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Abstract

Flat soda–lime–silicate glass is the dominant glass type used in contemporary buildings.
This paper provides a comprehensive and integrated review of the scientific principles
and technological processes that underpin its manufacture, processing, and structural
performance. The discussion spans the glass transition and the nature of the glassy state;
the network structure of soda–lime–silicate glass, with its inherent lack of long-range order;
and its physical and mechanical properties, including fracture. The industrial production
of flat soda–lime–silicate glass (melting, float-forming, and annealing) and its subsequent
processing (thermal tempering, chemical strengthening, and coating) are described in detail,
with emphasis on how they influence residual stresses, surface and edge quality, and struc-
tural reliability. Environmental considerations and ongoing advances in energy efficiency
and decarbonisation are also examined. By linking the fundamentals of glass science to
modern structural design standards, particularly the forthcoming Eurocode 10 for glass
structures, the article seeks to equip structural engineers with an informed understanding
of glass as a high-performance material for innovative and sustainable design.

Keywords: glass structures; soda–lime–silicate glass; flat glass; float glass; thermal
tempering; chemical strengthening; Eurocode 10; sustainability

1. Introduction
Flat glass is among the oldest man-made building materials. The Romans were

producing window glass as early as the first century CE [1]. Paradoxically, flat glass is also
one of the most modern, multifaceted, and forward-looking building materials, shaping
the appearance of contemporary architecture perhaps unlike any other.

In the latter half of the 20th century, the convergence of three major technological
innovations—the float process of glassmaking, the development of tempered glass, and
glass lamination with “stiff” interlayers—combined with a deeper scientific understanding
of glass, unlocked a wide range of new possibilities for the use of glass in structural
applications. A broad distinction can be made between primary and secondary structural
glass elements, based on their role in the performance of the structure and the consequences
of failure [2]. Secondary elements do not contribute to the overall stability of a structure;
they must withstand and transmit only those actions, direct and indirect, that are applied to
them (and, if necessary, provide a sufficient degree of fall-through safety). These elements
are not responsible for carrying loads from other parts of the structure. Curtain walls and
large windows—which became emblematic of 20th-century modernist architecture, with its
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emphasis on light, transparency, openness, and utility and its rejection of ornamentation—
are prime examples of secondary glass members. Other examples include balustrades,
horizontal glazing on a supporting grid and frameless glazing systems, in which glass
panels are point-fixed to a supporting structure without perimeter framing.

Over the past three or four decades, the structural use of glass in buildings has
expanded rapidly, driven by the desire to increase transparency and openness and to create
the illusion of a non-existent structure. This has led to the use of glass in primary elements
such as beams, beam-columns, and walls. These elements play an integral part in the
overall stability of the structure (structure-forming elements) and are typically subjected
to significant in-plane loads, with buckling often being a critical consideration. Glass as
a structural material is also increasingly making its way into interior elements, like stairs
and railings.

Building renovation—an area where balancing the respect for the identity of the
existing construction with the need to meet contemporary standards of spatial quality,
efficiency, functionality and safety is essential—provides immense opportunities for the
structural use of glass, by virtue of its distinctive ability to contrast with the features to be
preserved and thus to enable an open dialogue between the old and the new. The same
applies to the safeguarding of heritage buildings and sites, with an additional emphasis on
the reversibility of the interventions.

The forthcoming Eurocode 10 for the design of glass structures is expected to further
promote the adoption of glass as a structural material. It currently comprises three parts.
The first part, entitled “General rules”, addresses glass-specific basis of design items [3].
The second part, “Out-of-plane loaded glass components”, presents structural design rules
for glass components and assemblies primarily subjected to lateral loads (and which do
not usually take loads from other elements); it also covers the design of commonly used
supports, namely continuous edge supports, point supports and supports for cantilever
systems [4]. The third part is dedicated to “In-plane loaded glass components” and the joints
connecting them, which are often integrated into the primary structure in terms of overall
performance and stability [5]. A fourth part, with guidance on “Glass selection relating to
the risk of human injury”, retains the status of European “Technical Specification”, with the
character of recommendation [6]. It is currently not intended to be elevated to full Eurocode
status in the future [7], as it deals with issues of “safety and accessibility in use”—basic
requirement 4 for construction works of the Construction Products Regulation [8] (not to
be confused with basic requirement 1, “mechanical resistance and stability”).

This paper surveys the science and technology of flat soda–lime–silicate glass—by
far the most widely used glass in construction—with particular emphasis on its relevance
to structural engineering. The review brings together glass science fundamentals, the
structure and properties of soda–lime–silicate glass, the main industrial processes (melting,
float-forming, annealing, thermal tempering, and chemical strengthening), and key envi-
ronmental considerations. Laminated glass (including building-integrated photovoltaic
systems) and connections are outside the scope of his study, as each of these subjects would
require a separate article for adequate treatment. Through this synthesis, structural engi-
neers may gain a deeper understanding of glass as a structural material and its expanding
role in innovative, sustainable, and reliable building solutions, thereby supporting more
informed decisions in design, detailing, and specification.

2. The Nature of Glasses
It is not the purpose of this work to formulate a comprehensive definition of the

term glass. Instead, it is sufficient to adopt the definition provided in the ASTM Standard
Terminology of Glass and Glass Products, which states that “Glass is an inorganic product of
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fusion which has been cooled to a rigid condition without crystallisation” [9] (Conradt [10]
critiques the ASTM definition of glass as overly narrow; he argues that (1) glasses are not
necessarily inorganic materials and (2) the formation routes for glass extend well below
melt-cooling).

2.1. The Glass Transition and the Glassy State

To better understand glasses, it is instructive to examine the volume–temperature rela-
tionship of a single-component glass-forming liquid cooled at constant pressure (e.g., [11])—
shown in Figure 1. This relationship encapsulates the essential characteristics of the glassy
state—its nature, its formation process, and its distinction from other states of matter. We
begin our analysis at point “a”, in the (equilibrium) liquid state. As the liquid cools, its vol-
ume decreases gradually along the linear path “abc”, consistent with a positive volumetric
thermal expansion coefficient. Point “b”, at temperature Tm, corresponds to the melting
point of the crystalline phase. If the cooling rate is sufficiently low, crystallisation occurs
at this temperature, or just below (point “c”), leading, in general, to an abrupt decrease
in volume (water is a notable exception)—a jump discontinuity—due to the formation of
an ordered structure. This constitutes a first-order phase transition. Continued cooling
of the crystalline material causes further volume contraction along the crystal path “de”,
governed by its volumetric thermal expansion coefficient (smaller than that of the liquid).
However, if the cooling rate is sufficiently high, crystallisation is bypassed and the liquid
enters a supercooled liquid state, following the path “cf”—the extrapolation of “abc”. The
supercooled liquid is metastable with respect to the corresponding crystalline phase. As
cooling progresses, the viscosity of the supercooled liquid increases rapidly. At sufficiently
low temperatures, atomic mobility becomes too slow relative to the cooling rate, preventing
the system from reaching the volume of the supercooled liquid structure corresponding
to each temperature before that temperature is lowered further. As a result, the graph
begins to deviate smoothly from the “cf” path (without any discontinuity) and eventually
transitions into a near-straight line, often approximately parallel to “de” [12], ending at
point “g” when cooling is faster (less time is allowed for atomic rearrangements), or at
“h” when cooling is slower. The material in this near-straight, low-temperature part of
the curve behaves essentially as a solid—it has reached a glassy state, with a structure
characterised by the absence of long-range order (as indicated, there is not a unique glassy
state; the properties of a glass depend on its thermal history [12]). The region between
the onset of deviation from the supercooled liquid path and the attainment of a seemingly
rigid condition corresponds to the so-called glass transition (or freezing-in process [13]). It
does not occur at a single sharply defined value of the temperature, but over a temperature
range. Nonetheless, a glass transition temperature Tg, dependent on the cooling rate, is
customarily defined to mark the transition. The glass transition temperature is determined
experimentally, typically using dilatometry or calorimetry, with results depending on the
specific operational definition and testing procedure used [14]. The dependence of Tg

on the cooling rate is usually modest [12]. The IUPAC Compendium of Chemical Termi-
nology defines Tg as the temperature at which the viscosity of glass is 1013 dPa · s [15].
For soda–lime–silicate glasses (described below), Tg is typically in the range 530–580 ◦C,
depending on the specific composition and thermal history [16]. The glass transition is
not strictly a second-order phase transition—there is a characteristically kinetic dimension
to it [17]—and glass is a non-equilibrium system (writing in 1995, physicist and Nobel
laureate Philip Warren Anderson described the glass transition as “probably the deep-
est and most interesting unsolved problem in solid state theory”). However, this latter
point warrants nuance; once formed, glasses can persist without a practical limit under
ordinary conditions.
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Figure 1. Schematic volume–temperature diagram (at constant pressure) for a glass-forming substance
and the corresponding crystal (after [11]), illustrating that glass formation requires crystallisation to
be bypassed.

When the glass at “h” is reheated, the state smoothly moves through the transition
region along the dashed curve to the supercooled liquid state and ultimately to the liquid
state. If the crystalline material at “e” is heated, it would follow the crystal path up to “d”
(at the melting temperature Tm), then melt to reach point “b”, and subsequently follow the
liquid path “ba”.

2.2. Viscosity of Glass-Forming Melts

According to the kinetic perspective described above, the relationship between vis-
cosity and temperature—which varies significantly with chemical composition—plays a
central role in determining the glass-forming ability of a liquid. Glasses are easily formed
when either (1) the viscosity is very high at the melting temperature of the crystalline
phase that would otherwise form or (2) the viscosity increases very rapidly as tempera-
ture decreases. In both cases, crystallisation is impeded by the kinetic barrier to atomic
rearrangements created by high viscosity [14]. The viscosity–temperature relationship is
also fundamentally important in all facets of glassmaking technology, as will be discussed
shortly in the context of the float process of flat glass production. Technologists define
reference points on the viscosity–temperature curve of glass-forming systems, each linked
to a specific viscosity value and processing event (Table 1).

Table 1. Viscometric fixed points.

Viscosity
(Pa·s)

Typical Temperature Ranges for
Soda–Lime–Silicate Glasses
(◦C) [18]

Significance Standards

Working point 103
The majority of glass-forming
operations are carried out between the
working and the softening points

[19,20]

Softening point
(Littleton
temperature)

∼106.6 (1) 720–730

Temperature at which a round fibre of
glass, nominally 0.65 mm in diameter
and 235 mm long, elongates under its
own weight at a rate of 1 mm/min
when the upper 100 mm of its length
is heated at the rate of (5 ± 1) ◦C/min

[21,22]
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Table 1. Cont.

Viscosity
(Pa·s)

Typical Temperature Ranges for
Soda–Lime–Silicate Glasses
(◦C) [18]

Significance Standards

Annealing point ∼1012.2 (2) 540–550
Temperature at which internal stresses
in a glass are substantially relieved in
a matter of minutes

[23,24]

Strain point ∼1013.7 (2) 500–510
Temperature at which internal stresses
in a glass are substantially relieved in
a matter of hours

[23,24]

(1) The exact viscosity at the softening point depends on density and surface tension; the value given here
corresponds approximately to a density of 2.5 g/cm3 and a surface tension of 300 mN/m. (2) At temperatures
corresponding to the annealing and strain points, the viscosity of glass is highly time dependent.

3. Structure and Properties of Soda–Lime–Silicate Glass
3.1. Composition and Network Structure

Figure 2 provides an overview of the major glass families, categorised by their chemical
composition. The most commonly used glass in construction is soda–lime–silicate glass, a
member of the family of silicate glasses, the main components of which are silicon dioxide
(SiO2), sodium oxide (Na2O), and calcium oxide (CaO).

 

 

 

 

 

 

 

 
Figure 2. Glass compositional families (after [25]). The diagram includes glasses that do not fit the
ASTM definition given earlier. Soda–lime–silicate glasses, the focus of this article, are highlighted.
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The backbone, or skeleton, of silicate glasses consists of a disordered three-dimensional
network of corner-linked SiO4 tetrahedra, with each Si–O bond being primarily covalent
in character. In soda–lime–silicate glass, some of the corner oxygens are bonded to a
sodium ion or to a calcium ion, rather than to another silicon atom, splitting up the network
(Figure 3)—thus, silicon is the network former, while the sodium and calcium ions act as
network modifiers [11,13,16]. Oxygen atoms that participate in Si–O–Si bonds are known
as bridging oxygens (they act as a bridge between neighbouring silicon atoms), while those
that participate in Si–O–Na or Si–O–Ca bonds are known as non-bridging oxygens. Each
sodium ion leads to the formation of one non-bridging oxygen and each calcium ion leads
to the formation of two non-bridging oxygens, with the Na–O and Ca–O bonds being
chiefly ionic in character. The addition of the alkali oxide Na2O to silica is very effective in
lowering the viscosity of the glass-forming melt [11,26]. However, it reduces the chemical
durability of the resulting binary Na2O–SiO2 glass, due to the relatively high mobility
of sodium ions in the glass structure. To provide for improved chemical durability, the
alkaline earth oxide CaO is also added [13]. Moreover, commercial soda–lime–silicate glass
may contain small amounts of magnesium oxide (MgO) and aluminium(III) oxide (Al2O3),
both of which have a positive influence on chemical durability [13], as well as other minor
constituents. Aluminium(III) oxide is often referred to as an intermediate oxide; aluminium
enters the glass network as AlO −

4 tetrahedra, with charge balance provided by Na+ ions.
Consequently, its addition decreases the number of non-bridging oxygens and increases
network connectivity [16]. Table 2 gives some examples of typical commercial compositions
of soda–lime–silicate float glass, expressed as weight percentages of the various oxides.

 

Figure 3. Schematic illustration of the splitting up of the network of corner-linked SiO4 tetrahedra
by the addition of Na2O (network modifier), with each sodium ion leading to the formation of one
non-bridging oxygen. The relatively high mobility of sodium ions in the glass structure lowers melt
viscosity and reduces chemical durability.

Table 2. Examples of commercial soda–lime–silicate float glass compositions from different manufac-
turers in the UK (Float01-03) and Turkey (Float04) [27].

Oxide (wt %) Float01 Float02 Float03 Float04

SiO2 72.279 72.394 71.776 72.137
Na2O 13.723 13.249 13.475 13.934
CaO 8.780 10.192 8.688 9.729
MgO 4.016 3.011 4.231 3.420
Al2O3 0.800 0.626 1.130 0.337
K2O 0.110 0.209 0.368 0.125
SO3 0.205 0.217 0.217 0.232
Fe2O3 0.061 0.062 0.066 0.054
TiO2 0.025 0.039 0.048 0.031
Cr2O3 0.001 0.001 0.001 0.001
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The above compositional and structural characteristics have direct implications for
the physical and mechanical properties of soda–lime–silicate glass.

3.2. Physical and Mechanical Properties

The most striking feature that contributes to the widespread use of soda–lime–silicate
glass in buildings is its transparency to visible light. This transparency is the result of two
highly non-trivial characteristics: (1) the existence of an electronic bandgap, i.e., an energy
range where practically no absorption of electromagnetic radiation occurs, and (2) the
(nearly) complete absence of light scattering, due to the disordered nature of glass on the
length scales that are relevant for the interaction with visible light [28].

Because of their inherent lack of long-range order, glasses are mechanically homo-
geneous and isotropic materials (at scales larger than a few nanometres), with an almost
perfect linearly elastic behaviour in tension up to brittle failure. The most important physi-
cal and mechanical properties of basic soda–lime–silicate glass products are summarised in
Table 3. The relatively high coefficient of thermal expansion makes soda–lime–silicate glass
susceptible to thermal shock failure.

Table 3. Physical and mechanical properties of basic soda–lime–silicate glass products: generally
accepted values for calculations not requiring high accuracy, according to EN 572-1 [29].

Density ρ = 2500 kg/m3

Knoop hardness HK 0.1/20 = 6 GPa

Young modulus E = 70 × 103 N/mm2

Poisson ratio ν = 0.2

Specific heat capacity cp = 0.72 × 103 J/(kg · ◦C)

Average coefficient of linear thermal expansion
between 20 ◦C and 300 ◦C αT = 9 × 10− 6 ◦C −1

Resistance against temperature differential and
sudden temperature change 40 ◦C

Thermal conductivity λ = 1 W/(m · ◦C)

Mean refractive index to visible radiation (at
589.3 nm) n = 1.5

Corrected emissivity ε = 0.837

Minimum light transmittance (measured
according to EN 410) for designating a
transparent glass product as clear glass

0.89 (2 mm nominal thickness)
0.87 (4 mm nominal thickness)
0.85 (6 mm nominal thickness)
0.81 (10 mm nominal thickness)

3.3. Fracture

As with all brittle materials, the tensile strength of glass (as determined in standardised
tests) depends strongly on inevitable surface flaws or cracks (arising from manufacturing
processes, post-manufacturing handling, and service life), not necessarily visible to the
naked eye, which give rise to stress concentrations that cannot be redistributed by plastic
deformation. Linear elastic fracture mechanics provides a good model to interpret the
brittle failure of glass. Of the three basic modes of crack-surface displacement, mode I
(opening mode) is by far the most relevant, with the contributions of modes II (sliding
mode) and III (tearing mode) being considered negligible [30]. Virtually instantaneous
failure occurs when the (mode I) stress intensity factor KI at a crack reaches the critical
value KIc, or (plane strain) fracture toughness, which is regarded as a material constant
(in the case of soda–lime–silicate glass, KIc = 0.75 MPa · m

1
2 can be adopted for practical
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purposes [31]). The size of the tensile-loaded surface area or edge length affects glass
strength; the larger the area or length, the greater the probability of finding a crack of
critical size for the applied stress state (size effect). Similarly, the state of stress is also
important; the probability of finding a significant crack at right angles to the maximal
tensile stress is greater under biaxial stress than under uniaxial stress [31–33].

Due to environmental effects, crack growth is still possible when KI < KIc, and this
is of major significance for structural applications. Indeed, glasses experience delayed
fracture under sustained load in the presence of water, a phenomenon known as static
fatigue [34–38] (even in a vacuum, the tensile strength of several glasses is slightly time-
dependent [39], a phenomenon known as inert fatigue). Static fatigue in soda–lime–silicate
glass can be explained by the slow (sub-critical) growth of cracks caused by a three-step
strain-enhanced chemical reaction at the crack tip between water in the environment and
glass [40,41]: (1) a water molecule is adsorbed to a strained Si–O–Si bridge at the crack
tip (through hydrogen-bond formation with the bridging oxygen and the interaction of a
lone electron pair on the oxygen atom of the water molecule with a silicon atom); (2) the
Si–O bond and the O–H bond in the adsorbed water cleave to form two hydrogen-bonded
silanol groups (Si-OH); (3) the remaining hydrogen bond cleaves to leave fracture surfaces
covered by silanol groups (Figure 4). The entire process is called dissociative chemisorption,
and a basic prerequisite is the deformation of the network of corner-linked SiO4 tetrahedra
in the vicinity of the crack tip due to an applied tensile stress. The time to failure is
determined by how long it takes for a crack to grow to its critical size, at which point failure
is virtually instantaneous.

 
Figure 4. Static fatigue of soda–lime–silicate glass in tension. Three-step chemical reaction be-
tween water molecule and strained crack-tip siloxane bond leading to sub-critical crack growth [40]:
(1) adsorption, (2) formation of two hydrogen-bonded silanol groups, (3) separation.

Figure 5 shows an idealised log–log plot of crack velocity v as a function of the stress
intensity factor KI for soda–lime–silicate glass in a moist environment. The representation
abstracts the following features exhibited by experimental results [34]:

(1) The data tend to fall into four regions (labelled 0, I, II, and III in Figure 5), implying
different rate-controlling processes.

(2) In region I, the strong dependence of v on KI can generally be described by an empirical
power law of the form.
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Figure 5. Idealised representation of crack velocity as a function of the stress intensity factor KI

(log–log plot) for soda–lime–silicate glass in a moist environment.

v = v0

(
KI

KIc

)n
(1)

where n and v0 are parameters (whose geometrical meaning is indicated in Figure 5), as
proposed by Evans and Wiederhorn [42]. It is believed that crack velocity in this region is
reaction-rate controlled.

(3) In region II, the crack velocity is essentially independent of KI, which suggests that v
is controlled by the transport of the active species to the crack tip.

(4) In a narrow region just below KIc (region III), the velocity does not depend on the
environment and is even more sensitive to KI than in region I. In inert environments,
this part of the curve would extrapolate to lower crack velocities.

(5) There exists an environment-sensitive minimum value KI0 of the stress intensity
factor, called the static fatigue limit or threshold, below which no observable crack
growth occurs in soda–lime–silicate glasses, even in the presence of a reactive medium
(region 0). Moreover, cracks held below this limit exhibit a delayed resumption of
growth upon reloading [43–45]. Experimental evidence supports the hypothesis that
the static fatigue limit results from the formation of a leaching layer at the crack tip,
caused by interdiffusion between alkali ions in the glass (Na+) and hydronium ions
(H3O+) in the water, rather than from crack tip blunting due to network dissolution.
The leached layer exhibits higher fracture toughness than the bulk material.

The following parameters have a significant influence on the relationship between
stress intensity and crack velocity in soda–lime–silicate glass [35]:

(1) Increasing the chemical activity of water in the environment causes a parallel shift in
regions I and II of the log–log plot of the v − KI curve towards higher crack velocities
(thus mainly affecting v0 without significantly changing the exponent n in Equation
(1)). It is not the absolute amount of water that matters, but rather the ratio of the
actual partial pressure of water to that at saturation [46]. For structural applications,
this implies that it is the relative humidity of the air that governs the velocity of
sub-critical crack growth [31].

(2) An increase in temperature in liquid water causes a parallel shift in region I of the
v − KI curve towards lower stress intensities [47]; there is no indication that the
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threshold KI0 is significantly affected [48]. The v − KI curve in vacuum, corresponding
to region III, also exhibited a shift towards lower stress intensities with increasing
temperature [39].

(3) In aqueous media, the exponent n in region I increased with decreasing pH [49]. There
is also a strong effect of pH on the static fatigue limit [50].

(4) All aspects of sub-critical crack growth are influenced by the chemical composition of
the glass. Although there is generally a correlation between fatigue susceptibility and
alkali content, this relationship is not systematic [35].

For soda–lime–silicate glass, reviews of available experimental data on the parame-
ters v0 and n appearing in Equation (1) can be found in [31,51,52]. For design purposes,
in view of the considerable scatter, Haldimann [31] suggests the conservative adoption
of n = 16, regardless of environmental conditions; this author further suggests the
adoption of v0 = 6 mm/s in general applications, with higher values being required for
elements permanently immersed in water (e.g., v0 = 30 mm/s). The Italian guidelines
CNR-DT 210/2013 [53] recommend n = 16 and v0 = 2.5 mm/s. For the environmental
conditions relevant in the construction industry, the static fatigue limit lies in the range
of KI0 ≈ 0.2KIc − 0.27KIc [51].

Because region II occurs only at relatively high crack velocities, the total time to failure
is dominated by crack growth in region I [42].

As surface cracks do not grow when in compression, the compressive strength of
glass is far higher than its tensile strength; however, this is irrelevant for virtually all
structural applications.

4. The Industrial Production of Flat Soda–Lime–Silicate Glass
4.1. Raw Materials

The selection of raw materials for the industrial production of soda–lime–silicate glass
depends on factors such as availability, cost, impurity levels, particle size distribution
(which influences reaction kinetics), preferred reaction paths, and environmental consid-
erations [54–57]. Silica sand and sandstone are usually the main sources of SiO2. Alkali
and alkaline earth oxides can be introduced in the batch as carbonates, notably soda ash
(Na2CO3) and limestone (CaCO3). Dolomite, a double-carbonate mineral (CaMg(CO3)2), is
often used to supply both calcium and magnesium oxides. Aluminium(III) oxide (Al2O3)
is usually added to the batch via alkali feldspars, which also contribute alkali oxides to
the batch. Fining agents are added to promote the removal of bubbles from the melt.
The most commonly used fining agent in soda–lime–silicate glass production is sodium
sulphate (Na2SO4), commonly known as salt cake, which also accelerates the dissolution
of sand. Given the wide range of potential raw materials, this list is indicative rather
than exhaustive.

In addition to raw materials, the so-called batch includes cullet (broken and crushed
glass), which may be sourced internally, from glass discarded during the manufacturing
process, or externally, from customers’ scrap cuts and waste glass processed at recycling
centres. Cullet reduces the demand for raw materials, decreases gas emissions, and serves
as a flux, promoting the melting of the batch at lower temperatures. However, it can also
introduce substantial impurities and contaminants. Moreover, variations in the composition
of cullet—particularly in the case of externally sourced cullet—can complicate the control
of the final glass composition.

4.2. Melting, Fining, and Conditioning

The raw materials are thoroughly mixed to form the batch, which is fed into the melting
chamber of a furnace, typically as a blanket or islands on top of a bath of already molten
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glass. Almost all furnaces in the flat glass sector (nearly 90%, according to Zier et al. [58])
are cross-fired regenerative furnaces fuelled mainly by natural gas—now the predominant
energy carrier—and, to a lesser extent, by fuel oil; an electrical boost may provide up
to 10% of the energy input [55]. A regenerator is a heat-recovery system consisting of a
chamber filled with a checkerwork of refractory bricks. Regenerative furnaces are equipped
with pairs of regenerators that alternate between heat-recovery and heat-restitution cycles.
During one cycle, the refractory bricks are heated by the flue gases from combustion; during
the subsequent cycle, the stored heat is transferred to the combustion air. In industrial
furnaces, switching between the heat-recovery and heat-restitution cycles typically occurs
every 20–30 min [56,59]. The batch is heated from above, by flames and hot flue gases in
the combustion space, and from below, by the hot glass melt. Temperatures in the chamber
reach up to 1600 ◦C.

The batch-to-melt conversion involves a series of complex chemical and physical
phenomena, including decarbonation, dehydration, solid-state reactions, the formation of
low-melting eutectics, and dissolution [54,60]. It is accompanied by the release of large
volumes of gases (e.g., CO2 from carbonate decomposition), resulting in a bubble-filled melt.
Most of these bubbles are removed by buoyancy effects, in a process called (primary) fining.
Fining agents release gases at high temperatures, which diffuse into the existing bubbles,
causing them to expand and rise more quickly to the surface of the melt. This process
produces a clearer melt, with only a few small bubbles, called seeds, remaining [54,56,61,62].

The melt is then gradually cooled and chemically and thermally homogenised (pri-
marily by diffusive mixing) in the working end of the furnace, a stage known as melt
conditioning. During this stage, the remaining seeds are reabsorbed, as most gases become
more soluble in the melt with decreasing temperatures, in a process referred to as secondary
fining or refining.

4.3. The Float Process

Float soda–lime–silicate glass is the most widely used form of basic flat glass product.
Its name derives from the process by which they are produced.

The homogeneous molten glass exits the working end of the furnace through a canal,
where its flow rate is precisely regulated by an adjustable gate (tweel), and is continuously
poured, at about 1050 ◦C, onto a shallow pool of molten tin whose oxidation is prevented
by a reducing atmosphere of hydrogen and nitrogen. Because it has a lower specific gravity,
the molten glass floats on the tin, spreads out, and progresses down the tin bath, forming a
ribbon with perfectly flat and parallel surfaces (except near the edges) under the combined
effects of gravity, surface tensions, and the longitudinal tractive force applied by the roller
conveyor at the downstream end of the float bath [63–68]. Molten glass simply poured
atop molten tin adopts an equilibrium thickness determined by the glass/atmosphere,
tin/atmosphere, and glass/tin surface tensions and by the molten glass and tin densities
(Figure 6). For soda–lime–silicate glass, this equilibrium thickness is approximately 7 mm, a
value that is largely insensitive to limited changes in the chemical composition of the glass,
metal, or atmosphere. By increasing the speed of the roller conveyor at the downstream
end of the float bath (i.e., by increasing the applied longitudinal tractive force), a thinner
glass ribbon is obtained, but this also results in an unacceptable decrease in the ribbon’s
width. To achieve the desired thickness (substantially less than the equilibrium value) and
width, a series of top roll machines—each equipped with a single water-cooled toothed
wheel—is used to grip the ribbon at its edges, gently stretch it, and set its speed at the point
of contact. In contrast to the complexity of producing ribbons thinner than the equilibrium
value, thicker glass can be produced by a basic, simple system where the initial outward
spread of the molten glass is limited by non-wetted parallel longitudinal guides; the glass

https://doi.org/10.3390/buildings16030506

https://doi.org/10.3390/buildings16030506


Buildings 2026, 16, 506 12 of 29

is then cooled to an appropriate temperature in the downstream area of the guides so that
its viscosity becomes high enough to prevent further dimensional changes. In the terminal
zone of the float bath, the glass ribbon is cooled to around 600 ◦C, at which point it can be
lifted onto a roller conveyor without incurring surface damage (and while the tin remains
liquid). The two faces of the ribbon (commonly referred to as the tin side and the air side)
are chemically dissimilar, having been formed in contact with different environments [69].
Although first envisioned as a finisher of glass surfaces, the float bath is thus seen to be
“a remarkable entity which also functions as a container, a conveyor, a forming unit, a
chemical reactor and a heat exchanger” [66].

( ) ( )
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Figure 6. Vertical section of a pool of molten glass floating on molten tin illustrating the concept
of equilibrium thickness under gravitational and surface tensional forces—Sg: glass/atmosphere
surface tension; St: tin/atmosphere surface tension; Sgt: glass/tin surface tension; g: gravitational
acceleration (after [63]).

4.4. Annealing

After the tin bath, the glass passes through an annealing lehr. Annealing is the process
of cooling glass from above its transition range in a slow, controlled manner to minimise
the development of residual stresses. Poorly annealed glass may crack or shatter during
handling or even spontaneously. A typical annealing lehr used in float glass production is
divided into two parts according to the dominant mode of heat transfer: a radiative cooling
section and a convective (air-blast) cooling section. To modulate and more precisely control
the cooling rates, the radiative cooling section is further divided into “zones”.

Let us briefly consider the mechanisms of stress generation during the cooling of a glass
ribbon. Assume that the ribbon, initially at a temperature above the glass transition range,
is cooled in such a way that its surface temperature decreases at a uniform rate. A parabolic
temperature distribution is rapidly established across the thickness of the ribbon, with an
overall amplitude proportional to the cooling rate and to the square of the ribbon’s thickness.
The ribbon remains stress-free because the glass is sufficiently soft to prevent the buildup of
stress. In other words, any stress that forms is immediately relaxed due to the low viscosity
of the material. As long as the cooling rate remains constant, there is no change in thermal
gradient across the thickness and the glass remains stress-free. At some temperature below
the transition range, cooling is halted and the thermal gradient decays to zero. At this point,
the glass responds elastically to the vanishing thermal gradient, developing residual stresses
(Figure 7). This “classical” view on annealing, first proposed by Adams and Williamson [70],
has long served as a foundational interpretative framework. Nevertheless, it represents
an oversimplification of the actual process. Experimental investigations by Gardon and
Narayanaswamy [71]—in which the authors tracked the evolution of surface temperature
and stress-induced birefringence in the middle plane of flat glass plates cooled at a constant
rate—revealed that stresses can, in fact, develop during cooling through the transition range,
even when the cooling rate is constant. This phenomenon is attributed to structural changes
within the glass. Although constant-rate cooling ensures that the final structural state of
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both the surface and interior regions is ultimately the same, at any given moment during
the cooling process through the transition range, the structural evolution near the surface
precedes that in the interior. As a result, transient differences arise between the specific
volumes of layers of glass near the surface and in the interior, leading to the development
of strains and, consequently, stresses. Due to a rapidly increasing (temperature-dependent)
viscosity, the relaxation of these stresses developed during cooling through the transition
range is only partial.

Figure 7. Illustration of the “classical” view on stress generation in a glass ribbon cooled at a constant
rate from a sufficiently high temperature, well above the glass transition range (after [70,72])). In
this view, stresses develop only when the thermal gradient decays to zero after the glass has reached
ambient temperature and responds elastically (stage V).

4.5. Coatings

A variety of functional coatings—e.g., self-cleaning, anti-reflective, and low-emissivity
(low-E) coatings—can be applied to the cooling glass ribbon, either in the float bath chamber,
between the float bath and the annealing lehr, or inside the annealing lehr itself. This is
achieved using on-line chemical vapour deposition techniques, which are compatible with
the continuous nature of float glass production. Chemical vapour deposition is a class
of synthesis methods in which thin films are formed on a heated substrate via chemical
reactions of gas-phase precursors [73]. The resulting coatings are commonly referred to as
“hard” coatings due to their exceptional mechanical durability and resistance to abrasion.

Alternatively, coatings may be applied off-line using sputtering techniques, a class of
physical vapour deposition methods. In sputtering, atoms or molecules are ejected from a
solid source material by bombardment with energetic ions in a vacuum chamber and subse-
quently deposited onto the glass surface [73]. The resulting sputtered coatings are referred
to as “soft” coatings due to their lower mechanical and chemical durability relative to “hard”
coatings. As a result, they require careful handling and are typically used in applications
where the coated surface is protected from direct exposure to weathering agents.

4.6. The Cold End

The cold end is the final part of the production line. It includes quality control,
edge trimming, cutting, and stacking. The float process is continuous and, in theory, can
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produce extremely long glass panes. However, for practical reasons, such as transportation,
handling, and mounting, a standard format of 600× 321 cm2, known as ribbon size, is used.
Alternative lengths, up to 20 m, may be custom-made upon request, albeit at a significant
additional cost. The nominal thicknesses of standard float glass range between 2 mm and
25 mm, with tolerances ranging from ±0.2 mm up to ±1.0 mm [74].

5. Thermal Tempering
Basic flat glass is further processed to obtain the shape, size, appearance, and perfor-

mance characteristics required to meet particular needs.
For structural applications, thermal tempering is the most important glass-processing

method [75,76]. Float soda–lime–silicate glass plates are heated to a temperature approxi-
mately 75 ◦C higher than Tg and then quenched (cooled rapidly) by jets of cold air applied
uniformly and symmetrically to both faces (Figure 8). The glass may rest on a ceramic
roller conveyor (horizontal process), or it may be held upright and supported either at its
bottom edge or by mechanical grippers along the top edge (vertical process). This has the
effect of cooling and solidifying first the surface and then the interior of the glass plates
(the solidification of a glass plate starts when the surface passes the upper limit of the
transformation range and ends when the middle plane passes the lower limit. It is only
from this point on that the glass is wholly elastic), inducing in regions away from the edges
an isotropic plane stress state (parallel to the middle plane of the plates), with a nearly
parabolic through-the-thickness profile. Compressive residual stresses develop near the
surface (over a depth of approximately 1/5 of the plate thickness, which exceeds that of
surface flaws), while balancing tensile residual stresses develop in the core (which is essen-
tially flaw-free); the magnitude of the surface compressive stress is approximately twice
that of the maximal tensile stress. Compressive stresses also develop in a narrow region
along the edges of a plate due to a locally higher surface-to-volume ratio, which causes the
edges to cool more rapidly than the interior; for additional details, the reader is referred
to [77–80]. It should be recognised that during tempering, the surfaces of a glass plate are
usually cooled through the transition range more rapidly than the middle plane. This gives
rise to a structural heterogeneity, which, amongst other effects, manifests itself as spatial
variations in the (stress-free) density of the glass. These density differences, of structural
origin, in turn give rise to stresses [81]. Any stresses generated in the transformation range
that are not relaxed by the time the glass emerges from this range (and the rate of stress
relaxation decreases rapidly with decreasing temperature, therefore, most rapidly at the
surfaces) form a distinct additional component of the final permanent stresses in the glass.

Figure 8. Schematic of the thermal tempering process for float glass, showing the typical temperature
ranges during the heating and quenching stages (AT: ambient temperature).

As glass fracture starts from tensile stresses around flaws in the glass surface, putting
the surface into compression results in a higher load-bearing capacity; the surface compres-
sion has to be overcome before tensile stresses can develop. Another major advantage of
the surface compression layer is that it provides significant protection against static fatigue,
as the surface only comes into tension under severe loading conditions.
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By altering the cooling rate during the quenching phase, the permanent residual
stress values can be manipulated (without modifying the depth of the compression layer).
Depending on the level of surface compression (Figure 9) and the associated fracture
patterns, tempered glass is classified as thermally toughened safety, glass or as heat-
strengthened glass. The former, also referred to as fully tempered glass, exhibits high levels
of surface compressive stresses, which typically vary between 90 MPa and 150 MPa, and
fractures into numerous small pieces, the edges of which are generally blunt. The latter, also
known as semi-tempered glass, exhibits moderate levels of surface compressive stresses,
typically ranging from 35 MPa to 55 MPa, and fractures in a manner similar to annealed
glass, with larger fragments than for thermally toughened safety glass. The fracture pattern
depends on the elastic energy stored in the glass (from the residual stresses and external
actions) at the moment of breakage. Part of this energy is expended in generating fracture
surfaces; the greater the stored energy, the smaller the resulting fragments [82]. It should
be emphasised that the term “safety glass” has a precise technical meaning; it refers to
types of glass that are designed and tested to reduce the risk of injury if they break or
if a person collides with them. The designation “safety glass” therefore does not imply
unbreakability or superior fracture toughness, but refers primarily to the manner in which
the glass behaves upon breakage and how this behaviour mitigates injury risk (see, in this
regard, the definition of fracture limit state given in Section 7). Nevertheless, the term may
be misleading, since even relatively small glass fragments falling from a height of several
metres can cause serious injury.

Figure 9. Representative parabolic through-the-thickness residual stress profiles of (symmetrically)
heat-strengthened and thermally toughened glass plates in regions away from the edges; h denotes
the plate thickness. The maximum residual tensile stresses are approximately half the magnitude of
the surface compressive stresses.

Any cutting, drilling, or grinding must be completed prior to thermal tempering.
Due to flaws caused by drilling and due to relatively high stress concentrations upon
load introduction, point-supported glass panels with holes should always be thermally
toughened [83] (cf. clause 7.3.2(1) in Part 1 of the forthcoming Eurocode 10 [3]).

Owing to the very nature of the thermal tempering process, it is not possible to obtain
a product as flat as (annealed) float glass. Deviations from flatness may cause discernible
distortions in objects observed through, or reflected on, the glass.

There is a practical lower limit of approximately 3 mm to the thickness of soda–lime–
silicate glass plates that can be thermally tempered using the conventional process described
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above. Below this limit, it becomes difficult to establish the required through-the-thickness
temperature gradient and the risk of thermal shock breakage and unacceptable distortion
increases. Nevertheless, specialised tempering systems are capable of handling thicknesses
down to about 2 mm [76].

Thermally toughened (soda–lime–silicate) safety glass is also known to carry a small
but non-negligible risk of spontaneous breakage due to the presence of nickel sulphide
(NiS) inclusions. During the heating phase of the tempering process, the NiS particles
are transformed into the high-temperature hexagonal α-phase. The subsequent rapid
quenching prevents the reverse transformation into the low-temperature rhombohedral
β-phase to take place, effectively “freezing” the nickel sulphide in an unstable form. Over
a period of time ranging from a few minutes to several years, the α-phase gradually
converts back to the β-phase, a transformation that involves an increase in volume [76,84].
Combined with the tensile stresses in the glass core due to tempering, this expansion can
lead to sudden breakage with no apparent cause, in a typical “butterfly” fracture pattern.
The risk is drastically reduced, though not entirely eliminated, by subjecting the glass to a
heat soak procedure before it leaves the factory. The procedure is designed to accelerate the
α→β phase transformation, inducing failure under controlled conditions when dangerous
inclusions are present. Although the temperatures during the heat soak procedure remain
well below the transition range of commercial soda–lime–silicate glass, the process induces
some stress relaxation (of the order of 5 to 10%, according to Schneider et al. [85]) and alters
the fracture pattern to one with significantly larger shards, both of which are undesirable
side effects. The reliable optical detection of NiS inclusions during glass production is not
yet feasible.

6. Chemical Strengthening
There is no single, generally accepted definition of chemical strengthening. The term

has been used to designate any method of producing surface compression other than
thermal tempering, including the creation, at temperatures above the glass transition
temperature, of a surface layer with a lower thermal expansion than the bulk glass [86,87].
Chemically strengthened (alkali-containing) glasses are typically produced by an ion-
exchange process in which smaller alkali cations in the glass (e.g., Na+ in soda–lime–silicate
glass) are partially replaced by larger alkali cations (typically K+) from a bath of molten
salt [86,88–93]. The exchange process is confined to a thin layer near the glass surface
and is carried out at temperatures at least 50 ◦C below the strain point [94]. The resulting
“stuffing” or “crowding” effect causes the surface layer to expand while constrained by
the unaltered glass core, generating high surface compression balanced by interior tension.
Using molecular dynamics simulations, Varshneya et al. [95] demonstrated that a K+-
stuffed soda–lime–silicate glass has a stress-free volume substantially smaller than that of
the compositionally equivalent as-melted glass (see also [11]), partially explaining why
elastic stuffing models overpredict the magnitude of the surface compressive stress. In
addition, ion exchange can increase the thermal expansion coefficient of the surface glass,
further reducing the compression upon cooling to room temperature.

The ion-exchange process is an interdiffusion-controlled phenomenon (potassium ions
diffuse inward and sodium ions diffuse outward). The depth of the compression layer
(or case depth) depends on the glass and molten bath compositions, temperature, and
immersion duration; the build-up of surface compressive stress itself impedes the kinetics of
ion exchange. For effective strengthening, this depth must exceed the size of surface flaws
expected from production, handling, and use (it should be borne in mind that some surface
flaws are accessible to salt penetration, whereas others are not [88]). Severe flaws typically
have depths of the order of tens of micrometres. For typical commercial soda–lime–silicate
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glass compositions, LaCourse [96] reported case depths between 27 µm and 51 µm after
immersion in potassium nitrate (KNO3) bath at 450 ◦C for 25 h; achieving a case depth of
50 µm required immersion durations of 24–85 h. Therefore, the process is currently too
slow, and thus too costly, to be well-suited for large-scale continuous industrial production
of soda–lime–silicate flat glass (LaCourse [96] suggests that the K+ for Na+ exchange
kinetics in soda–lime–silicate glass can be markedly improved through relatively small
compositional changes, though these changes may also impact other glass properties and
industrial processing conditions). Moreover, immersion in molten salt imposes practical
constraints on the maximum dimensions of glass panes that can be strengthened using this
technique. Nevertheless, chemical strengthening introduces minimal optical distortion and
enables the strengthening of very thin glass (with a thickness of less than 2 mm), unlike
thermal tempering.

A typical through-the-thickness residual stress profile obtained after chemical strength-
ening is shown in Figure 10. Considerably higher surface compression (usually about
400–600 N/mm2 in soda–lime–silicate glass, according to Varshneya et al. [95]) than that
achievable by thermal tempering can be obtained, but the compression zone extends only to
a limited depth. The interior tensile stresses exhibit a fairly uniform distribution, possibly
with a slight maximum just beneath the compression zone. The tin side of chemically
strengthened float glass has lower surface compression and a smaller case depth than the
air side [97]. Because the case depth is shallow, the tensile stresses in the core are low
(except when the glass is very thin, with a thickness of the order of a few hundreds of
micrometres [89]) and the fracture pattern of chemically strengthened glass is similar to
that of annealed glass. It therefore does not, by itself, qualify as a safety glass. The low
interior tensile stresses also mean that cutting of chemically strengthened glass is possible
to a limited extent, but the freshly cut edge, deprived of compressive stresses, will be no
stronger than annealed glass.

( )82μm≅

( )2600 N mm≅ /

Figure 10. Schematic residual stress profile through the thickness of a chemically strengthened glass
plate. The depth of surface compression (case depth) is small and largely independent of the plate
thickness. Numerical values shown in parentheses were obtained from photoelastic measurements
on a chemically strengthened flat soda–lime–silicate glass specimen by Aben and Guillemet [98].

The strengthening process inherently alters the surface chemistry of the glass, so the
procedures for, and the performance of, post-processing steps—such as laminating or
coating—can differ from those for non-chemically strengthened glass.

Currently, the use of chemically strengthened soda–lime–silicate glass is restricted
to high-value applications where thinness and weight reduction are critical. It is rarely
used in buildings. Table 4 presents a comparison of the methods for producing surface
compression in glass discussed above.
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Table 4. Comparison of different glass prestressing methods.

Heat-Strengthened
(Semi-Tempered)

Thermally Toughened
(Fully Tempered) Chemically Strengthened

Surface compression 35–55 N/mm2 90–150 N/mm2 400–600 N/mm2

Compression depth ∼20% of thickness ∼20% of thickness shallow, depends on
treatment duration

Fracture pattern similar to annealed glass small, generally blunt,
fragments similar to annealed glass

Treatment temperature ∼75 ◦C higher than Tg ∼75 ◦C higher than Tg
at least 50 ◦C below strain
point

Treatment duration minutes minutes hours

Cost low low high

Optical distortion

heating and quenching
must be carefully
controlled to avoid
distortion

heating and quenching
must be carefully
controlled to avoid
distortion

minimal

Minimum thickness ∼2 mm (with specialised
tempering systems)

∼2 mm (with specialised
tempering systems)

applicable to very thin
articles (<2 mm)

Shape limitations

applicable only to shapes
with all surfaces freely
accessible to quenching
medium

applicable only to shapes
with all surfaces freely
accessible to quenching
medium

applicable to unusual
shapes, provided surfaces
can contact molten salt

Glass compositions applicable to most glasses applicable to most glasses alkali-containing glasses

Post-processing (cutting,
drilling, edge working) not allowed not allowed limited

Standards [99–101] [101–105] [106–108]

7. Implications for Structural Design: The Upcoming Eurocode 10
Glass structures, just like any other structure, are designed to have adequate resistance

(including adequate resistance for a required period of time in case of fire), serviceability,
durability, and robustness. Moreover, they should be designed to limit the adverse impact
on non-renewable environmental resources, on society, and on economy during their entire
life cycle. For the purpose of reliability differentiation, glass components are assigned
to one of the five “consequence classes” defined in Eurocode 0 [109], according to the
human-life, socio-economic, and environmental impacts of failure. The provisions of the
Eurocodes cover consequence classes CC1 to CC3. For consequence class CC0 (the lowest),
either the Eurocodes or alternative provisions may be used—for example, in the case of
glass components, those given in the standards EN 16612 [110] or ASTM E1300 [111]. For
consequence class CC4 (the highest), additional provisions to those given in the Eurocodes
may be required.

Due to the brittleness of the material, the robustness requirement, i.e., the requirement
that the structure, during its design service life, shall not be damaged by unforeseen events
to an extent disproportionate to the original cause [112], plays a very special role in glass
structures. To emphasise this aspect, the design of glass structures according to the new
Eurocode 10 shall always consider situations in which the entire glass component, or parts
thereof, fractures [3]. These (accidental) design situations are associated with two specific
(ultimate) limit states, to be checked by testing or theoretical assessment—the fracture limit
state and the post fracture limit state. The fracture limit state is defined as the condition

https://doi.org/10.3390/buildings16030506

https://doi.org/10.3390/buildings16030506


Buildings 2026, 16, 506 19 of 29

beyond which, during accidental fracture of a glass component or part of glass component,
the following requirements are no longer satisfied: (1) the prevention of injuries caused
by glass fragments, (2) the prevention of being passed through by a body, and/or (3) the
ability to limit the failure to that glass component or part of glass component. The post
fracture limit state is the condition beyond which, in case of accidental failure of a glass
component, an adequate residual load bearing capacity, provided by (1) the undamaged
plies of that glass component and/or (2) alternative load paths, is no longer maintained.
Sufficient safety after fracture is to be verified for a limited period of time [4,5]. For
structural applications, glass elements should be made accessible for inspection, included in
a regular maintenance schedule, and designed for possible replacement, with documented
replacement procedures.

The “classical” serviceability and ultimate limit states are concerned with intact (i.e.,
unfractured) glass components [3]. It is worth noting that three deformation classes are
introduced according to the relevance of deflections—whether they are purely aesthetic;
affect the integrity, functionality, or durability of the glass member in the unfractured state
(serviceability-related); or affect safety (e.g., leading to loss of support—ultimate limit
state-related) [3].

The determination of the glass design bending strength is of the utmost importance
for the practising engineer and should reflect current scientific knowledge and industrial
practices. In the forthcoming Eurocode 10 (Part 1, Annex A), the design bending strength
(which refers to the tensile strength of glass components subjected to moments, in-plane
forces or combinations thereof) is given formally as the sum of two terms:

fg, d = λA λl ke kmod
ksp fg, k

γM
+ kP k e, P

fb, k − fg, k

ki γP
(2)

the first term is the design strength of annealed glass, while the second term considers the
contribution of surface prestress induced by thermal tempering or chemical strengthening.
The meanings of the symbols in the first term are as follows:

(1) fg, k is the characteristic (5% fractile) bending strength of annealed glass, correspond-
ing to quasi-static loading over a very short time (Table 5).

(2) ksp is a surface profile factor.
(3) γM is a partial safety factor for resistance; its value depends on the design situation

and the consequence class, thereby allowing different target reliability levels [113]. It
should be noted that model uncertainties are not explicitly included in γM, which is
thus not distinguished from γm [114].

(4) kmod is a modification factor that accounts for load duration and thus reflects, in a
highly condensed form, the phenomenon of static fatigue (sub-critical crack growth)—
cf. Section 3.3. The values of kmod are given in Table 6 and, as a simplification
appropriate for a design code, they are independent of environmental conditions.
Analytical approaches for the definition of kmod, based on linear elastic fracture
mechanics and explicit modelling of sub-critical crack growth (using Equation (1)),
are presented in, e.g., [32,53], with Meyland et al. [115] providing a recent comparison
of different normative provisions for load-duration effects. The reference duration
adopted in the Eurocode, which corresponds to kmod = 1, is 3 s.

(5) ke is an edge or hole finishing factor, used for verifications near edges or holes
under tension. The bending strength at glass edges—plate or hole edges—can be
considerably lower than that of the interior, due to damage introduced by the cutting
or drilling operation. Glass is typically cut along a straight line in a two-step process.
A cutting wheel is used to score the glass surface and initiate a controlled crack.
Gentle bending or tapping is then applied to propagate the crack and fracture the
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glass along the score, resulting in sharp and uneven edges. Curved cuts can be
made using this method but are problematic, as the fracture path often deviates
unintentionally from the intended line. Complex shapes are usually obtained by
the abrasive waterjet cutting or, less commonly, by laser-assisted thermal or ablation
cutting techniques. Holes are generally produced under CNC control using a water-
cooled, diamond-tipped hollow drill, with drilling often carried out simultaneously
from both sides to minimise chipping at the edges. Where the drills meet, a small burr
may form and must be removed by re-drilling or grinding. Cylindrical-conical holes,
which allow fasteners to sit flush with the glass surface, are made in two stages, with
the conical portion being milled from an initially cylindrical hole. Undercut holes
represent another common type, with the undercut being created by eccentric rotation
of the tool. Subsequent finishing work, leading to arrised—also known as seamed or
chamfered—, ground, smooth-ground, or polished edges, also strongly influences
strength, as it affects the size and distribution of surface flaws. It is generally accepted
that the strength of annealed glass edges increases with the degree of optical finishing,
although recent studies have called this assumption into question [116].

(6) λA and λl are the areal and edge-length size effect factors (cf. Section 3.3), which may
be taken to be unity unless the area of the pane exceeds 18 m2 or the length of an edge
exceeds 6 m.

Table 5. Characteristic bending strength of annealed and prestressed soda–lime–silicate glass [3].

Float Glass Characteristic Bending Strength

Annealed glass [74] fg, k = 45 N/mm2

Heat-strengthened glass [99] fb, k = 70 N/mm2

Thermally toughened safety glass [102] and
heat-soaked thermally toughened safety glass [104] fb, k = 120 N/mm2

Chemically strengthened glass [106] fb, k = 150 N/mm2

Table 6. Modification factor kmod [3]. For the characteristic wind load of EN 1991-1-4 [117], a reference
duration of 3 s may be adopted (kmod = 1). Other kmod values for dynamic loading (e.g., blast loading)
may be derived from a transparent, reproducible, and EN 1990-compliant assessment [109].

Action Classification Duration Action kmod

Permanent Permanent Self-weight 0.29

Variable Intermediate Snow (3 to 4 weeks) (1) 0.43
Imposed vertical action (1 week) 0.45
Temperature change (8 h) (2) 0.58

Short Maintenance load (30 min) 0.69
Wind (10 min) (3) 0.74
Barrier personnel loads—crowd
(5 min) 0.77

Barrier personnel loads—normal duty
(30 s) 0.89

Very short Wind (3 s) 1.00

Dynamic Impact (100 ms) 1.20
(1) kmod = 0.43 can be considered representative for snow loads lasting between 5 days (kmod = 0.49) and 3 months
(kmod = 0.41); (2) kmod = 0.58 can be considered representative for climatic loads lasting between 6 h (kmod = 0.59)
and 12 h (kmod = 0.57); (3) kmod = 0.74 is based on a cumulative equivalent duration of 10 min, considered
representative of the effect of a storm, which may last several hours.
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It is worth noting that Eurocode 0 explicitly provides for the use of a “conversion
factor” when test results must be converted into values representative of in situ behaviour,
accounting for, inter alia, scale effects, differences between test and service conditions, and
the duration of the effects of actions [109].

The meanings of the additional symbols in the second term on the right-hand side of
Equation (2) are as follows:

(1) fb, k is the characteristic (5% fractile) bending strength of prestressed glass, corre-
sponding to quasi-static loading over a very short time (Table 5).

(2) γP is a partial safety factor for surface prestress, dependent on the design situation
and on the consequence class [118]; it accounts for a different set of uncertainties
than γM.

(3) ki is an interference factor that accounts for the (beneficial) statistical interference
between the distributions of annealed glass strengths and surface prestress [119,120].

(4) k e, P is an edge or hole prestressing factor, used for verifications near edges or holes
under tension.

(5) kP is a prestressing process factor, dependent on the type of prestressing treatment
(thermal tempering with horizontal process, thermal tempering with vertical process,
or chemical strengthening—cf. Sections 5 and 6); kP = 0 for annealed glass.

When combining actions of different durations, the value of kmod corresponding to the
action with the shortest duration should be used. Bedon and Amadio [121] found that, when
benchmarked against the theoretical approach of Franco and Royer-Carfagni [122], this
simplified rule provides reasonably accurate results for heat-strengthened and thermally
toughened safety glass, but can lead to markedly non-conservative predictions for annealed
glass. Due to the influence of load duration on strength, combinations of actions not
resulting in the maximum tensile stresses may be relevant.

It should be noted that Franco and Royer-Carfagni [122] argue that it would be more
transparent to treat prestressing as an external action rather than as an increase in material
strength, because static fatigue—accounted for by the modification factor kmod in the first
term on the right-hand side of Equation (2)—occurs only once the compressive surface
stress induced by prestressing has been overcome.

8. Environmental Aspects
The production of flat soda–lime–silicate glass is a high-temperature and energy-

intensive process. Its principal environmental impact arises from atmospheric emissions
of CO2 and other pollutants during melting and fining [55] (recall from Section 4.2 that
almost all furnaces in this sector are cross-fired regenerative furnaces fuelled by natural
gas—now the predominant energy carrier—and fuel oil, in some cases with an electrical
boost of up to 10% of the energy input):

(1) The combustion of fossil fuels and the decomposition of carbonate raw materials
releases CO2, of which approximately 75% originates from fuel combustion (direct
combustion emissions) and the remaining 25% from decarbonation reactions (pro-
cess emissions).

(2) The oxidation of sulphur in the fuels and the decomposition/oxidation of sulphates
in the batch materials produce sulphur oxides (SOx), which contribute to acidification.

(3) Nitrogen oxides (NOx), formed primarily through high-temperature oxidation of
nitrogen in the combustion chamber and, in some cases, from the decomposition
of nitrogen compounds in the batch materials, also contribute to acidification and
smog formation.

https://doi.org/10.3390/buildings16030506

https://doi.org/10.3390/buildings16030506


Buildings 2026, 16, 506 22 of 29

(4) Furnace emissions additionally contain dust (from the volatilisation and subsequent
condensation of volatile batch materials) and traces of chlorides, fluorides, and metals
present as impurities in the batch materials and fuels.

The inclusion of cullet in the batch provides considerable environmental
benefits [55,58,123,124]:

(1) Considering typical commercial soda–lime–silicate glass compositions, it is estimated
that 1.2 tons of raw materials are saved per ton of cullet used; of the 200 kg difference
between cullet input and raw material savings, approximately 150–160 kg corresponds
to CO2 released during melting from carbonate raw materials.

(2) Remelting cullet requires less energy than melting a batch of raw materials. As a
general rule, each 10% increase in cullet by weight in the batch results in a 2.5–3.0%
reduction in total glass-melting energy consumption.

(3) The use of cullet also reduces the demand for raw materials; for example, the pro-
duction of soda ash via the Solvay process requires approximately 9–13 GJ/t and, in
addition to CO2 emissions, generates significant amounts of aqueous and solid wastes.

These benefits are particularly relevant, as glass can be recycled indefinitely [125].
However, due to stringent quality requirements, the flat glass sector predominantly
utilises internally sourced cullet, which typically constitutes around 20–30% of the batch
weight [126]; since virtually all internally sourced cullet is already reused, further substan-
tial increases in cullet share are unlikely in the near future.

Over the years, improvements in furnace design and operation, as well as in re-
fractory materials, have brought about a remarkable increase in the energy efficiency of
glass-melting processes—Jatzwauk [59] reports a tenfold increase since the 1880s. How-
ever, further gains now appear marginal, suggesting that the intrinsic limits of current
technologies are being approached.

The emissions of NOx and SOx are a more recent concern. According to Jatzwauk [59],
companies such as AGC (Asahi Glass Company) have been able to reduce these emissions
by roughly a factor of four over the past two decades through improvements in furnace
design and operation, selective catalytic reduction, SOx scrubbing systems (which produce
significant quantities of by-products, mainly sulphates, that are recycled as raw materials
whenever feasible), and the careful selection of raw materials [55]. Emissions of dust have
followed a similar downward trend.

Promising options for further decarbonisation of flat glass production and reduction
in dust and pollutant emissions, currently under investigation or undergoing trials, include
(1) hot oxy-combustion, which uses purified oxygen instead of air for combustion and
recovers heat from flue gases to pre-heat both the natural gas and oxygen streams before
entering the furnace, potentially combined with pelletised batch (with low fractions of
cullet) pre-heating; (2) the use of carbon-neutral gaseous energy carriers as substitutes for
natural gas; and (3) the adoption of all-electric and hybrid (electric-combustion) melting
technologies [58,127,128]. Carbon capture, utilisation, and storage (CCUS) is another
potential avenue for research and development [129]. The technological and economic
viability of these measures and their cross-media effects require careful assessment.

Oxy-fuel combustion is now a proven technology. Conversion from an air-fuel to
an oxy-fuel furnace typically reduces combustion-generated NOx emissions by 80–90%,
depending on oxygen purity, batch and fuel nitrogen levels, and burner design; particulate
emissions can also be reduced by up to 30%. In addition, available data indicate that oxy-
fuel combustion can have a positive impact on glass quality while eliminating the capital
and maintenance costs associated with regenerators [130]. The main cross-media effects of
oxy-fuel combustion are related to the electricity required for oxygen purification [55]. A
high share of renewable energy in the electricity mix is important for reducing associated
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CO2 emissions. As of 2019, only around ten float glass furnaces had reportedly been
converted to oxy-fuel combustion, mainly due to the additional and uncertain cost of
oxygen supply [130]. In oxy-fuel-fired glass furnaces, approximately 25% of the fuel energy
input is lost as sensible heat in the flue gases [58]. An innovative and promising approach
to improving the energy efficiency of oxy-fuel combustion technology is the application of
waste heat recovery systems to pre-heat oxygen and natural gas. When purified oxygen
and natural gas are pre-heated to around 500 ◦C, an energy-efficiency gain of approximately
10% has been reported [131]. Waste heat recovery systems, preferably designed to operate
with flue gases that are not cooled or only slightly cooled, can also be used to pre-heat the
batch [55,132,133]. Another promising option for oxy-fuel processes is the application of
thermo-chemical recuperators to convert, in a highly endothermic reaction, natural gas
into a high-calorific pre-heated fuel, syngas, with achievable energy savings of 20% or
more [133,134].

In order to reach the target of carbon-neutral glass production, the industry will have
to switch to alternative energy carriers (biogas, synthetic methane, green hydrogen, or
renewable electricity) as substitutes for fossil fuels. Notwithstanding economic and distribu-
tion challenges, a switch to biogas is, in principle, technically feasible. Under appropriately
adjusted process conditions, no significant negative impacts on combustion behaviour,
refractory materials, and product quality have been reported on test rig experiments. How-
ever, biogas is a limited resource, and fluctuating gas compositions are undesirable from a
glass manufacturer’s perspective, as they may lead to quality losses or reduced pull rates.
A co-firing approach, in which natural gas is partially substituted by biogas rather than
fully replaced, may therefore represent a more appropriate solution [135].

The feasibility of substituting natural gas with green hydrogen (i.e., hydrogen pro-
duced by the electrolysis of water using renewable electricity) for firing float glass furnaces
is currently the subject of intensive investigation. According to Kobayashi [130], no funda-
mental technical barriers have been identified that would preclude the use of hydrogen
for glass melting, provided that furnace and burner designs, as well as batch compo-
sition, are appropriately adapted; oxygen-firing is likely to be favoured over air-firing.
Beyond combustion-related issues, the large-scale use of hydrogen requires substantial
modifications to plant infrastructure, including safety systems, in compliance with relevant
standards and regulations. One potential advantage of hydrogen, at least in Europe, is
the anticipated development of a dedicated hydrogen supply infrastructure as demand
increases [58].

All-electric melting represents another pathway towards decarbonisation and offers
several advantages over combustion-based melting [55]. Electric furnaces can typically
achieve higher melt rates per unit furnace area and thermal efficiencies that are two to
three times higher than those of fossil-fuel-fired furnaces, when assessed on the basis of
energy delivered to the furnace rather than the primary energy required to generate the
electricity. In addition, all-electric melting produces no direct combustion-related CO2,
thermal NOx, or SOx emissions. It is generally associated with reduced volatilisation
of raw materials, primarily due to the reduced gas flow, and this simplifies exhaust gas
treatment. Regenerators and high-temperature furnace crowns are not required. However,
the prevailing high cost of electricity relative to fossil fuels currently limits the economic
viability of all-electric melting to small-scale applications, up to about 250 t/day, which
is well below the output of an average float line. Whether upscaling of this technology
without extensive changes to the production processes is feasible remains a subject of
debate [58,136]. It must also be recognised that currently established all-electric melting
systems offer limited operational flexibility with respect to the integration of electricity
from renewable sources, since a highly stable heat input is essential. The comparatively
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shorter service life of electric melting tanks is also a concern. To mitigate some of these
disadvantages, hybrid melting combines a predominantly electrically heated furnace with
the use of oxy-fuel combustion as a support, increasing operational flexibility and resilience
to electricity price fluctuations and potential supply constraints.

In addition to the environmental improvements already achieved in the manufacture
of flat glass products and those expected in the foreseeable future, it is important to consider
the benefits associated with their use. The reduction in CO2 emissions resulting from the
use of energy-efficient glass products over their operational lifetime far outweighs the
emissions associated with their manufacture [55,127]. Indeed, in applications such as
building glazing, the flat glass industry can already be regarded as a net carbon avoidance
activity. Flat glass products are also essential in supporting the transition to clean mobility
and in contributing to the efficient generation of renewable solar energy [124]. Moreover, in
line with the principles of circularity, secondary structural glass elements can be designed
for easy removal at the end of a building’s life and potential reuse, supported by appropriate
inspection and traceability systems to ensure reliability and quality compliance. As of
2023, only around 5% of end-of-life construction and demolition glass from buildings
was effectively recycled [124]. Closed-loop recycling of flat glass diverts waste from
landfill, conserves raw materials, and is one of the most effective means of reducing energy
consumption and CO2 emissions from glass manufacturing.

9. Conclusions
Eurocode 10, a forthcoming addition to the Eurocode family, provides the first har-

monised framework for the design of glass structures across Europe and is expected to
promote the adoption of glass as a structural material, with potential influence beyond the
European context. It aligns with the overarching principles of EN 1990, while considering
the particular mechanical and physical behaviour of glass, a brittle and flaw-sensitive mate-
rial that can experience delayed fracture under sustained load in the presence of water. By
introducing novel limit states—the fracture and post-fracture limit states—and consistent
verification procedures, Eurocode 10 establishes a design philosophy that is fundamentally
rooted in material behaviour rather than past experience alone. This review has sought
to support this shift by bringing together key elements of glass science and technological
processes with practical design considerations, underscoring their fundamental connection.

Within the semi-probabilistic approach to structural reliability defined in EN 1990, the
Eurocode-based determination of the glass design bending strength is of central importance
for practising engineers and was therefore given particular attention in this review. The
various factors affecting the characteristic values fg, k and fb , k were explicitly linked
to underlying fracture-mechanical phenomena, manufacturing and processing events,
environmental effects, and statistical considerations. This approach promotes a deeper and
more objective appreciation of the nature and purpose of these factors, while enabling a
critical perspective on some of the assumptions and simplifications on which they are based.

Environmental considerations, including ongoing advances in energy efficiency, de-
carbonisation, and reduction in pollutant emissions, were also examined. This synthesis
supports structural engineers in making more informed and responsible decisions in the
design, detailing, and specification of glass structures and contributes to the continued
development of glass as a reliable, innovative, and sustainable structural material.
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