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Abstract. The authors investigate the fire-protective efficiency of a basalt roll material, which is used for
light steel thin-walled structures. The values of fire-protective efficiency for the steel C-shaped profiles
without fire protection made of basalt wool material MBOR-F were obtained in the experimental and
numerical studies. This article presents the estimated dependence of the thickness of the fire-protective
material MBOR F on the resistance to fire with regard to light steel thin-walled structures. The approximating
functions are formed on the basis of the experimental data and presented as nomograms for heating of the
steel structure. There was an absence of the samples’ deformation and destruction of the fire-protective
material during the fire tests. This allows us to conclude that the fire-protective efficiency of the light steel
thin-walled structures increases by 2—4 times. Implementation of the study results will expand the scope of
fire-protective materials for the light steel thin-walled structures, improve the quality of fire protection
projects for buildings and constructions, and help ensure the fire safety of structural elements.
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1. Introduction

Light gauge steel framing (LGSF) is widely used in low-rise constructions because of the wide
architectural capabilities and excellent technical and economic qualities that allow for operation under
dynamic conditions in a changeable market with maximum accuracy, flexibility, and efficiency. The
advantages of light steel framing have already been appreciated in developed countries for several years,
and buildings made from LGSF occupy a significant share of the construction market: in the UK — 20%,
Sweden and Japan — 15%, Canada — 10% of total residential constructions. The share of LGSF in Russian
low-rise construction is 0.5% — that is 30 times less than in developed countries [1,2].

The LGSF constructions have great perspectives in the design area [3, 4], however, low levels of fire
resistance of unprotected thin-walled constructions inhibit the process of incorporating designs into
construction. The fire resistance of thin-walled rods is actively discussed throughout the world, but, despite
numerous investigations of these structures, this issue has not been fully studied and remains relevant. For
the widespread introduction of light steel thin-walled structures into the civil engineering practice of public
and residential constructions, it is necessary to conduct tests to determine the fire resistance of structures
and to allow for the subsequent improvement of existing regulatory documents.

© Gravit, M.V., Dmitriev, I.1., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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The fire protection of the building structures is an integral part of the general system to ensure fire
safety and fire resistance of buildings and constructions [5,6]. The light steel framing has a short resistance
period under fire loads, and because of that, it is not required by Russian fire safety standards. In some
cases, these systems do not reach the minimum requirement of the safety conditions, and therefore the
fire protection plays an important role in obtaining the required fire resistance of various configurations of
LGSF constructions.

There are a small number of works concerning the fire resistance of LGSF, which include
consideration of the regulatory framework in our country compared with the other ones. The conducted
studies include those by Vatin and Garifullin [7—11], Gravit [12-15], Naser [16—18], Chen and Ye [19-23],
Dias [24,25], Craveiro [26]. Researchers have also determined that cold-formed steel perforated beams
can have higher fire resistance than the limit of 350 °C, according to Eurocode 3 [26 — 35]. Many studies
on the behavior of thin-walled steel constructions were conducted not only for the standard fire mode, but
also as numerical simulations of real fire scenarios.

Naser and Degtyareva reported the results of the fire tests on the steel beams made of galvanized
C-shaped thermal profiles [16]. In these experiments the authors investigated the stress limits of the
perforated beams as well as their temperature deformations. The result of this work was a nonlinear
numerical model, developed by using the finite element analysis software ANSYS.

The fire test results of cold-formed steel columns of both the single and built-up section of 2xC-
shaped profiles are presented in [26]. The temperature increment depended on the cross-sectional shape.
Therefore, a C-shaped column with a section factor 400 m-1 and a column with built-up 2xC-shaped profile
have reached the limit state for stability only after 8 minutes and 10 minutes respectively. Structures were
under the temperature load in according to the standard fire curve. The critical temperature of profiles
exceeded 500 °C. Numerical simulations using the Abacus software has also been conducted.

The fire resistances of the steel columns were evaluated by numerical simulations in [27], taking into
account the various thicknesses of the fire protective coating made of the vermiculite plates. Three column
options were considered: columns without fire protection, with protection of 20 mm thickness, and with 40
mm thicknesses. The temperature contour graphs and heating curves of the columns were obtained by
taking into account the presence and absence of fire protection made of the vermiculite plates. Studies
have shown that the steel columns covered by a fire-protective layer with 20 and 40 mm thickness and the
unprotected steel column sustained a critical temperature of 500 °C after 82, 180 and 12 minutes,
respectively.

The constructive method of the steel structures’ protection with PYRO-SAFE AESTUVER T plates
and the fire resistance limit of steel rod elements were considered in [28] to ensure the regulatory fire
resistance requirements. This paper presents the calculated thermophysical characteristics of materials,
based on which the fire resistance nomograms of the fire protected steel structures are calculated. For
instance, both the steel construction with 2 mm profile thickness and the steel plate with 20 mm profile
thickness sustained a critical temperature of 600 °C after 70 minutes (and 80 minutes for the steel with 3.4
mm profile thickness); the steel plate with 40 mm profile thickness sustained a critical temperature of 600
°C after 100 minutes.

Therefore, despite the fact that there are some researches into unprotected light steel structures and
structures with different types of fire-protective materials (both structural and paintwork), this number of
studies is insufficient, because the problem with underestimation of light steel framing is actual and the
industry still has a need for new technologies and materials for fire protection.

The aim of this study was to evaluate the fire-protective efficiency of MBOR roll material based on
basalt wool manufactured by TIZOL JSC (Russia) for LGSC structures. To achieve this goal, the following
tasks were carried out:

1. The conduction of experimental studies of C-shaped profiles, including fire protection with MBOR
rolled basalt material;

2. The modeling of the thermal effect on building structures (LGSC) in the ELCUT PC, including
MBOR fire protection;

3. The creation of recommendations on the use of flame protective materials for structures (LGSC).

The results of fire tests allow us to evaluate the accuracy of both analytic and numerical (computer)
modeling methods. The authors used the results of fire impact on light gauge steel structures, and carried
out experiments in the testing laboratory of TIZOL JSC, for a comparative analysis.

The results of the numerical studies on the cold-formed steel galvanized profiles with fire protection
by heat-insulating plates made of MBOR-F basalt wool are presented. Fire-protective efficiency and



Magazine of Civil Engineering, 112(4), 2022

behavior of LGSC profiles are determined according to experimental studies and using linear FE models
developed in the ELCUT PC and verified according to fire tests.

2. Methods
2.1. Fire test method

The tests of LGSC profiles with fire protection made of heat-insulating basalt wool plates MBOR-F
and PLAZAS adhesive composition are carried out in accordance to Russian Standard No. 53295-2009
[36] with four-sided heat exposure according to the standard temperature curve according to 1SO 834 [37].
The method allows for the determination of the actual efficiency of the fire protection, which is equal to the
time from the onset of the thermal effects on the prototype until the limit state of this sample. The critical
state corresponds to the critical temperature of heating the section of the structure.

The equipment includes:

- a test furnace with a fuel supply and combustion system;

- devices for installing the sample in the furnace;

- systems for measuring and recording parameters according to [37].

There was a standard temperature mode characterized by the equation:

T T, =345lg(8t +1) (1)

where 1t is the time calculated from the start of the test, minutes;

T is the furnace temperature corresponding to time t,C;

Tp is the temperature in the furnace before the start of the heat exposure (ambient temperature), °C;

The structural elements based on cold-formed steel galvanized profiles without taking into account
the static load were investigated to determine the behavior of light steel thin-walled structures and to
increase their fire resistance. As the test object, rod structures of a composite section made by Andrometa
LLC from two C-shaped profiles connected by bolt fastening are adopted (technical specification: TC 1122-
002-82866678-2013 "Cold-formed profiles from galvanized steel for construction):

- sample No. 1 - 2AC 150 x 75 x 16.8 x 1.6 mm,;
- sample No. 2 - 2AC 380 x 125 x 29.9 x 3.5 mm.

The coating is designed as a single-layer sheathing basalt roll material. The MBOR material is a
staple canvas of basalt super thin fibers, stitched with a knitting and stitching method and lined with
aluminum foil on one side. The schemes of the test structures and the basic geometric characteristics of
the profile are presented in Figure 1 and Figure 2.
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Figure 1. Test sample No. 1.
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Figure 2. Test sample No. 2.

There were six test samples with a length of 1700 + 10 mm. The concept of the reduced metal
thickness, 1,4 , was used to compare metal structures. It is defined as the ratio of the cross-sectional area
to its heated perimeter for each test sample by the formula (2):

S
t == 2
red )

where S is the cross-sectional area of the metal structure, mm?,

P is the heated part of the structure perimeter, mm.

The reduced thicknesses of the steel of construction No. 1 and No. 2 according to the formula (2)
are:

Sample 1, 150x150%1700 .47 = 1.01 mm (section factor 990,1 m-)
Sample 2, 250x380%1700 4o = 2.35 mm (section factor 423.7 m-1).
The design of the furnace is shown in Figure 3. Temperature measurements of samples are

controlled by thermocouples in the middle section on the inner surface. The method of attaching the
thermocouples is shown in Figure 4.

Figure 3. Fire Test Furnace Figure 4. Installation locations for thermocouples

The test samples (Fig. 5, 6) were exposed to a high-temperature environment in a test furnace during
the experimental study until the time of reaching the set temperature (t = 700°C). The higher critical
temperature was chosen in order to investigate the behavior of the fire protective material also under
conditions exceeding the standard ones (when tested in accordance with GOST R 53295 [36] without load,
the critical temperature is 500°C). A characteristic feature of all experiments is that when the object of study
reaches its limit state, the fire exposure ceases.
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Figure 6. Prototype No. 2 protected by material MBOR-F during and after the test.

2.2. Modelling in ELCUT PC

Models of steel structures with and without fire protection developed in the ELCUT PC [38-41] were
validated according to the fire tests. The two-dimensional model is calculated in the transient thermal
conductivity module. Materials have isotropic properties. The heat source is distributed along the cross-
sectional contour. The boundary conditions of the considered models correspond to the boundary
conditions of the experimental method and belong to the first kind of model classification (the change in the
temperature of the external environment is specified). The rise in ambient temperature follows the standard
fire curve. The initial temperature is 20 °C. The sampling step of the model is equal to 1 mm. Iteration over
temperature is equal to 60 s.

For all tested cross-sections the adopted convective heat transfer coefficient 25 W/m2K used for ISO
834 fire curve for the fire test curves. The radiative heat flux was calculated using a steel (cold-formed steel
with zinc coating) emissivity of 0.24 and 0.7 for the furnace electrical resistances (& = 0.168). The Stefan-
Boltzmann constant was 5.67x10-8 W/m2K. The temperature distribution obtained from these numerical
simulations will be used as input in the finite element structural models, considering a uniform temperature
along the length of the column.

All structural calculations are performed by the finite element method based on the spatial finite
element model shown in Figure 7. The properties of the elements are set in accordance with the real
properties of steel and the geometric dimensions of the structures. The thermotechnical characteristics of
the materials of the finite element model are presented in Figure 8 and Figure 9.

(a) Test 1 (b) Test 2 (c) Test 3
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(d) Test 4 (e) Test5 (f) Test 6

Figure 7. Finite-element models of the design sections: a, b, c —sample No. 1;
d, e, f —sample No. 2.

Strength characteristics of steel:

Ry is an initial standard metal resistance, kg/cm? and it is equal for steel C350 to
R, = 3500kg/cm?.

Eg is the initial modulus of elasticity of the metal at normal temperature, kg/cm?,
E, = 2,100,000kg/cm?.

The thermotechnical characteristics of materials are accepted on the basis of the document "Design
of fire protection of load-bearing steel structures of multi-apartment residential buildings" [42]:

Steel density: 7 = 7850kg/m®.
The coefficient of thermal conductivity 4, (W/m - K) varies according to the formula (3):
A = A+Bt, ®3)

where A is the initial coefficient of thermal conductivity, (W m - K);
B is the coefficient of change in thermal conductivity during heating, (W/m - K);

t is the material heating temperature, K.

The heat capacity coefficient C; (J/kg - K) varies according to the formula (4):
C, =C+Dt, 4)

where C is the initial heat capacity coefficient, (J/kg - K);
D is the coefficient of change in heat capacity during heating, (J / kg - K);
t is the material heating temperature, K.
The values of these coefficients for calculations in software systems are presented in Table 1.

Table 1. The coefficients of the thermal characteristics of materials.

Fire protective material

Ne Steel MBOR E
A 78 0.032
B -0.048 0.00029
C 310 850

D 0.48 0.45
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Figure 8. Changes of thermal conductivity and heat capacity of steel with heating temperature.
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Figure 9. Changes of thermal conductivity and heat capacity of MBOR-F flame retardant material
with heating temperature.

The system is uniformly heated by the external heat flow; the whole energy spends on the raising of
temperature and the heating stops when the temperature at the external boundaries is equalized with the
temperature of the external irradiating medium, which corresponds to a given temperature in the furnace.

3. Results and Discussion
3.1. Experiment Results

The experimental result of the sample is the time of onset of its ultimate state. The results of fire tests
to achieve steel structures of critical temperature are shown in Table 2 (average value of thermocouples,
Fig 10, 11).

Table 2. Fire Test Results.

The time to reach the critical temperature of 700 °C
(Temperature in the furnace, °C)

treg » MM - . : .
Thickness of the fire protective coating, mm
Unprotected
8 16 20
1.01 15:35 (743.1) - 48:35 (899.3) 50:43 (912.2)
2.35 17:27 (759.0) 50:08 (904.4) 69:02 (969.3) -
The time to reach the critical temperature of 500 ‘C
tred , mm Thickness of the fire protective coating, mm
Unprotected
8 16 20
1.01 4:57 - 33:35 37:43

2.35 9:15 37:08 48:02 -
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3.1.1.Evaluation of the flame protective efficiency of basalt roll material

The time to reach of limit state for unprotected prototypes based on the temperature-time curves of
the fire tests was 15 (sample No. 1) and 17 minutes (sample No. 2). However, if these samples are sheathed
with MBOR-F basalt material, the time of fire exposure increases several times.

The fire resistance of the structure increased by three times for steel sample No. 1 with the MBOR-
16F and MBOR-20F materials. There are similar results for sample No. 2. Figure 10 and Figure 11 show
the data of experiments conducted at different thicknesses of the MBOR-F material for structures with

reduced metal thicknesses of t,,q; =1.01 mm and t,.4, =2.35 mm.

1000 1000
900 900
800 800
O 700 O 700
@ 600 L 600
S >
*é’ 500 § 500
8 400 8 400
g 300 5
2 2 300
200 200
100 s
o 100
0o~ 0
0 20 40 60 0 20 40 60 80
. Time (min) Time (min)
e Fire temperature e Fire temperature
150x150x1700 unprotected 250x380x1700 unprotected
—— 150x150x1700 MBOR-16F —— 250x380x1700 MBOR-8F
150x150x1700 MBOR-20F 250x380x1700 16F

Figure 10. Experimental results for Sample No.1 Figure 11. Experimental results for Sample No.2

Based on the results of the fire tests, an approximation of the experimental data is obtained in the
form of a mathematical temperature-on-time dependence. In describing the temperature curves,
polynomials were chosen as the regression functions. The value of the reliability of the approximation of
test results is more than R? = 0.99.

Steel sample 1, 150x150x1700 with the reduced metal thickness t;,4; = 1.01 mm (section factor
990.1 m1):
y =0.399377- x> —13.14785- x> +154.99586 - X +10.42116
Steel sample 2 with the reduced metal thickness t,,q, = 2.35 mm (section factor 423.7 m-1):

y =-0.0155-x* +0.6078- x> —9.1114- x? + 94.023- x + 35.43

Based on the obtained approximating functions, a nomogram of heating temperature development
of the unprotected steel elements according to the standard fire mode is shown in Fig. 12. Using this figure,
the actual fire resistance limit of unprotected steel structures is determined from the loss of bearing capacity
in a fire.
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Figure 12. Temperature-time curves of the unprotected elements of steel structures obtained
during two full-scale experimental tests according to the standard fire mode (ISO curve).

3.2. Simulation results

Modeling of the temperature distributions of the corresponding sections are based on the data of the

fire tests (Figure 13).
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Figure 13. Temperature increase of design samples No. 1 and No. 2.
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The simulated temperatures in the middle section of the built-up profile obtained by the fire test
method differ from the calculation method in the software package. Moreover, the temperature of the
smaller section (sample No. 1) calculated by the theoretical method is greater than the temperature
obtained as a result of the experiment. An analysis of the measurement results and error sources for sample
No. 2, on the contrary, sets the temperature of the real experiment larger than that calculated in the ELCUT
software package. Figure 13 shows the visualization of the section heating in the corresponding
measurement scale in the ELCUT software package. The convergences of the FEM to the experimental
data for different test conditions are presented in Fig. 14-19.
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Figure 14. Test 1. First prototype without fire protection.
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Figure 15. Test 2. First prototype MBOR-16F.
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Figure 16. Test 3. First prototype MBOR-20F.
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Figure 17. Test 4. Second prototype without fire protection.
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Figure 18. Test 5. Second prototype MBOR-8F.
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Figure 19. Test 6. Second prototype MBOR-16F.

Fig. 14-19 show the time from the start of a fire test to the achievement of a prototype with a reduced
metal thickness of 1.01 mm and that fire protection with MBOR-16F basalt material of the 500 °C critical
temperature was 32.5 minutes according to Russian standard No. 53295-2009. A similar sample with
MBOR-20F reached its limit state after 37 minutes.
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Samples with a reduced metal thickness of 2.35 mm with the coating MBOR-8F reached a critical
temperature after 37 minutes, which corresponds to the 6™ group of fire-protective efficiency with MBOR-
16F fireproof plates in according to Russian standard No. 53295-2009, which reached a critical temperature
after 48 minutes.

The simulated temperatures in the middle section of the samples obtained after reaching a given
period of time are presented in Table 5. The fire resistance of the structure is evaluated by comparing the
results of fire tests based on determining the time to reach the critical temperature of the steel structure
with the numerical simulation tests in ELCUT PC. The calculated temperature is obtained in the course of
theoretical studies and compared with the results of the standard fire tests.

The Q value taken as the deviation of the obtained temperature Tpr in the ELCUT PC from the

critical temperature T, , calculated by formula (5), is determined in percentage by the formula:

Q=((Tpr ~Ter )/ Ter ) -200%, (5)
where T, is a critical temperature, °C;

Tpr is a simulation temperature, °C;

Q is a deviation of simulation results from experiment, %.
A table of temperatures obtained and their correlations with the fire tests are presented in Table 3.

Table 3. Temperature correlations with the fire tests.

treq . MM MBOR-F  Tp,°C T ,°C Time(min) Q%

- 717.34 15 25
1.01 16 752.0 700 48 7.4
20 737.8 50 54
- 651.31 17 -7.0
2.35 8 522.7 700 50 -25.3
16 599.7 69 -14.3

The data presented in Table 3 shows that the best convergence of the simulated temperature with
the actual results of fire tests with the difference up to 7.4 % was shown in the calculations of sample No. 1.
The design temperature of an unprotected structure for sample No. 2 differs by less than 10 % with fire
tests and by 25.3 % and 14.3 % with using MBOR-8F and MBOR-16F fire protection means respectively.

4. Conclusions

1. The numerical simulations in the ELCUT PC of light steel thin-walled C-profile structures without
fire protection and with fire protection of MBOR-F basalt roll material and PLAZAS adhesive composition
manufactured by TIZOL JSC showed good agreements with the experimental data (less than 10 %)
obtained in the testing laboratory JSC "TIZOL". Some deviations of the simulation results are possibly
associated with insufficient data on the thermophysical characteristics of the materials under study.

2. Experimental studies of the fire resistance limits of LGSC structures were analyzed in accordance
with the fire-protective efficiency. The values of fire-protective efficiency for the steel rods of a C-shaped
profile without fire protection and with the use of MBOR-F basalt wool 8, 16 and 20 mm thickness were
obtained.

3. The approximating functions on the basis of the fire test program were formed. The nomogram
for heating the steel structure was constructed based on this data. There was no deformation of the samples
and destruction of the fire-protective material in the heated surface during the fire tests. The fire-protective
efficiency of the LGSC was increased by 2 to 4 times. The numerical simulation results correlated well with
the experimental studies, which allows for the predicting of the necessary characteristics of materials and
the optimization of the costs of their development and fire tests.
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