view

Figure D.28: Different views of S188 (47 MPa)
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100pum 100um

(a) S153 first view (b) S153 second view

Figure D.29: Different views of S153 (35 MPa)

100pm

(a) S157 first view (b) S157 second view

Figure D.30: Different views of S157 (56 MPa)

100um 100um

(a) S185 first view (b) S185 second view

Figure D.31: Different views of S185 (41 MPa)
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Artificially aged glass with thermal treatment of 600 degrees

(a) S15 first view (b) S15 second view (c) S15 third view

Figure D.32: Different views of S15 (28 MPa)

100pm 100pm

(a) S59 first view (b) S59 second view

Figure D.33: Different views of S59 (53 MPa)

[e— e
100pm 100pm

(a) S107 first view (b) S107 second view

Figure D.34: Different views of S107 (79 MPa)
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100pum

(a) S126 first view (b) S126 second view

Figure D.35: Different views of S126 (54 MPa)

100um 100pm

(a) S136 first view (b) S136 second view

Figure D.36: Different views of S136 (68 MPa)

(a) S170 first view (b) S170 second view (c) S170 third view

Figure D.37: Different views of S170 (Invalid)
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Appendix E: Data ring test

Datafile Location Fbreakage | dfaiture | traiture | Stiffness | T(°C) | RH (%) | of (MPa)
of failure | (N) (mm) (s) (N/mm)
M1_S3 IR 14590 0.478 5.44 30520 24.9 38,0 112.99
M1_S6 IR 13435 0.441 5.03 30456 24.9 38,0 103.91
M1_S8 IR 16914 0.555 6.33 30460 24.8 38.2 128.85
M1_S14 IR 14942 0.492 5.59 30347 24.7 38.5 115.27
M1_S39 LR 7921 0.282 3.18 28103 24.6 38.5 61.65
M1_S42 IR 10221 0.336 3.85 30440 26.73 | 50.22 80.63
M1_S64 IR 12530 0.431 4.9 29106 24.8 39.2 99.29
M1_S73 LR 18518 0.629 7.2 29427 24.8 40,0 146.17
M1_S76 IR 9633 0.343 3.9 28081 24.8 39.9 77.07
M1_S78 LR 6910 0.248 2.81 27830 24.8 40.2 55.21
M1_S90 LR 10392 0.36 4.06 28875 24.8 40.2 82.56
M1_S91 IR 6243 0.225 2.54 27797 24.9 40.2 49.72
M1_S95 IR 11559 0.4 4.52 28890 24.9 40.2 91.53
M1_S96 LR 16977 0.574 6.56 29571 24.9 40.1 135.04
M1 _S112 | IR 13725 0.462 5.27 29727 24.9 40.1 107.17
M1 _S120 | IR 12410 0.419 4.8 29652 249 40.3 96.96
M1 _S122 | IR 11515 0.377 4.31 30550 26.7 50.28 89.46
M1 8125 | IR 11583 0.394 4.49 29389 24.9 39.9 89.81
M1 8138 | IR 14249 0.474 5.38 30088 24.8 39.5 109.86
M1_S145 | IR 10600 0.356 4.07 29735 24.8 39.5 81.16
M1 S149 | LR 8714 0.302 3.42 28812 24.8 394 66.38
M1 _S150 | IR 12987 0.434 4.97 29909 24.8 394 99.5
M1 _S159 | IR 13188 0.439 4.99 30054 24.9 39.2 100.97
M1 _S162 | LR 8511 0.279 3.18 30519 26.72 | 50.61 65
M1_S164 | IR 11909 0.396 4.54 30077 24.8 39.1 90.89
M1 _S167 | LR 13878 0.459 5.22 30222 24.8 39,0 106.12
M1 _S180 | IR 13559 0.454 5.18 29838 24.9 38.7 104.74
M1 _S181 | LR 15030 0.501 5.72 29993 24.9 38.4 116.69
M2_S$1 IR 15901 0.521 5.95 30530 24.9 40.8 122.36
M2_S22 IR 10351 0.33 3.79 31382 26.75 | 50.19 79.85
M2_S31 LR 14237 0.473 5.37 30110 24.9 40.6 110.88
M2_S32 OR 12117 0.407 4.66 29776 24.8 40.7 94.07
M2_S36 LR 13075 0.441 5,00 29643 249 40.8 102.09
M2_S41 IR 11033 0.377 4.29 29243 24.9 40.8 86.31
M2_S46 IR 7417 0.261 2.96 28400 24.9 40.8 57.58
M2_S51 LR 14008 0.473 543 29626 24.7 41.6 110.64
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Datafile Location Fbreakage | dtqiture | tfaiture | Stiffness | T (°C) | RH (%) | o¢ (MPa)
of failure | (N) (mm) (s) (N/mm)
M2_S53 LR 11325 0.394 4.49 28772 24.7 41.5 89.16
M2_S55 IR 4421 0.169 1.91 26218 24.7 41.3 34.99
M2_S58 IR 14706 0.496 5.66 29672 24.7 40.2 115.93
M2_S60 LR 6896 0.242 2.74 28454 24.7 40.3 54.33
M2_S67 IR 7912 0.284 3.23 27874 24.7 40.4 62.73
M2_S80 IR 11209 0.389 443 28795 24.7 40,0 88.82
M2_S82 IR 9029 0.303 3.45 29830 26.76 | 50.56 71.5
M2_S84 LR 13111 0.453 5.16 28932 24.7 40,0 104.69
M2_S100 | LR 10973 0.377 4.32 29110 24.6 40,0 86.45
M2_S103 | IR 8059 0.282 3.22 28565 24.6 39.9 63.29
M2_S113 | IR 7905 0.28 3.18 28245 24.6 39.8 62.28
M2 _S114 | LR 9953 0.344 3.89 28958 24.5 39.3 77.76
M2_S116 | IR 8093 0.262 3.03 30857 26.76 | 50.96 63.39
M2 _S140 | IR 15996 0.519 5.96 30810 24.6 391 123.64
M2 _S144 | IR 8105 0.277 3.16 29218 24.6 39.1 62.69
M2_S147 | IR 15800 0.513 5.87 30811 245 39.5 121.35
M2_S152 | LR 12509 0.411 4.71 30419 24.6 39,0 96.02
M2_S156 | IR 5539 0.199 2.28 27795 24.6 39,0 42.54
M2 _S175 | IR 10371 0.348 3.98 29771 24.5 394 79.3
M2 _S192 | LR 9637 0.327 3.72 29500 245 394 74.11
M3_S7 OR 8353 0.348 4,00 23985 2514 | 41.7 64.24
M3_S29 IR 4077 0.302 3.44 13508 25.14 | 41.96 31.61
M3 S38 OR 7564 0.287 3.26 26373 2514 | 42.01 59.17
M3 S44 IR 11039 0.379 4.37 29143 26.77 | 499 86.97
M3 _S56 OR 7454 0.275 3.13 27122 2517 | 419 58.84
M3_S57 IR 7778 0.289 3.28 26940 2517 | 41.81 61.4
M3_S66 OR 7077 0.313 3.6 22603 25.17 | 41.63 55.93
M3_S68 LR 5956 0.326 3.7 18269 2515 | 4212 47.22
M3_S72 IR 8411 0.309 3.51 27212 2513 | 425 66.95
M3 S92 OR 9422 0.344 3.93 27405 2514 | 42.2 74.42
M3 S98 LR 11590 0.412 4.72 28131 2517 | 42.21 91.02
M3 S99 OR 8165 0.387 4.46 21108 26.77 | 50.06 64.33
M3 S104 | LR 5816 0.283 3.22 20540 25.14 | 42.58 45.7
M3 _S106 | OR 6304 0.308 3.5 20442 2513 | 42.58 49.66
M3 S117 | IR 3923 0.347 3.92 11291 251 42.52 30.71
M3 S124 | IR 9382 0.316 3.59 29677 2511 | 42.68 72.89
M3 S139 | IR 8023 0.295 3.39 27231 2513 | 42.47 61.78
M3 S143 | LR 10655 0.377 4.28 28233 2515 | 423 81.94
M3 S146 | OR 6864 0.278 3.18 24692 26.76 | 50.29 52.59
M3 S160 | LR 14266 0.491 5.58 29031 2518 | 42.42 108.75
M3 S163 | OR 11828 0.44 5.01 26863 2519 | 426 90.16
M3 S165 | IR 6219 0.266 3.03 23384 25.14 | 42.95 47.35
M3 S166 | LR 11892 0.424 4.86 28040 25.16 | 42.48 90.82
M3 S174 | LR 6242 0.312 3.55 20015 2517 | 42.66 47.82
M3 S184 | IR 5786 0.243 2.75 23826 2519 | 42.84 44.75
M3 S187 | OR 6158 0.376 4.26 16380 2522 | 42.62 47.57
M3 S190 | LR 6993 0.352 4,00 19861 25.2 43.16 53.95
M4 _S13 IR 4586 0.154 1.75 29707 26.65 | 53.95 35.85
M4 _S16 IR 4587 0.154 1.76 29755 26.65 | 53.8 35.95
M4 _S17 ND 3462 0.567 44 .32 6100 26.65 | 54.39 27.07
M4 _S25 IR 4627 0.156 1.78 29748 26.65 | 54.01 36.36
M4 _S27 IR 6518 0.218 2.48 29936 26.63 | 53.94 51.09
M4 _S40 IR 5109 0.175 1.99 29269 26.59 | 53.87 40.46
M4 _S43 IR 4362 0.151 1.69 28954 26.57 | 53.9 34.54
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Datafile Location Fbreakage | dtqiture | tfaiture | Stiffness | T (°C) | RH (%) | o¢ (MPa)
of failure | (N) (mm) (s) (N/mm)

M4 _S50 IR 4897 0.17 1.9 28860 26.55 | 54.29 39.08
M4 _S54 IR 4936 0.169 1.91 29268 26.55 | 53.87 39.49
M4 _S65 IR 5751 0.199 2.27 28831 26.55 | 54.76 46.25
M4 _S75 IR 5158 0.185 2.05 27909 26.54 | 54.22 41.7
M4 _S77 IR 4988 0.176 2,00 28308 26.55 | 54.55 40.32
M4 _S83 IR 6457 0.227 2.57 28464 26.58 | 54.76 52.2
M4 _S88 IR 8643 0.292 3.33 29576 26.61 | 54.32 68.97
M4 S101 | IR 4061 0.141 1.61 28703 26.61 | 54.54 32.24
M4 S102 | IR 5498 0.186 2.09 29556 26.65 | 54.48 43.43
M4 _S108 | IR 6847 0.234 2.65 29281 26.64 | 54.53 54.08
M4 _S111 | IR 5596 0.19 2.14 29391 26.68 | 53.9 43.97
M4 _S121 | IR 5005 0.171 1.92 29215 26.72 | 54.19 39.03
M4 _S123 | IR 4325 0.149 1.68 28975 26.72 | 54.69 33.9
M4 S127 | IR 4799 0.161 1.84 29720 26.73 | 54.45 37.33
M4 S132 | IR 3942 0.139 1.54 28424 26.77 | 53.6 30.82
M4 S133 | IR 5065 0.17 1.93 29807 26.78 | 53.63 39.1
M4 S134 | IR 5459 0.183 2.07 29834 26.81 | 54.53 42.14
M4 _S142 | IR 4431 0.154 1.73 28853 26.83 | 53.6 34.38
M4 S172 | IR 4525 0.155 1.74 29185 26.83 | 53.64 34.76
M4 S173 | IR 4822 0.162 1.84 29692 26.83 | 54.55 36.85
M4 _S179 | IR 6450 0.214 2.41 30142 26.85 | 53.83 49.54
M5 _S2 IR 4106 0.178 1.99 23088 26.58 | 54.23 31.78
M5_S5 IR 4207 0.143 1.62 29482 26.62 | 53.81 32.64
M5 S18 IR 7841 0.263 3.01 29859 26.62 | 53.97 61.15
M5 S28 IR 6612 0.222 2.51 29745 26.64 | 54.27 51.69
M5_S49 IR 6348 0.222 2.51 28629 26.64 | 54.36 50.27
M5_S61 IR 6511 0.226 2.56 28788 26.66 | 53.49 51.82
M5_S62 IR 5245 0.187 2.1 28060 26.68 | 53.4 41.64
M5 _S74 IR 5525 0.194 2.21 28433 26.68 | 54.08 43.98
M5 S79 IR 4728 0.169 1.9 27976 26.69 | 53.46 38.12
M5 S81 IR 5336 0.188 2.13 28402 26.7 53.74 42.69
M5_S87 IR 4800 0.17 1.93 28167 26.72 | 53.79 38.3
M5 _S94 IR 5927 0.208 2.33 28502 26.71 | 53.73 47.3
M5 S109 | IR 4828 0.165 1.85 29196 26.72 | 53.72 38.04
M5 S110 | IR 5498 0.187 2.1 29477 26.71 | 53.9 43.2
M5 S118 | IR 6258 0.212 2.38 29519 26.7 545 48.93
M5 S128 | IR 5623 0.189 2.13 29737 26.7 54.39 43.85
M5 S129 | IR 6317 0.211 2.38 29892 26.7 55.01 49.51
M5 S141 | IR 4461 0.148 1.67 30173 26.7 53.91 34.7
M5 S148 | IR 5089 0.169 1.9 30133 26.72 | 54.51 39.19
M5 S153 | IR 4518 0.148 1.69 30461 26.7 53.83 34.88
M5 S157 | IR 7365 0.239 2.69 30862 26.7 54.08 56.43
M5 S158 | IR 4495 0.151 1.7 29677 26.71 | 53.9 34.52
M5 S161 | IR 4937 0.165 1.88 29834 26.72 | 53.76 37.82
M5 S177 | IR 8256 0.264 3.01 31252 26.72 | 53.62 63.73
M5 S182 | IR 5346 0.18 2.03 29751 26.71 | 54.16 41.37
M5 S185 | IR 5282 0.174 1.95 30419 26.72 | 54.19 40.98
M5 S188 | IR 6080 0.201 2.26 30306 26.73 | 53.6 47.41
M5 S189 | IR 7108 0.234 2.63 30360 26.74 | 54.08 55.29
M6_S4 IR 4162 0.302 3.47 13768 27.01 | 52.39 32.13
M6_S15 IR 3651 0.314 3.68 11608 27.04 | 52.15 28.33
M6_S23 IR 5423 0.214 2.46 25354 27.19 | 50.65 41.97
M6_S26 IR 8140 0.303 3.45 26885 27.16 | 50.88 63.8
M6_S30 IR 7209 0.268 3.08 26921 27.08 | 51.2 56.36
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Datafile Location Fbreakage | dtqiture | tfaiture | Stiffness | T (°C) | RH (%) | o¢ (MPa)
of failure | (N) (mm) (s) (N/mm)

M6_S37 IR 6609 0.282 3.25 23409 27.07 | 51.87 51.8
M6_S52 IR 7505 0.266 3.04 28206 27.06 | 51.56 59.58
M6_S59 IR 6709 0.281 3.23 23840 27.06 | 51.82 52.99
M6_S63 IR 5739 0.242 2.77 23714 27.03 | 51.81 45.92
M6_S71 IR 8852 0.347 3.96 25514 27.02 | 52.1 70.82
M6_S85 IR 7319 0.431 4.95 16980 26.96 | 51.89 58.41
M6_S86 OR 7536 0.32 3.68 23584 26.93 | 51.79 60.14
M6 _S97 OR 9086 0.366 4.2 24850 26.9 51.62 71.77
M6_S107 | IR 9980 0.377 4.31 26506 26.9 52.18 79.03
M6_S115 | OR 5865 0.337 3.89 17393 26.92 | 51.39 45.97
M6_S119 | OR 6642 0.309 3.55 21509 26.95 | 52.29 51.67
M6_S126 | IR 6954 0.257 2.97 27076 26.94 | 514 54.23
M6_S131 | IR 7273 0.312 3.57 23301 26.98 | 51.01 56.43
M6 _S135 | IR 7093 0.278 3.22 25547 27,0 51.69 54.75
M6_S136 | IR 8642 0.327 3.76 26464 26.99 | 50.51 67.74
M6_S151 | IR 8906 0.334 3.82 26638 26.97 | 50.65 68.75
M6_S154 | IR 4904 0.337 3.86 14545 26.97 | 50.37 37.76
M6_S169 | IR 6625 0.301 3.44 21982 26.96 | 50.39 51.14
M6 _S170 | OR 7538 0.268 3.1 28078 26.95 | 50.12 58.19
M6_S176 | IR 8612 0.293 3.39 29368 26.94 | 50.32 66.31
M6_S178 | IR 7433 0.327 3.76 22739 26.93 | 50.42 57.09
M6_S186 | IR 6484 0.278 3.2 23316 26.93 | 50.13 50.18
M6_S191 | IR 6508 0.288 3.29 22570 26.93 | 50.19 50.49
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