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Abstract. The article demonstrates the both theoretical and actual fire resistance limits of the composite  
I-shaped and box-shaped thin-walled steel structures in compression conditions under the standard fire 
load. The calculation was based on the Eurocode 3 and finite element modeling of high-temperature fields 
in SOFiSTiK PC. The experimental tests were carried out on the basis of design data to validate the results 
of both the calculation and modeling. It is shown that the static part of the calculation of the critical 
temperature, upon irreversible plastic deformations occur, is solved not completely correctly by means of 
regulations. In average the calculated critical temperature exceeds the actual one on 50-80 °C. It is shown 
that the assumption of a critical temperature equals to 350 °C is unreasonably low. The complex graphs of 
the temperature growth for each steel construction are given according to the paragraphs of normative 
documents, the finite-element modeling and results of thermocouple indicators for the fire tests. The 
solution of thermophysical part of calculation according to Eurocode 3 showed good convergence with the 
results of the experimental data, including the samples with effective fire protection, but strongly depend on 
the step of calculation. The accurate results were reached only when the time step equals 1 sec. The finite 
element modeling predicted the correct time to achieve the critical temperature of the tested sample without 
any additional assumptions. The MBOR-16F material produced by TIZOL JSC was used as a flame 
protection. This is new material, which has not been previously studied yet. The recommendations on 
application of the finite element programs are given in the thermophysical part of the fire resistance 
calculation. 

1. Introduction 
Bearing and enclosing structures based on the thin-walled galvanized steel profiles are rapidly 

spreading in construction area. The light gauge steel framing (LGSF or LSF) is widely used in low-rise 
constructions because of the wide architectural capabilities and excellent technical and economical 
qualities that allow operating in dynamic conditions of a changing market with maximum accuracy, flexibility 
and efficiency. 

The classical formulas of structural mechanics and theory of elasticity are commonly used in the 
calculation of steel sections, however taking into account specificity of thin-walled elements such as 
reduction of the area for some elements under the load or particular work outside of elastic deformation 
zone. 

The LGSF constructions have great perspectives in the construction area [1, 2], but low level of fire 
resistance and also insufficient research on both unprotected and different types of fire-protective materials 
for various structures inhibit their implementation. The fire resistance of thin-walled rods is actively 
discussed throughout the world but despite the numerous investigations of these structures, this issue has 
not been fully studied and remains relevant nowadays. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1071-427X
https://orcid.org/0000-0002-9822-3637


Magazine of Civil Engineering, 105(5), 2021 

Gravit, M.V., Dmitriev, I.I. 

The majority of studies connected with the given designs have theoretical character and some 
experimental data on strength characteristics (including those connected with issues of local and general 
stability, resistance to compression, bending, torsion in the whole profile and its elements) only at room 
temperatures [2–7]. 

It is necessary to pay more attention to measures for maintaining fire safety and ensuring the 
standard fire resistance of all structures, especially in case of designing metal frame buildings and 
structures [8, 9]. This problem is extremely relevant for thin-walled structures due to the high thermal 
conductivity of steel and the small value of the reduced thickness of the cross-section. Rapid temperature 
rise in the thin-wall cross section will lead to sharp deterioration of mechanical characteristics. 

There is a limited number of works devoted to studying the behavior of thin-walled structures under 
the influence of high temperatures. There are some studies, which show the influence of the value of the 
limiting deviation of geometric dimensions [10] or influence on the load-bearing capacity by the value of 
imperfection of structures [11]. Nowadays, EN1993-1.2 [12] does not include a simplified method for 
calculating of thin-walled structures, but only offers recommendations for cold-formed sections (class 4) to 
take the critical heating temperature as 350 °C. 

The results of this work, as well as examples of similar studies [13–18], show these values to be 
unreasonably low. For example, under certain boundary conditions, columns and beams (especially 
composite ones) made of high-strength steel can retain their bearing capacity at temperatures up to 700 °C. 

There is a small number of works concerning the fire resistance of LSF, which includes consideration 
of the regulatory framework, modelling and experimental studies of authors such as N.I. Vatin, 
M.R. Garifullin [19–21], M.V. Gravit [22, 23], M.Z. Naser [24, 25], W. Chen, J. Ye [26–30], Y. Dias [31, 32]. 
Only few studies have investigated the behavior of thin-walled steel structures under the fire load, but most 
of them came to the conclusion that cold-formed steel constructions have higher fire resistance than the 
Eurocode 3 limit of 350 °C. 

The aim of the article is to substantiate the fire resistance limit of composite I-shaped and box-shaped 
thin-walled steel structures under compression conditions under standard fire load in cases of absence and 
presence of the effective fire protection. 

To achieve this goal, the following tasks are solved: 

1) Analytical calculation of the structure on the basis of Eurocode 3; 

2) Finite-element modeling of the high-temperature fields for each complex cross-section in 
SOFiSTiK PC; 

3) Fire tests based on theoretical calculation; 

4) Deviation analysis of both analytical and finite element calculations with thermocouple results in 
experimental tests. 

Profiles were tested under load. Two cross-sections were considered as the tested samples 
(Table 1): 

1. I-shaped section consists of two C-shaped profiles 380×125×30×3.5 connected through a flange 
10 mm by bolt fastening. 

2. Box-shaped section consists of two Σ-shaped profiles 245×80×20×3 connected through a flange 
1.5 mm by bolt fastening. 

Profiles were tested both without fire protection and with the use of special flame-protection roll material 
MBOR-16F produced by TIZOL JSC. 

The effective characteristics of the profiles in compression conditions are presented in Table 1. 
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Table 1. Calculation characteristics of the composite structures. 
Scheme Characteristics 

 

2 22 2310 63 4621 26mm 46 21cmI
gA . . .= ⋅ = =  

2 22 1251 77 2503 54mm 25 04cmI
effA . . .= ⋅ = =  

41433 72cmI
effI .=  

 

Length l = 3000 mm 

Static load is equal fi ,dE = 31.0 t 

 

2 22 1295 77 2591 54mm 25 92cmI
gA . . .= ⋅ = =  

2 22 1212 75 2425 50mm 24 26cmI
effA . . .= ⋅ = =  

42889 28cmI
effI .=  

Length l = 3000 mm 

Static load is equal fi ,dE = 15.1 t 

 

To simplify the calculation scheme of the column with fire protection material produced by TIZOL 
JSC as well as in accordance with the program of fire tests, the additional fireproof plate "Euro-Lit" and 
fireproof composition is excluded from the calculation. The critical temperature was calculated using the full 
analytical calculation method according to the EuroCode [12]. 

Table 2. The solution of the column fire protection produced by TIZOL JSC and the calculation 
scheme of the composite section. 

Picture Scheme 

  

  
 

The scientific novelty of this study is the choice of composite cross-section profiles (rather than simple 
C-shaped profiles) as the object to be tested, which are usually used as supporting structures in buildings 
and structures. A new effective fire protection roll material MBOR-16F was used as fire protection. 
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2. Method 
2.1. Analytical calculation 

The basic principle of calculation for the steel structures on the fire resistance is to provide necessary 
and sufficient durability (bearing capacity) throughout the required time period. The most common analytical 
method is to determine the critical heating temperature of a structure for a given load. The material 
temperature θd during the fire load have to be less (or equal) to the design critical material temperature. 

d cr ,dθ θ<  (1) 

Based on this thesis, the strength calculation determines the reduced bearing capacity after the 
necessary time. A comparison on time parameters is used to determine the need of the fire protection for 
each element. 

2.2. Modelling 
All calculations of a structure are carried out by a method of finite elements on the basis of spatial 

model. The section elements used for calculation of a steel rod construction are given in Table 3. The Hydra 
module of the SOFiSTiK software package (ver. 2020) was used for the analysis of temperature distribution 
over the cross-section of the considered structure. Data input was made using the internal instrumental 
programming language CADINP in the text editor Teddy. Boundary conditions of the considered models 
correspond to boundary conditions of the experimental program (temperature is equal to 20 °C, thermal 
resistance is equal to 9.000 W/K/m2). The grid is quadrangular. Cell size is not constant with higher density 
in the area of material and model boundaries. Grid resolution is equal at least 0.01 m. 

In sections without fire protection two alternative models with and without air gap were considered. 

Table 3. Calculated finite element models. 

 

The properties and geometric dimensions of the structures are set in accordance with the real 
properties of materials and the samples’ overall dimensions. Thermal characteristics of materials specified 
in the design model. Thermal Conductivity and Heat Capacity of steel are presented in Fig. 1. Numerical 
dependencies of fire protection are given as equation (2, 3). 

N Calculated scheme and finite element models 

1 

    

2 

    

3 
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Figure 1. Thermal Conductivity and Heat Capacity of Structural Steel. 

Thermal properties of fire protection: 

Specific heat capacity cp of fire protection in dependence of the temperature θp (°C): 

J582 0 63 273 754 0 63
kg Kp p pc . ( ) .θ θ= + + = + ⋅

⋅
 (2) 

Thermal conductivity λp of fire protection in dependence of the temperature θp (°C) based on an 
analysis of the manufacturer's data: 

W0 0284 0 0002
m Kp a. .λ θ= + ⋅
⋅

 (3) 

Density of fire protection 3
kg100
mpp = . 

The system is uniformly heated by the external heat flow; all energy is used to increase the system 
temperature taking into account its heat capacity. The heating process stops when the temperature at the 
external boundaries is equalized with the temperature of the external irradiating medium, which 
corresponds to the standard fire mode and the set temperature in the furnace. 

2.3. Fire test 
The furnace for fire tests in the Tizol JSC laboratory is a fire chamber lined with fireclay bricks with a 

loading device for creating compressive forces in the cross-section of the structure and a mechanism for 
fixation and support. The chrome-aluminum thermocouples were used in the middle section of the structure 
for the I-beam type and between the profile and the connecting plate for the box type to measure the 
temperature. The general view of the fire-testing machine in the Fig. 2. The thermocouples of I-shaped 
construction are located in the center between of C-shaped profiles. The thermocouples of box-shaped 
sections are in between of steel plates. 

   
Figure 2. Test furnace. 

The test method consists of determining the time of the limit state of load-bearing capacity (R) due 
to caving or critical deformation. The fixed time will be considered the actual fire resistance limit of the 
structure under test. The R limit state according to the Russian government standard GOST 30247.1-94 
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comes when vertical deformation reaches one hundredth of the length of the structure, which in our case 
is 30 mm. The standard fire mode according to the Russian government standard GOST 30247.0-94 and 
international standard ISO 834 was considered: 

20 345 8 1g lg( t )θ = + +  (4) 

t is time, min; 

gθ  is temperature inside the furnace t, °С. 

3. Results and Discussion 
3.1. The samples without fire protection 

3.1.1. Static part of calculation 

The bearing capacity of the steel structure is assumed to be preserved after the time t for the 
specified fire mode when the condition is fulfilled: 

fi ,d fi ,dE R<  (5) 

fi ,dR  is calculated value of the fire resistance at the moment of time t = 0. 

The calculation is performed taking into account the yield strength analysis for cross sections Class 
4 and the effective cross-sectional area of the thin-walled structure. The results are given in according to 
the static load for each cross-section (Table 1). The critical temperature is a linear interpolation between 
the calculated load-carrying capacity and actual one [12]. The critical temperature is equal to: 

1st sample: 547 27cr .θ =  °C (static load is 31.0 t); 

2nd sample: 713 08cr .θ =  °C (static load is 15.1 t). 

3.1.2. Thermophysical part of calculation 
3.1.2.1. Analytical solution 

The load-bearing capacity is considered exhausted when the material of construction reaches the 
temperature θd with value higher than the critical temperature. The calculation is performed for 
temperatures with a time interpolation step not exceeding the recommended value until the structure 
reaches the critical temperature. The temperature growth delta is determined on the basis of the absorbed 
heat flow taking into account the convection and radiant heat exchange as well as the thermophysical 
properties of materials. 

m
a,t sh net

a a

Ak h t
Vc

θ
ρ

∆ = ⋅ ∆  

The results of the thermophysical calculation by the analytical method are given in the graphical form 
on the final graph (Fig. 5) at the end of the section. The results depends on the time step and the most 
accurate results were reached only with the time step equals to 1 sec. 

3.1.2.2. Finite element solution with the SOFiSTiK PC (ver. 2020) 

The value in the center of the section for the I-shaped and between the steel plates for the box-
shaped section was taken as the design temperature. 

    
Figure 3. Simulated cross-sections of the samples. 

The modeling results are graphs with temperature gradient over the cross-section (Fig. 3). Modeling 
results for the I-beam section show a significant difference between the sample with and without air gap. 
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For the box section the accounting of the internal air did not effect on the temperature gradient in the steel 
parts of the structure. 

3.1.3. Fire test 
Together with Tizol JSC, fire tests of the unprotected profiles were conducted. There are some 

photos of the tested samples and a diagram of temperature rise in field tests (Table 4). The tested samples 
are installed in the furnace chamber arranged according to the Russian government standard 
GOST 30247.1-94. The load is set at least 30 minutes before the start of the test and is maintained (with 
an accuracy of +/- 5 %) constant throughout the test. Static load for the 1st sample is equal to 31.0 t and for 
the 2nd sample is equal to 15.1 t. 

Table 4. Test samples during the fire load. 
No Test samples 

1 

   

2 

   
 

Critical deformations of the first specimen were observed at 9 minutes 33 seconds of testing. The 
maximum average temperature of the specimen is 451.3 °C. For the second specimen, the critical 
temperature is 649.9 °C and the time to reach the limit state is 12 minutes 10 seconds respectively. The 
temperature changes of the furnace thermocouples and the specimen are shown in Fig. 4. 

 
Figure 4: Graphic of temperature changes at thermocouples  

(monitor of test equipment TIZOL JSC): 
Red – upper limit of temperature deviation tolerance from ISO curve; 

Blue (dark) – lower limit of temperature deviation tolerance from ISO curve; 
Green – set temperature in the furnace; 

Black – actual average temperature in the furnace; 
Blue – average sample heating temperature. 
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The accuracy of experimental results is ensured by the sufficient number of thermocouples and the 
experimental error does not exceed 10 %. 

A summary of results of the static, thermophysical calculations and the results of fire tests are 
presented in Table 5. 

Table 5. Summary data on critical temperatures and fire resistance limits for unprotected 
samples. 

Calculation method 
Sample 1 Sample 2 

Calculation Fire test Calculation Fire test 
Static calculations 

Critical temperatures °С 547.27 451.3°С 713.08°С 649.9°C 
Thermophysical calculations. Fire resistance limits, min (min) 

Analytical solution 8.942 

09:33 

14.790 

12:10 
Simulation (including air gap) 9.231 15.150 

Calculation with ksh = 1  
(without shadow effect) 

7.055 – 

Simulation (without air gap) 7.440 15.150 
 

The calculated fire exposure curves and actual thermocouple values are shown in Fig. 5. 

 
Figure 5. Fire exposure curves (calculated and actual) for unprotected samples. 

Finite element modeling has shown excellent convergence with the results of calculations according 
to European standard EN 1993-1-2. In the case of the I-shaped section, the air gap modeling showed 
compliance with the curve, which calculation included shading factor, and without air for a conservative 
solution (without shade effect). The actual high-temperature curve obtained during the fire tests are mostly 
below than calculated values due to additional convective effects realized in the present tests in the fire 
chamber, imperfection of thermocouples and other external independent factors, which cannot be 
completely excluded from the experiment data. In general, the convergence between the calculated and 
actual curves for the first (I-shaped) sample can be considered satisfactory, and for the second (box- 
shaped) sample good. 

3.2. The samples with fire protection 

3.2.1. Thermophysical part of calculation 
3.2.1.1. Analytical solution 

The area Ap of fire protective material is taken as the area of its inner surface. In case of uniform 
temperature distribution in the cross-section of the steel protected structure, the temperature increase 

a,tθ∆   for the period of time Δt is determined from the following expression (§4.2.5.2, EN 1993-1-2): 
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10 1
1

3

p p g ,t a,t
a,t g ,t

p a a

A ( )
t ( e )

V d c ( )

ϕλ θ θ
θ θϕρ

−
∆ = ⋅ ⋅∆ − − ⋅∆

+
 where p p p

p
a a

c A
d

c V
ρ

ϕ
ρ

=  

pA  is inner surface area of the fire protection material per unit of construction length (m2/m); 

V  is volume of the unit of construction length (m3/m); 

ac  is specific heat capacity of steel depending on temperature (J/(kg K)); 

pc  is specific heat capacity of fire protective material independent of temperature (J/(kg K)); 

pd  is thickness of the fire protection (m); 

t∆  is time interval (c), not exceeding 30 s; 

a,tθ  is steel temperature at time t (°C); 

g ,tθ  is ambient gas temperature at time t (°C); 

g ,tθ∆  is ambient gas temperature increase during the time period Δt (K); 

pλ  is thermal conductivity of the fire protection system (W/(m K)); 

aρ  is steel density (kg/m3); 

pρ  is fire protective material density (kg/m3). 

The Eurocode prescribes to take the specific heat capacity of the fire protective material independent 
of the temperature. The thermal conductivity varies depend on the temperature of fire protection. The results 
depends on the iteration step and the most accurate results were reached only with the time step equals to 
Δt = 1 sec. The solution of the thermophysical problem by the analytical method is given in graphical form 
on the final graph at the end of the section. 

3.2.1.2. Finite element solution with the SOFiSTiK PC (ver. 2020) 

The value in the center of the section was taken as the design temperature. The simulation results 
are graphs with a temperature gradient across the section (Fig. 6). The internal filling of the profile is air. 

   

 
Figure 6. Temperature gradient at 30, 60 and 90 minutes. 
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Similarly, the fire resistance limit was calculated for the box-shaped section. Calculation point is 
located between steel plates (Fig. 7). 

 

 
Figure 7. Temperature gradient at 20, 40 and 60 minutes. 

3.2.2. Fire test 
Together with Tizol JSC, fire tests of the profiles with effective fire protection MBOR-16F were 

conducted. Below you can see photos of the tested samples and a diagram of temperature rise in field 
tests. 

Table 6. Test samples before and during fire test. 
No Test samples 

1 

   

2 
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Figure 8. Graphic of temperature changes at thermocouples  

on protected samples (monitor of test equipment TIZOL JSC). 
Critical deformations of the I-shaped cross section occurred at 74 minutes 27 seconds of testing. The 

average temperature of the cross section according to the results of thermocouples is 567.7 °C and it is 
accepted as critical. For the box-shaped section, the critical temperature is 624.5 °C and it reached at  
57 minutes 10 seconds. The accuracy of experimental results is ensured by the sufficient number of 
thermocouples and the experimental error does not exceed 10 %. 

The summary table of the solution of the both static, thermophysical problems and results of fire tests 
are presented in Table 7. 

 
Figure 9. Fire exposure curves (calculated and actual) for protected samples. 

Table 7. Data summary on critical temperatures and fire resistance limits for protected 
samples. 

Calculation method 
Sample 1 Sample 2 

Calculation Fire test Calculation Fire test 
Static calculation. Critical temperatures, °С 

Critical temperatures °С 547.27°С 567.7°С 713.08°С 624.5°С 
Thermophysical calculations. Fire resistance limits, min 

Analytical solution 86 
74:27 

49 
57:10 

Simulation 75 58 
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The best convergence to the actual results of fire tests was shown by the simulation in the software 
package. This is due to the implementation of the air gap in the design model inside the fire protected 
structure and a comprehensive accounting of changing properties of fire protection. Analytical methods do 
not take these points into account to simplify the calculation scheme. 

4. Conclusions 
The paper analyzes the applicability of existing numerical methods for calculating of the fire 

resistance limits of thin-walled constructions, including those with fire protection. It is shown that when 
solving the static part of the calculation, the assumption of a critical temperature of 350 °C represents a 
significant underestimation of the structure's bearing capacity. This result is familiar with the studies  
[13–18] and shows that some complex structures (like 2×C columns or beams) made of high-strength steel 
can retain their bearing capacity at temperatures up to 500-600°C at least as normal thick-walled 
construction. 

Validation of the static and thermophysical parts of the fire resistance calculation shows that the 
solution of the thermophysical problem on the basis of finite element modeling of temperature fields is the 
most precise method to estimate time of critical deformations in accordance to the criteria of structure 
heating up to the critical temperature. The most applicable C and Σ cross-sections of building structures 
with and without fire protection are considered. 

The recommendations are given on application of program complexes in solving thermophysical 
problem of fire resistance calculation. 
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