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Abstract: Glass is widely used for the manufacture of the facades and interior glazing of buildings.
Glass structures are subject to high fire safety requirements. Two methods are employed in this
work: experimental studies of small-sized and large-sized samples and simulations of heating
glass structures. The results showed that large-sized samples of monolithic tempered glass, with
dimensions of 4250 × 2000 × 8 mm and 2000 × 3000 × 8, that were inserted in a steel frame,
if properly installed, provided fire resistance limits of E30/E45 and E60, respectively, for loss of
integrity, which proves the influence of the dimensions of the glass panel on the fire resistance
of the facade structure. The small-sized samples of monolithic tempered glass with dimensions
of 1000 × 700 × 8 mm provided a fire resistance limit of E60 for loss of integrity. A large-sized
sample of monolithic tempered glass measuring 4250 × 2000 × 8 mm and inserted into an aluminum
frame provided a fire resistance limit of E60, proving the effect of the frame on the fire resistance
of the structure. According to the results of several simulations, a conclusion was formed about
the possibility of predicting the fire resistance limits of tempered glass based on its thickness and
dimensions. During operations, these structures will be able to prevent the spread of fire and
combustion products for the required time after the loss of integrity. The results of the study allow
for the estimation of the influence of the scale factor on the falling of the glass from the frame in a fire
(loss of integrity).

Keywords: buildings; glass structure; fire resistance; monolithic fire-resistant glass; loss of integrity;
cracking; large-scale factor; heat transfer simulation

1. Introduction

Since the beginning of the 2000s, the number of glass structures and elements of build-
ings has increased significantly. Greater and greater areas in the enclosing wall structures
are occupied by glass. Their visual lightness, transparency, accuracy of installation, impact
resistance, energy saving potential, UV protection, noise reduction and light transmission
make glass structures extremely popular in interior design [1–3].

To ensure a comfortable and safe stay in a building, it is necessary that all building
structures are resistant to fires. Glass behaves like a brittle material with a relatively high
compressive strength and limited tensile strength; therefore, when exposed to fire for
a long time, it breaks into many fragments that can form holes through which fresh air
enters and, as a result, the spread of the fire is greatly accelerated [4,5].

The main problem with using glazing systems is the reaction of the glass to tempera-
ture fluctuations. Conventional glass used in buildings has limited resistance to fire and
breaks within minutes, indicating thermal failure. Special types of glass, called fire-resistant
glass, are able to withstand the effects of the thermal and mechanical stresses that occur

Fire 2023, 6, 114. https://doi.org/10.3390/fire6030114 https://www.mdpi.com/journal/fire

https://doi.org/10.3390/fire6030114
https://doi.org/10.3390/fire6030114
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fire
https://www.mdpi.com
https://orcid.org/0000-0003-1071-427X
https://orcid.org/0000-0002-6155-060X
https://doi.org/10.3390/fire6030114
https://www.mdpi.com/journal/fire
https://www.mdpi.com/article/10.3390/fire6030114?type=check_update&version=3


Fire 2023, 6, 114 2 of 14

during a fire for a certain period of time, preventing the spread of fire and combustion
products [6,7].

The mechanism of cracking and subsequent loss of glass significantly affects the
dynamics of the fire. In [8], the results of experiments in which a double-glazed window
was exposed to a fire are presented. As a result of the study, the rate of heat release, the
heat flux distribution, the glass surface temperature, the cracking pattern and the loss of
integrity of the glass unit were determined. It has been established that the appearance of
cracks is influenced by the thermal load, composition and installation of glass. In [9], glass
samples with dimensions of 1200 × 1200 × 6 mm3 and eight different forms of fastening
were tested, and the time of initiation and propagation of cracks, the rate of heat release,
the temperature of the glass surface and the loss of integrity of the glass unit were studied.
Based on the experimental results, the relationship between the form of fastening and the
behavior of cracks was discussed. Thermal stress caused by glass temperature differences
(from 48 ◦C to 159 ◦C) was the reason for the destruction of the curtain facades studied.
In [10], thermal stresses on double-glazed windows during a fire were studied; the results
can be used to predict where cracks are likely to occur in a glass structure during a building
fire. Based on [5,9–11], it has been shown that, depending on the insulating glass unit, the
destruction of glass occurs at a temperature between 250 ◦C and 460 ◦C.

Float glass is commonly used in the manufacture of insulating glass due to its flaw-
lessly smooth surface, high light transmission and low cost [12,13]. In [14], the character-
istics of float glass exposed to radiant heat fluxes are investigated. It was found that at
a radiation of 15 kW/m2, there were cracks on the surface of the float glass within the first
minute of the experimental study, indicating the beginning of the destruction of the glass
panel. In [15], small-scale experimental studies were conducted on tempered fire-resistant
glass. The results showed that the critical temperature difference and heat flux of the
fire-resistant glass were 340 ◦C and 46 kW/m2, respectively, which is significantly higher
than that of float glass. It is also hypothesized that a frame with higher thermal conductivity
can increase the fire resistance of glazing systems. Thus, tempered fire-resistant glass can
be used to replace float glass and is widely used in glass facade structures.

There are two types of fire-resistant glass: laminated fire-resistant glass and monolithic
(single-layer) glass [16]. Laminated fire-resistant glass is called triplex [17]. The design
is based on laminating several glass sheets together with a polymer layer. During a fire,
when the temperature of the glass rises to 120–200 ◦C, the polymer gel layer foams and
becomes cloudy, so the glass turns into a rigid opaque structure. When heated, the foaming
polymer layer increases in volume by 5–10 times and seals the cracks that form in the glass.
In addition, the resulting foam layer insulates the second glass panel from a significant
portion of the damaging thermal effects. With further heating, the polymer layers on the
second and subsequent sheets of glass begin to foam, protecting the third and subsequent
glass sheets from thermal exposure.

In [18], laminated glass was considered for use as a balcony balustrade through
an in-depth analysis of empirical data from past fires that occurred in Canada, Australia,
and England. It was revealed that the use of laminated glass does not pose a danger from
the point of view of the external spread of fire. In [19], fire tests were carried out to check
the characteristics of laminated tempered fire-resistant glass; in addition, the coefficient
of the glass destruction was checked. It was concluded that in heated laminated glass,
the polymer interlayer exhibits complex behavior, and the temperature difference of the
laminated glass can be explained by taking into account the thermal effect of the interlayer.
In [20], the reaction of laminated glass beams under the influence of fire and a long-term
load (p = 1.15 kN) is studied experimentally and by modeling. It has been established that
laminated glass beams are able to withstand the applied load for 34–51 min before complete
destruction in accordance with the limiting deflection rate determined in [21]. In [22],
finite element modeling is presented for multilayer and monolithic glasses under thermal
action; restrictions that affect the modeling are indicated, namely, various thermophysical
properties of materials (e.g., thermal conductivity, heat capacity). According to the results
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of these experiments and simulations, it has been shown that the thermal resistance of
monolithic glasses is higher than multilayer ones.

The second group of fire-resistant glasses (monolithic single-layer glasses) have
a special chemical composition and are tempered under special temperature and chem-
ical conditions. The fire resistance and quality of such glass is entirely dependent on
an exclusive technology that is not disclosed. In [23], it is stated that the main problem
with monolithic fire-resistant glass is the installation of the frame. Designers and builders
often use frame structures with a good appearance and an attractive price, but they do not
tend to use steel frames, which are regulated in the glass fire test report. In addition to
steel, sometimes an aluminum frame is used for fire-resistant glass, as indicated in [24]; its
melting point is about 650 degrees, and the results are usually better, since the aluminum
frame is more pliable to the resulting stresses. In [25], a numerical study is carried out to
examine the small elements of fire-resistant monolithic glass panels exposed to fire; further
validation of the obtained results is demonstrated through modeling with experimentally
obtained values. In [5], the effect of glass size on its ability to withstand a fire load is
studied; two experiments were carried out with glass sizes of 300 × 300 × 6 mm3 and
600 × 600 × 6 mm3 to test the model using 27 numerical examples with glass panel sizes
from 100 × 100 mm2 to 1000 × 1000 mm2. As a result, the fracture time, stress distribution
and crack trajectory were calculated and demonstrated. In [26], experimental studies were
carried out on a glazing system with dimensions of 600 × 600 × 6 mm3 under the influ-
ence of a fire with a power of 0.16 MW. It was found that the size of the glass panel has
a significant effect on the fire resistance of the glass; the fire resistance of a glass panel will
decrease as the size of the glass increases or as the aspect ratio of the glass decreases.

In the above studies, glass structures with small dimensions are considered. In practice,
continuous glazing is used in modern buildings throughout their entire building height,
which is about 3–4 m. To ensure the required fire resistance limit, it is necessary to use
tempered and specially machined monolithic glasses and conduct experimental studies to
evaluate the fire resistance of glass.

According to ISO 834-1 [27], to normalize the fire resistance limits of glazing systems,
the following limit states are distinguished:

- loss of bearing capacity (R) due to the destruction or loss of glass from the test frame,
the achievement of the limiting deflection value as determined according to ISO
834-1 [27] or the achievement of the limiting rate of increase in deflection according to
ISO 834-1 [27];

- loss of integrity (E) as a result of the glass falling out of the test frame, the appearance
of a stable flame on the unheated side of the glass for 10 s or more, the formation of
a through hole in the glass and ignition or smoldering;

- loss of thermal insulation capacity (I) due to an increase of more than 140 ◦C in the
average temperature at any point on the surface of the unheated side of the glass or
a temperature more than 180 ◦C above the temperature of the structure before the test;

- restriction of the thermal radiation flux density (W) upon reaching a thermal radiation
flux density of 3.5 kW/m2 at a distance of 0.5 m from the unheated side.

According to federal law [28], for window openings in non-load-bearing enclosing
structures, the fire resistance limits for loss of integrity are regulated at E15, E30, and E60.
Thus, to determine whether the type of glazing complies with the required fire resistance
limit for the loss of integrity, it is necessary to conduct experimental studies before the glass
falls out of the test frame, a steady flame appears on the unheated side of the glass for 10 s
or more, a through hole forms in the glass and ignition or smoldering occur.

According to GOST 33000-2014 [24], the fire resistance limit obtained when test-
ing glass in a standard test frame may not match the fire resistance limit of the same
glass installed in a different frame. Therefore, to confirm the possibility of using glass in
a particular glazing system, it is necessary to conduct experimental studies using frame
structures and methods of fixing glass identified in the technical specification.
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FT-1 monolithic glass (Phototech, Russia) is the best option for creating effective fire-
resistant translucent structures in facade and exterior glazing. It is subjected to special hard-
ening and machining, which allows it to be used in structures with a fire resistance of up to
E60 [24]. For example, FT-1 monolithic glass with package sizes of up to 2120 × 3450 mm2

was used in the business center “Chelyabinsk City” in Chelyabinsk, Russia (Figure 1).
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The purpose of this paper is to study the fire resistance limit for the loss of integrity of
small-sized and large-sized monolithic, single-layered glass panels using the example of
FT-1 brand fire-resistant glass in order to accomplish the following: determine the effect of
frame construction on the fire resistance limit of a glass unit, determine the possibility of
using steel and aluminum frames with large-sized samples and assess the influence of the
dimensions of monolithic single-layer glass panels on their fire resistance limit for the loss
of integrity.

The novelty of the study is to establish the dependence of the dimensions of tempered
fire-resistant glass and the type of test frame on the fire resistance of the facade structure.

2. Materials and Methods
2.1. Experiments on Glass Structures

Two methods are employed in this work: experimental studies and simulations
of the heating of glass structures. Experimental studies were conducted for two small-
sized samples of ΦT-1 tempered monolithic fire-resistant glass without a frame (samples
No. 1.1 and No. 1.2), four large-sized samples of ΦT-1 tempered monolithic fire-resistant
glass inserted in frames (samples No. 2.1, No. 2.2, and No. 2.3 were tested with steel
frames, and sample No. 2.4 was tested with an aluminum frame) and one sample of the
FT-1 tempered monolithic fire-resistant glass (sample No. 3.1). The samples considered in
the study were tested for loss of integrity (E) according to GOST 33000-2014 [24], defined
as the moment when the glass falls out of the test frame, a steady flame appears for 10 s
or more on the unheated side of the glass, a through hole forms in the glass and there is
ignition or smoldering. Table 1 illustrates the characteristics of the samples.
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Table 1. Characteristics of the considered samples.

Sample Dimensions, mm Thickness, mm Frame

Sample No. 1.1 1000 × 700 8 -

Sample No. 1.2 1000 × 700 8 -

Sample No. 2.1 4250 × 2000 8 steel

Sample No. 2.2 4250 × 2000 8 steel

Sample No. 2.3 4250 × 2000 8 steel

Sample No. 2.4 4250 × 2000 8 aluminum

Sample No. 3.1 2000 × 3000 8 steel

According to GOST 33000-2014 [24], the test frame for installing the sample in the
furnace ensures that the sample is fixed, while an asbestos gasket is used as thermal
insulation between the glass and the test frame, which ensures the consistency of the
environment between the glass sample and the frame (Figure 2).
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The installation diagram of a double-glazed window in a steel and aluminum profile
is shown in Figure 3.

Tests were carried out on prototypes to determine the time to reach the limit state in
the process of fire exposure under the creation of a standard temperature regime according
to ISO 834-1 [27] in the fire chamber of the furnace and characterized by dependence (1):

T − T0 = 345 · log10(8t + 1), where (1)

T is the temperature in the furnace corresponding to the time t, ◦C; T0 is temperature in the
furnace before the start of thermal exposure t, ◦C; t is the time calculated from the start of
testing, min.

The temperature in the furnace fire chamber was measured by TPK-type thermocou-
ples that were installed in such a way that their hot junctions were at a distance of 900 mm
from the wall of the fire chamber and 100 mm from the heated surface of the sample.
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Figure 3. (a) Visual representation of the insulating glazing in the profile and (b) scheme of installation
of the insulating glazing in the steel and aluminum profile.

In the small-scale tests, the specimens were tested outside the frame, and, since they
were completely inside the fire chamber of the furnace, fastening was carried out using
remote composite frames.

A test furnace with a fuel supply and a combustion system was used to conduct
the large-scale experimental studies (Figure 4). The equipment consisted of three parts:
a combustion chamber, a large-scale calorimeter and a data acquisition and processing
system. The combustion chamber consisted of four steel walls, each of which was covered
with fire-resistant glass wool that was 15 mm thick. This test method simulated the
temperature fields in enclosed spaces under real fire conditions. When conducting large-
scale tests of samples of monolithic double-glazed windows, a control was carried out
so that the gap between the building opening and the partition frame along the entire
perimeter was filled with cement-sand mortar in a ratio of 1:4 and then plastered.
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2.2. Simulation in SP QuickField

The QuickField software package (SP) was used as a modeling tool (SP Elcut is used as
an analogue in Russia). It allows one to specify heat sources in blocks, edges or individual
vertices of the model using the finite element method [29]. The SP QuickField (Elcut)
has repeatedly been used to solve thermophysical issues. For example, the effect of fire
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exposure on modern windows and elements of facade glazing was considered in [30]; it was
demonstrated that Elcut allowed for predictions of the behavior of building structures at
elevated temperatures and displayed the temperature distributions and stress fields. In [31],
a simulation of the heating of offshore stationary platform structures was undertaken, and
it showed good correlation with the experimental results; the consumption of mineral slabs
for bulkhead construction was predicted, and the parameters of thermal conductivity and
the heat capacity of the applied fire protection were specified for temperatures ranging
from 0 to 1000 ◦C. In [32], the results of large-scale fire tests of lightweight thin-walled
steel structures for fire protection efficiency are presented using SP Elcut. As a result,
temperature–time curves of steel structures in the standard fire regime were obtained, and
the simulation showed good correlation with experimental studies.

When modeling the heating problem in QuickField, the heat conduction equation is
used, as determined by dependence (2) [33]:

∂

∂x

(
λx

∂T
∂x

)
+

∂

∂y

(
λy

∂T
∂y

)
= −q − cρ·∂T

∂t
, where (2)

T is temperature, ◦C; t is the time, s; λ are the components of the thermal conductivity
tensor, W/(m·K); q is a specific power of heat release, W/m3; c is a specific heat capacity,
J/(kg·K); and ρ is the density, kg/m3.

Boundary conditions, described by temperature, heat flux, convection and radia-
tion, are set on the external and internal boundaries of the design model. The value
T0 is specified as a linear function of the coordinates. The heat flow is described by
relations (3) and (4) [29]:

Fn = −qs − at the outer borders, (3)

F+
n − F−

n = −qs − on internal borders, where (4)

Fn is the normal component of the heat flux density vector; indices “+” and “–” mean “to
the left of the boundary” and “to the right of the boundary,” respectively, W/m2; qs—is the
surface power of the source for the inner boundary; and the outer boundary is the known
value of the heat flux through the boundary, W/m2.

Convective heat transfer is determined according to expression (5) [34]:

Fn = α·(T − T0), where (5)

α is the heat transfer coefficient, W/(K·m2), and T0 is an ambient temperature, K.
The radiation conditions are set on the outer boundary of the model, and the radiative

heat transfer is determined by Equation (6) [29]:

Fn = kSB·β·
(

T4 − T4
0

)
, where (6)

kSB is the Stefan–Boltzmann constant, W/(m2·K4); β is the absorption coefficient of the
surface; and T0 is the temperature of the absorbing medium, K.

To set the design scheme, profile systems that had an air gap (air) and a rubber seal in
their design were used. Their thermophysical characteristics (thermal conductivity, heat
capacity and density) were variable and depended on temperature (the values were taken
from the program reference book). As a frame structure, steel and aluminum profiles were
studied, and tempered glass was used as the filling of a double-glazed window. The initial
characteristics of steel and aluminum were taken from the program guide, and the tempered
glass was obtained from the results of modeling and scientific papers [35–37] (Table 2). It
was assumed that the density value would not change during heating. Boundary conditions
are presented in Table 3.
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Table 2. Thermophysical characteristics of materials.

Material Density, kg/m3
λ, W/(m·K) at T, ◦C C p, J/(kg·K), at T, ◦C

20 100 300 20 100 300

Steel 7800 49 49 47 460 475 510

Aluminum 2700 225 232 237 900 940 1030

Glass 2400 0.200 0.750 1450 490 560 710

Table 3. Boundary conditions defined in the SP QuickField.

Name Quantities Meaning Quantities Source Information

Heat transfer coefficient by convection at standard temperature
conditions, W/(m2·K) 25 [28]

Coefficient takeovers surfaces 0.5 [27]

Initial ambient temperature, ◦C 20 -

Time step for calculating the temperature gradient of the structure, s 60 -

3. Results
3.1. Results of Experiments on Glass Structures

All of the samples were heated from room temperature to failure, according to the
standard fire regime curve. As the temperature increased, the glass gradually softened,
and micro-cracks formed on its surface. Experimental studies continued until the glass fell
out of the test frame, a steady flame appeared on the unheated side of the glass for 10 s or
more, a through hole formed in the glass and ignition or smoldering occurred.

3.1.1. Experimental Results of Small-Sized Samples

It was found that the fire resistance limit of small sample No. 1.1, tested under standard
temperature conditions, was reached at 72 min due to the glass melting, which corresponds
to a fire resistance of E60 (Figure 5). According to the test results for small sample No. 1.2,
tested under standard temperature conditions, the fire resistance limit was reached at
65 min due to the melting of the glass, which corresponds to a fire resistance of E60.
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3.1.2. Experimental Results of Large-Sized Samples

During the large-scale tests, it was found that the fire resistance limit of sample No. 2.1,
tested under standard temperature conditions, was reached at 6 min due to the glass falling
out of the test frame, which does not correspond with the required fire resistance limit.
When conducting the experimental study of sample No. 2.1, the glass touched the hot steel
frame, which led to its destruction. This phenomenon was due to incorrect installation.
In the large-scale test of sample No. 2.2, it was found that the fire resistance limit, tested
under standard temperature conditions, was reached at 43 min due to the appearance of
a steady flame for 10 s on the unheated side of the glass and the glass subsequently falling
out of the test steel frame, corresponding to a fire resistance limit of E30 (Figure 6).
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In the large-scale test for sample No. 2.3, it was found that the fire resistance limit,
tested under standard temperature conditions, was reached at 46 min due to the appearance
of a steady flame for 10 s on the unheated side of the glass and the glass subsequently
falling out of the test steel frame, which corresponds to a fire resistance limit of E45. It was
noted that during the experimental studies of samples No. 2.2 and No. 2.3, the steel frame
was deformed first, which consequently caused the glass to fall out of the test frame. In the
large-scale test for sample No. 2.4, it was found that the fire resistance limit, tested under
standard temperature conditions, was reached at 75 min due to the appearance of a steady
flame for 10 s on the unheated side of the glass and the glass subsequently falling out of
the aluminum frame, which corresponds to a fire resistance limit of E60.

In the large-scale test for sample No. 3.1, it was found that the fire resistance limit,
tested under standard temperature conditions, was reached at 65 min due to the appearance
of a steady flame for 10 s on the unheated side of the glass and the glass subsequently
falling out of the steel frame, which corresponds to a fire resistance limit of E60 (Figure 7).

The experimental studies showed that with the use of a steel frame, the smaller sample
(sample No. 3.1), tested under standard temperature conditions, had a higher fire resistance
limit for the loss of integrity of the façade structure than large-sized samples (e.g., sample
No. 2.2 and sample No. 2.3) tested under the same experimental conditions. This is because
on the surfaces of the double-glazed unit of the large samples, there was a sharp change
in the temperature regime from the central part of the glass to the edge, which caused
its destruction.

The results of the fire experiment for sample No. 2.4 show that the use of an aluminum
frame in the insulating glass structure increases the fire resistance of the structure in
comparison to steel frames in terms of loss of integrity.
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3.2. Results of Simulations in the SP QuickField

Using a simulation, visualizations of the heating of the structures of large-sized glaz-
ing panels were obtained for panels with dimensions of 4250 × 2000 × 8 mm (samples
No. 2.1–2.3) that were inserted into the steel frame at 45 min (Figures 8–10). Due to the
large length of the glass (2000 mm), the two parts of the same design are presented from
different sides. The temperature value on the unheated side of the glass was 250 ◦C.
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The effects of the deformations of the steel profile assembly on the composition of
the insulating glass unit of Samples No. 2.1–No. 2.3 as they were put under the action of
a thermal load were considered by linking the problems of non-stationary heat transfer
and mechanical stresses and deformations (Figure 11). The simulation shows twisting and
displacement of 12 mm on the steel frame at the 45th minute from the start of the heating,
which would cause the glass unit to fall out.
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Figure 11. Deformations of the steel profile assembly as part of the insulating glass unit of samples
No. 2.1–No. 2.3 while under the action of a thermal load at (a) 5 min, (b) 15 min, (c) 30 min, and
(d) 45 min.

In the calculation model created in the SP QuickField, the steel frame was replaced with
an aluminum one to obtain visualizations of the heating structure of a 4250 × 2000 × 8 mm
glazing unit (sample No. 2.4) inserted into an aluminum frame (Figures 12 and 13). Due
to the large length of the glass (2000 mm), the two parts of the same design are presented
from different sides. The temperature value on the unheated side of the glass was 290 ◦C.
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The node deformations of an aluminum profile used with the insulating glass unit
of sample No. 2.4 as it was put under the action of a thermal load were re-examined by
linking the tasks of non-stationary heat transfer, mechanical stresses and deformations
(Figure 14). According to the simulation results, it can be seen that on the 45th fire im-
pact, the aluminum frame was displaced by 5 mm; in order to predict the loss of glass
from the frame through the simulation, the thermal load was gradually increased, and at
75 min, the aluminum frame reached a displacement of 13 mm, which would have caused
the destruction of the double-glazed window.
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The results of the simulations of the glazing units of samples No. 2.1–No. 2.4 allowed
for the determination of the temperature values on the unheated side of the structures
when exposed to standard temperature conditions. It was determined that the aluminum
frame had a higher temperature value on the unheated side of the insulating glass unit than
the steel frames because of the higher thermal conductivity value of aluminum. Glass in
a steel frame has higher edge stresses than glass in an aluminum frame, which is observed
in these experimental studies and simulations.

4. Conclusions

Fire has a serious impact on the integrity of the enclosing structures of buildings and
structures, including double-glazed windows.

In this work, experimental studies were conducted on large-sized and small-sized
samples of tempered fire-resistant glass as a component of double-glazed windows; these
samples were inserted into steel and aluminum frames and placed under the influence of
a standard fire mode. It was found that the glass inserted into an aluminum frame had
a higher fire resistance limit (despite the fact that the coefficient of temperature deformations
in aluminum is two times higher than in steel), because aluminum frames are hollow and
thin-walled. The simulation results also confirmed that the steel frames distorted more
than twice as much as the aluminum frame when exposed to fire.

According to the results of this experimental study, it was revealed that the fire
resistance limit for the loss of integrity of small-sized samples with a steel frame is higher
than the fire resistance limit of large-sized samples by 29%. This is due to the fact that on
the surfaces of the large, double-glazed samples, there is a sharp change in the temperature
regime from the central part of the glass to the edge, which causes their destruction.

It is necessary to test fire-resistant glass for fire resistance in terms of heat-insulating
ability and to determine the dependence of fire resistance limits on the chemical composition
of glass, manufacturing technology, fastening method and type of installation. This paper
shows that, according to the tests, the fire resistance limit for the loss of integrity of small-
sized glass panels is E60, and it is E30/E45 for large-sized glass panels. In the event of
a fire, FT-1 monolithic glass will be able to maintain its integrity and prevent the spread of
fire and combustion products.
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The results of the study estimate the influence of the scale factor on the fallout of the
glass from a frame in a fire (loss of integrity).

Author Contributions: Conceptualization, M.G.; methodology, P.S. and M.S.; software, D.S.; inves-
tigation, P.S.; resources, I.V.; data curation, I.V. and M.G.; writing—original draft preparation, D.S.;
visualization, M.S. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Russian Science Foundation (RSF) under Grant
No. 23-29-00618, https://rscf.ru/project/23-29-00618/.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Macfarlane, T. Engineering Invention in Glass Architecture. In Proceedings of the Challenging Glass 3: Conference on Architec-

tural and Structural Applications of Glass CGC 2012, Delft, The Netherlands, 28–29 June 2012; pp. 11–16. [CrossRef]
2. Nemova, D.V.; Vasileva, I.L.; Vatin, N.I. Introduction of Double-Skin Facades in the Russian Federation. Constr. Unique Build.

Struct. 2019, 84, 51–62. [CrossRef]
3. Taylor, C.A.; Herreman, K. An Open Office Plan Case Study: Demountable Glass Partitions and Speech Privacy. In Proceedings

of the INTER-NOISE 2018-47th International Congress and Exposition on Noise Control Engineering: Impact of Noise Control
Engineering, Chicago, IL, USA, 26–29 August 2018.

4. Ledbetter, S.R.; Walker, A.R.; Keiller, A.P. Structural Use of Glass. J. Archit. Eng. 2006, 12, 137–149. [CrossRef]
5. Wang, Y.; Zhang, Y.; Wang, Q.; Yang, Y.; Sun, J. The Effect of Glass Panel Dimension on the Fire Response of Glass Façades. Constr.

Build. Mater. 2018, 181, 588–597. [CrossRef]
6. Han, J.; Kim, H.; Lee, B.; Jin, S.; Kwon, Y. Fire Risk Analysis of Glass Installed in an Opening. J. Korean Soc. Hazard Mitig. 2020,

20, 195–202. [CrossRef]
7. Bedon, C. Structural Glass Systems under Fire: Overview of Design Issues, Experimental Research, and Developments. Adv. Civ.

Eng. 2017, 2017, 2120570. [CrossRef]
8. Shields, T.J.; Silcock, G.W.H.; Flood, M. Performance of a Single Glazing Assembly Exposed to a Fire in the Centre of an Enclosure.

Fire Mater. 2002, 26, 51–75. [CrossRef]
9. Wang, Y.; Wang, Q.; Shao, G.; Chen, H.; Su, Y.; Sun, J.; He, L.; Liew, K.M. Fracture Behavior of a Four-Point Fixed Glass Curtain

Wall under Fire Conditions. Fire Saf. J. 2014, 67, 24–34. [CrossRef]
10. Chow, W.K.; Gao, Y. Thermal Stresses on Window Glasses upon Heating. Constr. Build. Mater. 2008, 22, 2157–2164. [CrossRef]
11. Sabsabi, A.; Youssef, M.A.; El-Fitiany, S.F.; Vedrtnam, A. Simplified Structural Analysis of Framed Ordinary Non-Tempered Glass

Panels during Fire Exposure. Fire Saf. J. 2021, 122, 103357. [CrossRef]
12. Zhou, X.Q.; Wang, M.Y.; Li, L.X. Dynamic Damage Assessment of Float Glass under Blast Loading. Adv. Struct. Eng. 2019,

22, 2517–2529. [CrossRef]
13. Park, S.; Carriquiry, A.; Horkley, L.K.; Peate, D.W. A Database of Elemental Compositions of Architectural Float Glass Samples

Measured by LA-ICP-MS. Data Brief 2020, 30, 105449. [CrossRef]
14. Jørgensen, J.D.; Nielsen, J.H.; Giuliani, L. Thermal Resistance of Framed Windows: Experimental Study on the Influence of Frame

Shading Width. Saf. Sci. 2022, 149, 105683. [CrossRef]
15. Wang, Y.; Sun, J.; He, L.; Wang, Q.; Rush, D. Experimental Study on Fallout Behaviour of Tempered Glass Façades with Different

Frame Insulation Conditions in an Enclosure Fire. Proc. Combust. Inst. 2019, 37, 3889–3898. [CrossRef]
16. Debuyser, M.; Sjöström, J.; Lange, D.; Honfi, D.; Sonck, D.; Belis, J. Behaviour of Monolithic and Laminated Glass Exposed to

Radiant Heating. Constr. Build. Mater. 2017, 130, 212–229. [CrossRef]
17. ISO 12543-1:2011; Glass in Building-Laminated Glass and Laminated Safety Glass-Evaluation of Conformity/Product Standard.

European Committee for Standardization: Brussels, Belgium, 2005; pp. 1–52.
18. Binte Mohd Faudzi, F.; Schulz, J.; Dodd, G. Qualitative Assessment of Fire Hazard Posed by Laminated Glass Balcony Balustrades

on Fire Spread. Fire Technol. 2021, 57, 1951–1967. [CrossRef]
19. Suzuki, K.; Hisada, T.; Sato, A.; Ohmiya, Y. Experimental Study for Laminated Glass Composed of Tempered Fire Resistance

Glass Exposed to Standard Heating. J. Environ. Eng. 2018, 83, 415–424. [CrossRef]
20. Louter, C.; Bedon, C.; Kozłowski, M.; Nussbaumer, A. Structural Response of Fire-Exposed Laminated Glass Beams under

Sustained Loads; Exploratory Experiments and FE-Simulations. Fire Saf. J. 2021, 123, 103353. [CrossRef]
21. EN 1363–1: 2012; Fire Resistance Tests−Part 1: General Requirements (NEQ). European Committee for Standardization: Brussels,

Belgium, 2012; p. 64.

https://rscf.ru/project/23-29-00618/
http://doi.org/10.3233/978-1-61499-061-1-11
http://doi.org/10.18720/CUBS.84.4
http://doi.org/10.1061/(ASCE)1076-0431(2006)12:3(137)
http://doi.org/10.1016/j.conbuildmat.2018.06.088
http://doi.org/10.9798/KOSHAM.2020.20.1.195
http://doi.org/10.1155/2017/2120570
http://doi.org/10.1002/fam.783
http://doi.org/10.1016/j.firesaf.2014.05.002
http://doi.org/10.1016/j.conbuildmat.2007.09.004
http://doi.org/10.1016/j.firesaf.2021.103357
http://doi.org/10.1177/1369433219845691
http://doi.org/10.1016/j.dib.2020.105449
http://doi.org/10.1016/j.ssci.2022.105683
http://doi.org/10.1016/j.proci.2018.07.111
http://doi.org/10.1016/j.conbuildmat.2016.09.139
http://doi.org/10.1007/s10694-020-01085-8
http://doi.org/10.3130/aije.83.415
http://doi.org/10.1016/j.firesaf.2021.103353


Fire 2023, 6, 114 14 of 14

22. Bedon, C.; Honfi, D.; Kozłowski, M. Numerical Modelling of Structural Glass Elements under Thermal Exposure. In Proceedings
of the 3rd International Electronic Conference on Materials, Basel, Switzerland, 14–28 May 2018. [CrossRef]

23. Yang, Z.; Zhao, X.; Wu, X.; Li, H.L. Application and Integrity Evaluation of Monolithic Fire-Resistant Glass. Procedia Eng. 2011,
11, 603–607. [CrossRef]

24. Russian State Standard GOST 33000-2014; Glass and Glass Products. Fire Resistance Test Method. Russian Committee for
Standardization: Moscow, Russia, 2014; p. 16. Available online: https://docs.cntd.ru/document/1200120594 (accessed on
12 March 2022).

25. Bedon, C.; Louter, C. Thermo-Mechanical Numerical Modelling of Structural Glass under Fire-Preliminary Considerations and
Comparisons. In Proceedings of the Challenging Glass 6: Conference on Architectural and Structural Applications of Glass, CGC
2018-Proceedings, Delft, The Netherlands, 17–18 May 2018.

26. Wang, X.; Tan, Q.; Wang, Z.; Kong, X.; Cong, H. Preliminary Study on Fire Protection of Window Glass by Water Mist Curtain. Int.
J. Therm. Sci. 2018, 125, 44–51. [CrossRef]

27. ISO 834-75; Elements of Building Constructions. Fire-Resistance Test Methods. General Requirements. International Organization
for Standardization: New York, NY, USA, 1975; p. 16. Available online: https://docs.cntd.ru/document/9055248 (accessed on
2 November 2021).

28. Federal Law of 22.07.2008 N 123-FZ. “Technical Regulations on Fire Safety Requirements”. Available online: https://base.garant.
ru/12161584/ (accessed on 8 December 2021).

29. Tera Analysis Ltd. QuickField Finite Element Analysis System. Version 6.6 User’s Guide. 2021. Available online: https:
//quickfield.com/downloads/quickfield_manual.pdf (accessed on 10 December 2022).

30. Gravit, M.; Klimin, N.; Karimova, A.; Fedotova, E.; Dmitriev, I. Fire Resistance Evaluation of Tempered Glass in Software ELCUT.
Smart Innov. Syst. Technol. 2021, 220, 523–537. [CrossRef]

31. Gravit, M.; Shabunina, D. Numerical and Experimental Analysis of Fire Resistance for Steel Structures of Ships and Offshore
Platforms. Fire 2022, 5, 9. [CrossRef]

32. Gravit, M.; Lavrinenko, M.; Lazarev, Y.; Rozov, A.; Pavlenko, A. Modeling of Cold-Formed Thin-Walled Steel Profile with the
MBOR Fire Protection. Adv. Intell. Syst. Comput. 2021, 1259, 577–592. [CrossRef]

33. Markus, E.S.; Snegirev, A.Y.; Kuznetsov, E.A. Numerical Simulation of a Fire Using Fire Dynamics; St. Petersburg Polytech-Press: St.
Petersburg, Russia, 2021; p. 175.26.

34. EN 1991-1-2; Eurocode 1: Actions on Structures-Part 1–2: General Actions-Actions on Structures Exposed to Fire. European
Committee for Standardization: Brussels, Belgium, 2002; p. 61. Available online: https://www.phd.eng.br/wp-content/uploads/
2015/12/en.1991.1.2.2002.pdf (accessed on 25 October 2021).

35. Gravit, M.; Klimin, N.; Dmitriev, I.; Karimova, A.; Fedotova, E. Fire Technical Properties of Intumescent and Ablative Fire-Resistant
Glass. IOP Conf. Ser. Mater. Sci. Eng. 2019, 666, 012095. [CrossRef]

36. Pourmoghaddam, N.; Schneider, J. Finite-Element Analysis of the Residual Stresses in Tempered Glass Plates with Holes or
Cut-Outs. Glas. Struct. Eng. 2018, 3, 17–37. [CrossRef]

37. Zhang, J.; Wang, L.; Yue, R. Simulation of Temperature Field within Flat Tempered Glass Cooling Process. In Proceedings of the
International Conference: Applied Mechanics, Mechanical and Materials Engineering (AMMME), Sanya, China, 25–26 June 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ecms2018-05241
http://doi.org/10.1016/j.proeng.2011.04.702
https://docs.cntd.ru/document/1200120594
http://doi.org/10.1016/j.ijthermalsci.2017.11.013
https://docs.cntd.ru/document/9055248
https://base.garant.ru/12161584/
https://base.garant.ru/12161584/
https://quickfield.com/downloads/quickfield_manual.pdf
https://quickfield.com/downloads/quickfield_manual.pdf
http://doi.org/10.1007/978-981-33-6632-9_47
http://doi.org/10.3390/fire5010009
http://doi.org/10.1007/978-3-030-57453-6_55
https://www.phd.eng.br/wp-content/uploads/2015/12/en.1991.1.2.2002.pdf
https://www.phd.eng.br/wp-content/uploads/2015/12/en.1991.1.2.2002.pdf
http://doi.org/10.1088/1757-899X/666/1/012095
http://doi.org/10.1007/s40940-018-0055-z

	Introduction 
	Materials and Methods 
	Experiments on Glass Structures 
	Simulation in SP QuickField 

	Results 
	Results of Experiments on Glass Structures 
	Experimental Results of Small-Sized Samples 
	Experimental Results of Large-Sized Samples 

	Results of Simulations in the SP QuickField 

	Conclusions 
	References

