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Abstract: Due to a number of advantages, aluminium is used in the attachment units of mullion and
transom systems for decorative panels and translucent fillings, as well as for bridge structures. Despite
its advantages, aluminium has a low melting point and does not have fire resistance performances
required by regulatory documents under fire conditions. Therefore, this article is aimed at studying
the behaviour of aluminium structures under high temperatures. To achieve this objective, we have
analysed the aluminium structures most commonly used in construction—the attachment units
of mullion and transom systems, with different protections against fire, columns and orthotropic
decks used in bridge construction. In order to assess the behaviour of selected structures under fire
conditions, we have developed methods for studying temperature distributions in structures in detail.
Using the developed methods, tests have been carried out. Based on the received experimental data,
we analysed the behaviour of aluminium structures in fire conditions and developed measures to
increase the fire resistance of aluminium structures. Such measures include using hollow profiles to
ensure air exchange with the cold sections of the structure, applying dedicated cooling agents to cool
the structure and removing heat to the atmosphere and thermal barriers so as to protect aluminium
structures. We found that fire resistance measures enhance the fire resistance of aluminium attachment
units of mullion and transom systems by 1.5 times. The use of hollow air-permeable profiles and
cooling agents in orthotropic decks increases fire resistance by 3 times by removing heat from the
structures. The fire resistance rating of hollow profile aluminium columns is 1.5 times higher than that
of structures without air-permeable profiles. The obtained results can be used as the most effective
basis for the design of aluminium structures. The principles of increasing fire resistance given in this
article are applicable to other types of structures, and can also be used with other methods of fire
protection. Increasing the fire resistance of aluminium structures enables the expansion of the scope
of their applications.

Keywords: bridge structure; lightweight building structure; aluminium structure; orthotropic deck;
attachment unit; fire resistance; fire protection

1. Introduction

The global bridge construction industry prefers heavy steel sections and light weight
thin-walled steel components (Figure 1). It is well-known that reinforced concrete struc-
tures have multiple advantages [1–4]. However, due to the technological properties of
bridge structures, the use of reinforced concrete structures in this area is limited. The
general development trend for this type of construction focuses on reducing the weight of
structures. However, decreasing the transformed sections of the structures can lower their
fire resistance. A large range of measures were developed for such structures to ensure
stability under extreme conditions, including fire [5–8].

One of the main measures to improve fire resistance is using thin layer intumescent
coating materials and structural fire protection [9,10]. In the last five years, measures and
rules have been developed for designing aluminium bridge structures aimed at ensuring
their light weight, easy assembly and operation [11–13]. This has significantly increased
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the relevance of aluminium structures in the building industry. Aluminium structures are
used for building bridges [14–19]. Moreover, aluminium is used to produce elements of
lightweight structures [20–22].

Buildings 2023, 13, x FOR PEER REVIEW 2 of 27 
 

 

Figure 1. Cable-stayed bridge over the Moskva River. 

One of the main measures to improve fire resistance is using thin layer intumescent 

coating materials and structural fire protection [9,10]. In the last five years, measures and 

rules have been developed for designing aluminium bridge structures aimed at ensuring 

their light weight, easy assembly and operation [11–13]. This has significantly increased 

the relevance of aluminium structures in the building industry. Aluminium structures are 

used for building bridges [14–19]. Moreover, aluminium is used to produce elements of 

lightweight structures [20–22]. 

Aluminium structures have multiple advantages. Therefore, they are preferred for 

certain types of building structures. These advantages include the physical properties and 

manufacturing process of aluminium elements. The physical properties comprise their 

light weight and high corrosion resistance. Thus, they can be used without additional cor-

rosion protections even in corrosive environments. The process of aluminium structure 

production is based on extrusion. As a result, it is possible to produce profiles with cross 

sections that provide maximum rigidity and functionality [23–26]. 

The main disadvantage of aluminium that limits its application is the low melting 

point. It can lead to the destruction of both aluminium construction elements (attachment 

units) and whole aluminium structures. There is a need to study the behaviour of alumin-

ium structures in fire conditions and develop structures capable of preserving the bearing 

capacity for a long time. The latter can be achieved by correctly selecting acceptable loads 

on the structures [27,28]. 

One of the most popular cases for aluminium utilisation in construction is in attach-

ment units of mullion and transom systems for decorative panels and translucent fillings. 

Aluminium is used in these structures since it is easy to manufacture profiles of complex 

forms and the structure is lightweight. These systems can be attached in the area of the 

slab ends, completely covering this area, or used for the translucent filling of the build-

ing’s façade. The site and structural properties of attachment units of decorative and 

Figure 1. Cable-stayed bridge over the Moskva River.

Aluminium structures have multiple advantages. Therefore, they are preferred for
certain types of building structures. These advantages include the physical properties and
manufacturing process of aluminium elements. The physical properties comprise their
light weight and high corrosion resistance. Thus, they can be used without additional
corrosion protections even in corrosive environments. The process of aluminium structure
production is based on extrusion. As a result, it is possible to produce profiles with cross
sections that provide maximum rigidity and functionality [23–26].

The main disadvantage of aluminium that limits its application is the low melting point.
It can lead to the destruction of both aluminium construction elements (attachment units)
and whole aluminium structures. There is a need to study the behaviour of aluminium
structures in fire conditions and develop structures capable of preserving the bearing
capacity for a long time. The latter can be achieved by correctly selecting acceptable loads
on the structures [27,28].

One of the most popular cases for aluminium utilisation in construction is in attach-
ment units of mullion and transom systems for decorative panels and translucent fillings.
Aluminium is used in these structures since it is easy to manufacture profiles of complex
forms and the structure is lightweight. These systems can be attached in the area of the
slab ends, completely covering this area, or used for the translucent filling of the building’s
façade. The site and structural properties of attachment units of decorative and translu-
cent panels determine the attachment options to two (top and bottom or side) or four
structure ends.
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A more significant (in terms of responsibility) use case for aluminium is bridge struc-
tures. The main structural elements are aluminium orthotropic decks and columns. The
evident advantages of aluminium structures are that they are lightweight and easy to man-
ufacture, in addition to presenting a high corrosion resistance. However, since aluminium
has a low melting point, it can be hard to ensure the necessary fire resistance level of such
structures [29]. In a number of cases, columns with a channel section were considered [30]

One option is using the structural fire protection method that is very popular for
load-bearing steel elements of industrial and civil building structures [23,31]. This is due to
the need to ensure the building structures’ high fire resistance, which is unattainable when
using fire-retardant paints and varnishes. However, using such methods to improve fire
resistance can significantly reduce the advantages of aluminium structures. Structural fire
protection methods add considerably to the cost and weight of structures. Furthermore,
materials used for them have a much shorter service life compared to that of aluminium
structures. This is due to the fact that thermal insulation materials have high moisture
absorption rates and their fire-retardant effectiveness decreases, which leads to a need
to replace these materials. The use of gypsum- and cement-based materials requires
additional conditions for the installation and significantly increases the weight of the
structures [4–6,32].

The aim of the research is to study the behaviour of aluminium structures under
high temperatures.

To achieve this, the following objectives were set:

− to develop a method for testing selected structures;
− to identify boundary conditions of various aluminium structures related to the losses

of the bearing capacity, the integrity and the heat-insulating capacity;
− to identify the relation between the fire resistance level of attachment units of mullion

and transom systems with aluminium and the fire protection method;
− to assess the heating level of the aluminium orthotropic deck consisting of connected

hollow profiles;
− to identify the relation between the fire resistance of aluminium columns of different

sections and the load;
− to determine the main technological solutions to improve the fire resistance of various

aluminium structures.

2. Methodology
2.1. Subject of Studies

To assess the behaviour of aluminium structures under fire conditions, we selected the
following subjects for the study: the attachment unit of the mullion and transom system;
the aluminium orthotropic deck; and the aluminium columns of various sections. The
attachment unit of the mullion and transom system consists of the protective casing, the
mullion and transom system and the attachment elements. The protective casing, which
has a decorative function, among others, is made from a profiled zinc-coated sheet, with
a thickness of 0.5 mm on the outside and 0.7 mm on the inside close to the structure, and
it is filled with heat insulator. Zinc-coated sheets are attached to the test furnace opening
with temporary nails. The joints of zinc-coated sheets and structures are sealed with a
firestop sealant. The aluminium mullion and transom system is installed in the unit. For
this test, the translucent filling was replaced by the 12.5 mm thick fire-resistant cement slab.
Adhesive anchors, pins and supporting brackets installed above and below the system and
bearing the main load of the structure are used as attachment elements.

There are two options as regards the attachment units. The first one has a protective
non-inflammable heat-insulating membrane between the mullion and transom system and
the casing, and the second one has no membrane—instead, the heated side of the mullion
and transom system is covered with a 12.5 mm thick fire-resistant cement slab.
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The aluminium orthotropic deck measures 4000 mm × 2000 mm in size and 170 mm
in height, and consists of 300 mm wide and 170 mm high joined extruded triangular
hollow profiles.

To study aluminium columns, we selected rectangular aluminium profile columns of
the following dimensions:

− 300 mm × 150 mm × 15 mm columns, 2500 mm in height, 10 items;
− 200 mm × 120 mm × 12 mm columns, 2000 mm in height, 9 items;
− 160 mm × 100 mm × 8 mm columns, 2000 mm in height, 9 items.

The columns were subject to loads equal to section stress levels of 0%, 25%, 50%, 75%
and 95% of the design strength as part of the study.

The column names and loads required to create the respective stress levels in individ-
ual sections are presented in Table 1.

Table 1. List of the tested columns.

No. of Aluminium Columns Element Section, mm Load,
Tonne

Element Length,
m

1.1.1
1.1.2 300 × 150 × 15 20.0 2.50

1.2.1
1.2.2
1.2.3

300 × 150 × 15 40.0 2.50

1.3.1
1.3.2 300 × 150 × 15 60.0 2.50

1.4.1
1.4.2
1.4.3

300 × 150 × 15 76.0 2.50

2.1.1
2.1.2 200 × 120 × 12 0.0 2.00

2.2.1
2.2.2 200 × 120 × 12 11.0 2.00

2.3.1
2.3.2 200 × 120 × 12 22.0 2.00

2.4.1
2.4.2
2.4.3

200 × 120 × 12 42.0 2.00

3.1.1
3.1.2 160 × 100 × 8 0.0 2.00

3.2.1
3.2.2 160 × 100 × 8 9.0 2.00

3.3.1
3.3.2
3.3.3

160 × 100 × 8 13.0 2.00

3.4.1
3.4.2 160 × 100 × 8 16.0 2.00

2.2. Study Methods

To implement the study, a block diagram of the study was developed, as shown in
Figure 2.

To study all types of described structures, the following equipment was used: test
furnaces simulating a “standard” fire impact described with the formula T − T0 = 345 log
(8t + 1), where T is the temperature in the heating chamber at the distance of 100 mm from
the tested object, tis the testing time in minutes, and T0 is the initial temperature. Testing
was conducted at an ambient temperature of 20–30 ◦C and a 0.5 m/s maximum wind speed.
The common criteria for assessing all tests are the temperatures in the furnace and on the
unheated surfaces of tested objects, the deformations of the tested objects, the times of
flame occurrence on the unheated surfaces of tested objects, the times of occurrence and



Buildings 2023, 13, 1669 5 of 24

the properties of cracks, holes, delaminations and other phenomena (for example, violation
of supporting conditions, smoke).
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2.2.1. The Method of Fire Tests on the Attachment Units of Mullion and Transom Systems

To analyse the behaviour of aluminium elements of attachment units of mullion and
transom systems, we selected the layout shown in Figure 3. According to the layout, the
attachment unit of the mullion and transom system was mounted on the testing furnace
with the vertical opening. To control the attachment unit of the mullion and transom system
during the test, thermoelectric transducers were installed: one on the elements connecting
the attachment unit of the mullion and transom system to the structure and bearing the
main load of the attachment unit, and the others on the unheated surfaces in the areas
subjected to the most heat.

The criteria for assessing the fire resistance of attachment units of mullion and transom
systems are the ultimate limit states related to the losses of the bearing capacity (R), integrity
(E) and heat-insulating capacity (I). The loss of the bearing capacity (R) is determined by
the maximum vertical deformation of the retaining anchor at 6 mm and the maximum
deformation build-up speed at 0.2 mm/min. The integrity loss (E) is determined by
through cracks and holes in the structure and burning products and flame penetrating to
the unheated surface through them. The integrity loss is assessed by a special cotton pad
placed in a metal frame with a holder and brought close to areas of expected penetration of
flame and burning products for 10 s at a 20–25 mm distance from the attachment unit of
the mullion and transom system. The loss of the heat-insulating capacity (I) is determined
by the temperature rise in the unheated surface of the structure by over 199 ◦C, taking into
account the initial sample temperature of 19 ◦C.
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Figure 3. Layout for testing attachment units: 1—testing furnace; 2—protective casing of mullion
and transom system; 3—mullion and transom system with aluminium; 4—simulation of structure
filling; T1–T6—thermoelectric transducers.

2.2.2. The Method of Fire Tests on Decks of Bridge Structures

Aluminium orthotropic decks were installed in the test furnace with a horizontal
opening. The total load on the deck amounted to 7 tf. The load point is shown in Figure 4.
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Figure 4. The heating and load schemes for an aluminium orthotropic deck: P—pressure;
Q—heat exposure.

To control the temperature of the unheated surface of the aluminium orthotropic deck,
one thermoelectric transducer was placed at the centre and the others were placed in the
middle of the direct lines connecting the centre and corners of the furnace opening (T1–T5
in Figure 5). The temperatures in the aluminium orthotropic deck profile section were
controlled using thermoelectric transducers (T6–T8), installed according to Figure 6.



Buildings 2023, 13, 1669 7 of 24

Buildings 2023, 13, x FOR PEER REVIEW 7 of 27 
 

 

Figure 4. The heating and load schemes for an aluminium orthotropic deck: P—pressure; Q—heat 

exposure. 

To control the temperature of the unheated surface of the aluminium orthotropic 

deck, one thermoelectric transducer was placed at the centre and the others were placed 

in the middle of the direct lines connecting the centre and corners of the furnace opening 

(T1–T5 in Figure 5). The temperatures in the aluminium orthotropic deck profile section 

were controlled using thermoelectric transducers (T6–T8), installed according to Figure 6. 

 

Figure 5. Layout of thermoelectric transducers on the unheated surface of the tested orthotropic 

deck (T1, T2, T3, T4 and T5). 

The criteria for assessing fire resistance of orthotropic decks are the ultimate limit 

states related to the losses of the bearing capacity (R), integrity (E) and heat-insulating 

capacity (I). The loss of the bearing capacity (R) is determined by the maximum vertical 

deformation at 200 mm and the maximum deformation build-up speed at 200 mm/min. 

The integrity loss (E) is determined by the cracks and holes in the structure, burning prod-

ucts and the flames penetrating to the unheated surface through these fissures. The integ-

rity loss is assessed using a special cotton pad placed in a metal frame with a holder and 

brought close to areas of expected penetration of flame and burning products for 10 s at a 

20–25 mm distance from the surface of the aluminium orthotropic deck. The loss of the 

heat-insulating capacity (I) is determined by the temperature rise in the unheated surface 

of the structure by over 191.9 °C, taking into account the initial sample temperature of 11.9 

°C. 

Figure 5. Layout of thermoelectric transducers on the unheated surface of the tested orthotropic deck
(T1, T2, T3, T4 and T5).

Buildings 2023, 13, x FOR PEER REVIEW 8 of 27 
 

 

Figure 6. Layout of thermoelectric transducers on the walls of the tested orthotropic deck profile 

(T6, T7 and T8). 

2.2.3. The Method of Fire Tests on Aluminium Columns 

Aluminium columns are placed inside the test furnace with a vertical load capacity 

and four-sided heat exposure. The tests determine the time in minutes from the start of 

heat exposure to the time when the ultimate limit states are reached. 

The criteria for assessing the fire resistance of aluminium columns are the ultimate 

limit states related to the loss of the bearing capacity (R) and the maximum temperature 

of the structure. The loss of the bearing capacity (R) is determined by the maximum ver-

tical deformations of 250 mm for the 2500 mm high column and 200 mm for the 2000 mm 

high column at a maximum deformation build-up speed of 10 mm/min. The maximum 

temperature is 400 °C in the aluminium column interior. To measure the temperature of 

the aluminium columns, thermoelectric transducers were installed in the interior along 

the height of the aluminium columns (Figure 7): 

− T1 on the wall at a 150 mm distance from the bottom; 

− T2 on the corner at an L/4 mm distance from the bottom; 

− T3 on the wall at an L/4 mm distance from the bottom; 

− T4 on the corner at an L/4 mm distance from the top; 

− T5 on the wall at an L/4 mm distance from the top; 

− T6 on the wall at a 150 mm distance from the top; 

− T7 on the wall at the centre of the height. 

Figure 6. Layout of thermoelectric transducers on the walls of the tested orthotropic deck profile (T6,
T7 and T8).

The criteria for assessing fire resistance of orthotropic decks are the ultimate limit states
related to the losses of the bearing capacity (R), integrity (E) and heat-insulating capacity (I).
The loss of the bearing capacity (R) is determined by the maximum vertical deformation at
200 mm and the maximum deformation build-up speed at 200 mm/min. The integrity loss
(E) is determined by the cracks and holes in the structure, burning products and the flames
penetrating to the unheated surface through these fissures. The integrity loss is assessed
using a special cotton pad placed in a metal frame with a holder and brought close to areas
of expected penetration of flame and burning products for 10 s at a 20–25 mm distance
from the surface of the aluminium orthotropic deck. The loss of the heat-insulating capacity
(I) is determined by the temperature rise in the unheated surface of the structure by over
191.9 ◦C, taking into account the initial sample temperature of 11.9 ◦C.

2.2.3. The Method of Fire Tests on Aluminium Columns

Aluminium columns are placed inside the test furnace with a vertical load capacity
and four-sided heat exposure. The tests determine the time in minutes from the start of
heat exposure to the time when the ultimate limit states are reached.
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The criteria for assessing the fire resistance of aluminium columns are the ultimate
limit states related to the loss of the bearing capacity (R) and the maximum temperature of
the structure. The loss of the bearing capacity (R) is determined by the maximum vertical
deformations of 250 mm for the 2500 mm high column and 200 mm for the 2000 mm
high column at a maximum deformation build-up speed of 10 mm/min. The maximum
temperature is 400 ◦C in the aluminium column interior. To measure the temperature of
the aluminium columns, thermoelectric transducers were installed in the interior along the
height of the aluminium columns (Figure 7):

− T1 on the wall at a 150 mm distance from the bottom;
− T2 on the corner at an L/4 mm distance from the bottom;
− T3 on the wall at an L/4 mm distance from the bottom;
− T4 on the corner at an L/4 mm distance from the top;
− T5 on the wall at an L/4 mm distance from the top;
− T6 on the wall at a 150 mm distance from the top;
− T7 on the wall at the centre of the height.
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column; P—pressure.



Buildings 2023, 13, 1669 9 of 24

3. Results
3.1. Attachment Units of Translucent Panels Using Aluminium Mullion and Transom System

Figure 8 shows the unheated side of the attachment units before testing.
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Figure 9 shows the heated side of the attachment unit of the mullion and transom
system with a protective non-inflammable heat-insulating membrane before testing.
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non-inflammable heat-insulating membrane before testing.

The ultimate limit state of the attachment unit of the mullion and transom system
with a protective non-inflammable heat-insulating membrane was reached in 37 min.
Figures 10 and 11 demonstrate the test results from the thermoelectric transducers.
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Figure 10. Temperatures measured using thermocouples T1, T2, T3, T4, T5 and T6 placed on the
unheated surface of the attachment unit of the mullion and transom system with a protective non-
inflammable heat-insulating membrane versus heat exposure time.
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Figure 12 shows the state of the attachment unit of the mullion and transom system
with a protective non-inflammable heat-insulating membrane after the heated side was
subjected to heat exposure during testing.
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Figure 13 demonstrates the heated side of the attachment unit of the mullion and
transom system covered with a fire-resistant cement slab before testing.
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The ultimate limit state of the attachment unit of the mullion and transom system
covered with a fire-resistant cement slab was reached in 62 min. Figures 14 and 15 present
the data collected from the thermoelectric transducers.
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Figure 16 demonstrates the heated side of the attachment unit of the mullion and
transom system covered with a fire-resistant cement slab after testing.
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Figure 16. The state of the attachment unit of the mullion and transom system covered with a
fire-resistant cement slab after heat exposure during testing.

3.2. Aluminium Orthotropic Deck

Figure 17 shows the aluminium orthotropic deck before testing.
The ultimate limit state of the aluminium orthotropic deck was reached in 54 min

(caused by burning on the unheated side). The test results from the thermoelectric trans-
ducers are shown in Figures 18 and 19. The deformation of the aluminium orthotropic deck
during testing is shown in Figure 20. Figure 21 demonstrates the aluminium orthotropic
deck after testing.
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aluminium orthotropic deck profile versus heat exposure time.
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Figure 20. Deflection of the aluminium orthotropic deck versus heat exposure time.

3.3. Aluminium Columns of Different Sections

Figure 22 presents the overview of the aluminium column ready for testing.
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Figure 22. Aluminium column No. 2.4.3 ready for testing.
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The results from the tests on the aluminium columns are provided in Table 2.

Table 2. The experimental results from the test on the aluminium columns.

No. of
Aluminium

Columns

Deformation
Onset Time, min

Deformation
Onset

Temperature, ◦C

Time for
Reaching the

Ultimate Limit
State Related to
the Loss of the

Bearing Capacity
(R), min

Temperature of
Aluminium Column
When the Ultimate

Limit State Related to
the Loss of the Bearing

Capacity (R) Is
Reached or the

Column Is
Destroyed, ◦C

Time When
T = 400 ◦C Is
Reached, min

Time of
Destruction, min

1.1.1 18:40 355 18:50 370

1.1.2 16:45 360 17:20 370

1.2.1 16:30 305 16:40 310

1.2.2 16:40 310 17:05 315

1.2.3 16:30 315 17:00 320

1.3.1 15:45 295 16:05 305

1.3.2 15:50 295 16:10 305

1.4.1 16:10 280 16:35 295

1.4.2 14:15 250 14:40 255

1.4.3 15:40 270 15:50 280

2.1.1 600 16:40 31:00

2.1.2 600 16:30

2.2.1 17:20 420 19:15 440 16:30

2.2.2 17:45 420 19:50 450 16:50

2.3.1 15:45 370 16:15 380

2.3.2 16:10 360 16:45 385

2.4.1 13:30 320 14:00 330

2.4.2 14:00 350 14:20 360

2.4.3 13:15 325 13:40 340

3.1.1 675 13:50 28:50

3.1.2 675 13:30 28:20

3.2.1 13:20 395 14:10 420 13:40

3.2.2 13:10 395 14:00 425 13:20

3.3.1 11:30 360 12:00 375

3.3.2 12:00 375 12:30 385

3.3.3 11:50 375 12:10 385

3.4.1 11:20 350 11:50 375

3.4.2 11:00 345 11:30 360

Figure 23 shows the overview of the aluminium column after testing.
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4. Discussion

The data obtained from testing the attachment units with aluminium elements, alu-
minium orthotropic decks and aluminium columns can be the basis for a detailed analysis
aimed at identifying the criteria with a significant impact on the stability of structures with
aluminium that are exposed to fire.

4.1. Attachment Units of Translucent Panels Using the Aluminium Mullion and Transom System

An important distinction between the attachment unit of the mullion and transom
system with a protective non-inflammable heat-insulating membrane and the attachment
unit of the mullion and transom system covered with a fire-resistant cement slab is related
to heat-insulating barriers in different parts of the structure. The attachment unit of the
mullion and transom system with a protective non-inflammable heat-insulating membrane
has it in the area between the aluminium and the protective casing to prevent heat transfer
in case of fast aluminium heating. This caused a nearly complete melting of the aluminium
mullions after testing (37 min after testing was started), which led to the destruction of
the heat-insulating membrane and flame outburst (Figure 10). At the same time, it caused
considerable overheating of the attachment elements that could potentially result in the
collapse of the attachment unit of the mullion and transom system. The second type of
the attachment unit of the mullion and transom system used a fire-resistant cement slab
installed on the external side of transoms (from the heated side). This type of attachment
unit reached the ultimate limit state in 62 min after testing was started and the mullions
were only partially damaged. The observed result is due to the fact that aluminium has
a high thermal conductivity. The presence of a heat-insulating layer between the protec-
tive box and aluminium accumulates heat in the aluminium without the possibility of its
removal. In the absence of a protective membrane and the use of a fire-resistant cement
board, aluminium slowly warms up, with the possibility of heat removal to the environ-
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ment. Thus, the fire resistance of the attachment unit of the mullion and transom system
covered with a fire-resistant cement slab to protect aluminium from high temperatures was
1.5 times higher.

4.2. The Aluminium Orthotropic Deck

Since the average melting temperature of aluminium is 660 ◦C, we have to analyse the
reasons for the long-term stability of orthotropic decks in fire conditions. As was shown
in the previously obtained results on the mullion and transom systems, the open use of
aluminium leads to its rapid heating and destruction. Based on the received data and
observations during testing, we can conclude that cavities in the aluminium orthotropic
deck profile ensure equal temperature distribution and heat removal from aluminium
structures (Figures 24 and 25), which results in the long-term instability of the structure
exposed to fire. Aluminium has high heat conductivity and the aluminium structure
without air-blasted cavities could heat up to the critical temperature in 15–20 min, that is,
three times faster than it happened in the studied aluminium orthotropic deck. Moreover,
the asphalt coating used in orthotropic decks is a cooling agent providing heat removal
from the structure, which caused burning on the unheated surface during testing.
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4.3. Aluminium Columns of Different Sections

The results reveal that the most important parameter of the studied aluminium
columns is the aluminium temperature in the internal cavities of aluminium columns,
giving rise to deformation at the set load level. As shown earlier, the presence of heat
dissipation in the air cavities of the structure leads to an increase in the fire resistance of the
structure. After the deformation began, the ultimate limit state was reached within 1 min
at low load (9 tons) and 30 s at high load (42 tons). The deformation onset temperatures
versus load levels of the aluminium profile mullions of different sections are presented in
Figures 26–28.
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Figure 28. Deformation onset temperatures versus load levels of 160 mm × 100 mm × 8 mm
aluminium rectangular section columns.

Furthermore, in addition to the destruction caused by aluminium melting, there is an
expansion of aluminium columns without load within 4–13 min after the testing was started.
After testing. the aluminium columns were expanded by a maximum of 0.25%. During fire
testing, the aluminium columns were subjected to deformation caused by heat exposure
and loads. Sections and loads of aluminium columns determine the behaviour trends.

Based on the analysis of the mechanical changes in the aluminium columns and their
warm-up, as well as an analysis of the behaviour of other types of aluminium structures
given earlier, the following conclusions can be drawn: mechanical changes in aluminium
columns depend on their warm-up properties and load levels. Aluminium columns
without load are destroyed at 600–650 ◦C under gravity load. Taking into account the
heat dissipation through the cavities of the structure, which was also shown in the case
of assessing the fire resistance of orthotropic plates, the achievement of this limit state is
slower than can be predicted for aluminium structures without heat dissipation.

Displacements of aluminium columns happen under low loads when aluminium is
sufficiently heated and the heating is even along the wall thickness. In this case, its flexibility
causes the collapse of the aluminium column along the section. If the aluminium column is
not sufficiently warmed up but the loads are high, the column bends since only the external
part of the section acquires the necessary flexibility due to heat exposure. However, heat
removal in the internal cavity of the aluminium column can make the structure much more
resistant to fire. It should be noted that the warming up of the aluminium free of air cavities,
ensuring heat removal up to critical temperatures, can happen in 8–10 min. Thus, the fire
resistance of the studied columns is increased by 1.5 times due to the air-permeable cavities.

5. Conclusions

We have studied the behaviour of aluminium structures exposed to high temperatures.
Methods for testing attachment units of mullion and transom systems, aluminium or-
thotropic decks and aluminium columns were developed, taking into account the behaviour
properties of selected structures—possible deformation and warm-up at high temperatures.

As part of the study, we registered the ultimate limit states of the tested structures and
analysed the behaviour of aluminium structures exposed to fire.

The fire resistance versus fire protection method was identified for the attachment
units of mullion and transom systems. We discovered that the structural fire protection of
aluminium that ensures rapid heat transfer to attachment elements and creates conditions
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for heat removal is more efficient than the direct protection of attachment elements from
heat coming from aluminium structural elements. In the first case, the fire resistance of the
attachment unit of mullion and transom systems was 1.5 times higher.

We have assessed the warm-up of the aluminium orthotropic deck consisting of
connected hollow profiles. It was discovered that hollow air-permeable profiles and asphalt
coating acting as a cooling agent increase the fire resistance by three times due to heat
removal from the structure.

We have determined the fire resistance of aluminium columns of different sections
versus load levels. The results show that structures demonstrate high fire resistance at
considerable loads as a result of heat removal from the aluminium in the hollow part of
the structure. The fire resistance rating is 1.5 times higher in such structures compared to
structures without air-permeable cavities.

Based on the research presented, we can conclude that the main technological solutions
aimed at increasing the fire resistance of aluminium structures are hollow profiles in
structures to provide air exchanges with cold sections of the structure, special cooling
agents ensuring the cooling of the structure and heat removal to the atmosphere, and
thermal barriers for the protection of aluminium structures.

Author Contributions: Conceptualization, F.A.P. and D.A.K.; methodology, F.A.P. and D.A.K.; soft-
ware F.A.P.; validation, D.A.K.; formal analysis, F.A.P. and D.A.K.; investigation, F.A.P. and D.A.K.;
resources, D.A.K.; data curation, D.A.K.; writing—original draft preparation, F.A.P.; writing—review
and editing, F.A.P. and D.A.K.; visualization, F.A.P.; supervision, D.A.K.; project administration,
D.A.K.; funding acquisition, D.A.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References
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