
Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 5/1 ( 113 ) 2021

24

Copyright © 2021, Authors. This is an open access article under the Creative Commons CC BY license

THERMAL EFFECT OF A FIRE 
ON A STEEL BEAM WITH 

CORRUGATED WALL WITH 
FIREPROOF MINERAL-

WOOL CLADDING

V a l e r i i a  N e k o r a
Senior Researcher

Sector of Fire Safety and Technology
Center of Fire Protection Research

Institute of Public Administration and Research in Civil Protection
Vyshhorodska str., 21, Kyiv, Ukraine, 04074

S t a n i s l a v  S i d n e i
Corresponding author

PhD, Associate Professor*
E-mail: sidney-1980@ukr.net

T a r a s  S h n a l
Doctor of Technical Sciences, Associate Professor
Department of Building Constructions and Bridges

Lviv Polytechnic National University
Stepana Bandery str., 12, Lviv, Ukraine, 79013

O l g a  N e k o r a
PhD, Senior Researcher, Leading Researcher

Department of Organization of Scientific Activities**
L u d m i l a  L a v r i n e n k o

PhD, Associate Professor
Department of Metal and Wooden Structures

Kyiv National University of Construction and Architecture
Povitroflotskyi ave., 31, Kyiv, Ukraine, 03037

S e r h i i  P o z d i e i e v
Doctor of Technical Sciences, Professor, Chief Researcher*

*Department of Safety of Construction and Occupational Safety**
**Cherkasy Institute of Fire Safety named after Chornobyl Heroes 

of National University of Civil Protection of Ukraine
Onoprienka str., 8, Cherkasy, Ukraine, 18034

This paper reports a study into the possibility 
of applying a simplified approach, recommen
ded by standards for conventional steel beams, 
to determine the heating temperature under the 
conditions of a fire in relation to steel I-beams 
with a corrugated wall. The research is prede-
termined by the limitation of methods that make 
it possible to determine the heating temperature 
of this type of beam in a fire using engineering 
methods with a small amount of calculations.

Technical data on steel beams with cladding 
have been considered for calculation, the fea-
tures of heat impact of fire on them have been 
analyzed, a calculation procedure has been 
devised, the estimation schemes have been built, 
and the calculations have been performed. Data 
on the temperature distribution in the cross-sec-
tions of beams with and without cladding were 
obtained by using a simplified method recom-
mended by standards and the refined method 
based on a finite-element method.

Mathematical models have been construc
ted for calculations that describe the effect of  
a standard temperature regime of fire on the dis-
tribution of temperature in each minute in the 
cross-sections of steel beams with and without 
cladding. The models have been described on 
the basis of the differential equation of thermal 
conductivity, boundary conditions of the third 
kind, which take into consideration convective 
and radiant heat transfer.

It was established that the mineral wool 
cladding of the beam with a corrugated wall is  
a reliable fire protection agent. The heating tem-
perature of the beam does not reach a critical 
value of 500 °C in 60 minutes, which provides 
the class of this beam with the most stringent 
requirements for its fire resistance in accor-
dance with the classification in line with the act-
ing norms in Ukraine.

The simplified method, recommended by the 
current standards of the European Union and 
Ukraine, could be effectively used to analyze the 
fire resistance of these beams and is the basis 
of the procedure for the estimated assessment  
of the fire resistance of these structures
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1. Introduction

Experience in the use of steel structures indicates 
significant advantages of this class of building structures, 
in particular steel beams. The high strength and rigidi-
ty of these structures with a relatively small mass make 
them alternative-free when erecting buildings with long 
distances between supports. Such construction objects 

include industrial, commercial, exhibition, warehouse, and  
other  premises. According to modern approaches, the struc-
tural cross-section of steel beams is improved in order to 
reduce their mass while maintaining their strength and  
rigidity; however, beams with the latest design solutions 
need further research in order to study aspects of their be-
havior in emergency and non-standard situations, including 
those related to fires [1].
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One of these types of modern structural solutions, which 
makes it possible to reduce their mass while maintain-
ing strength, rigidity, and local stability, is represented by 
I-beams with a corrugated wall that has a longitudinal sinu-
soid profile (SIN-beams). Such a SIN-beam is a successful 
engineering solution for metal frames with medium and long 
distances between supports, the size of which can be up to 
80 m. Steel beams with a corrugated wall can act as runs, 
crossbars, columns for frames [2]. At the same time, their 
peculiarity in the form of a profiled wall makes it possible to 
increase the local cross-section stability, which ensures their 
maximum bearing capacity with a relatively small natural 
weight and cross-sectional height. The advantages and disad-
vantages of steel beams with corrugated walls are described 
in detail in work [3]. Among the main advantages, it should 
be additionally noted that the profiled wall of the beam 
allows one not to use additional stiffeners and, in combina-
tion, reduce the complexity of manufacturing, installation, 
as well as cost [4]. However, their wide application for the 
construction of steel frames requires establishing the level of 
their safety in emergencies, of which fires are traditionally 
the most dangerous.

Methods of fire resistance analysis have undergone sig-
nificant development, which has been used to compile nor-
mative documentation, which provides scientifically based 
calculation methods for assessing fire resistance. Thus, the 
estimation assessment of the fire resistance of steel beams 
should be carried out using the basic provisions and re
commendations contained in the norms by United Europe, 
implemented in the regulatory framework, given in work [5]. 
However, the recommendations lack data on the methods of 
estimation evaluation of steel beams with corrugated walls 
and the correctness of the use of conventional approaches. 
This can also be traced by the results reported in work [6].

A separate aspect associated with the estimation assess-
ment of fire resistance of this type of beams is the use of 
modern fire protection systems and, in particular, systems 
based on mineral-wool fire-protection cladding as one of the 
most effective ones.

Our review revealed the lack of information on the pos-
sibility to apply the standard approach recommended in [4] 
for conventional steel beams when determining the heating 
temperature of I-beams with corrugated walls in the case of  
a fire. Resolving this issue is relevant to form the basis for 
the methodological procedure of the estimation assessment 
of fire resistance of steel beams with corrugated walls by 
engineering simplified methods.

2. Literature review and problem statement

Among the methods for assessing the fire resistance of 
building structures and, accordingly, steel beams, an experi-
mental method of fire tests is considered reliable and appro-
priate. The method is implemented at special installations 
that combine thermal and power effects on the structures 
they experience in a fire and include a fire furnace and  
a power drive. The tests are carried out at specialized testing la
boratories with appropriate equipment and state certification.  
The method of fire tests, in accordance with [7], is imple-
mented by creating a temperature regime that reproduces 
the thermal impact of a fire when the sample is heated, the di-
mensions of which fully or partially correspond to the dimen-
sions of the actual element. The basic principles of testing, 

in general, are described. A more detailed description of the 
main aspects of beam fire tests is given in [8]; for testing co
lumns – in work [9]. This temperature regime is determined 
by the standard temperature curve of a fire corresponding to 
a logarithmic dependence. The criterion for the onset of the 
maximum state of fire resistance loss in terms of the bearing 
capacity for beams is to achieve the maximum deflection of 
critical values, which are determined by the procedure given 
in [7]. The main disadvantages of the experimental method 
are high cost and labor intensity. In addition, when apply-
ing this approach, it is impossible to reproduce all types of 
boundary conditions for real elements of building structures.

Along with the experimental method of fire tests, the use of 
estimation methods has become common in order to assess the 
fire resistance of steel beams [5]. The main recommendations 
for the application of this approach are contained in the regu
latory documents of the United Europe, for example in [6]. 
The advantages of those methods include sufficient flexibility, 
the ability to take into consideration the entire variety of steel 
grades, from which the studied beams are made, various geo-
metric sizes of structures, and various types of fireproof mate-
rials. At the same time, those methods are less time-consuming 
and costly compared to experimental methods.

The task of estimation assessment of fire resistance is 
typically divided into two separate tasks – thermal and 
mechanical. To resolve the thermal issue, there are two main 
approaches – simplified and refined. The simplified approach 
is described in detail in [10]. With a simplified approach, 
as shown in [11], recurrent formulas are used to determine 
the temperature of heating the cross-section of steel beams 
at each time of exposure to the standard fire temperature 
for fireproof/non-fireproof steel beams. This approach was 
applied in work [12]; it was established that for beams with-
out fire protection, its use is effective. However, it should be  
noted that the information on the correctness of this ap-
proach for fireproof steel beams is limited and this is a matter 
of a separate scientific study.

Under the refined approach to resolving the thermal 
issue, a universal theoretical method is employed, based on 
the use of the differential non-stationary equation of thermal 
conductivity [13]. This approach is widely used and its ap-
plication is described in detail in [14]. The main features of 
this method are the use of boundary conditions of the third 
kind when stating a compatible problem and using tempera-
ture-dependent thermal-physical characteristics of steel and 
fire-protective materials.

Paper [11] gives a large amount of data on the depen-
dences of thermal-physical characteristics of fireproof ma-
terials on the temperature of their heating, procedures to 
determine them using an experimental-estimation method. 
The assessment of the reliability of the obtained results em-
ploying these characteristics is given in [12] while paper [15] 
reports a general approach when applying these data for the 
estimation assessment of fire resistance. At the same time, 
there is no single systematic procedure for applying the re-
fined approach to determining the temperature in steel beams 
with a corrugated wall in the presence of fire protection.  
Article [16] provides several separate considerations on the 
application of a variety of structural models as part of the 
concept of ensuring fire safety for buildings in the future.

Paper [1] considers the structural features of steel beams 
with a corrugated wall; the main recommendations for pre-
dicting their behavior under load under normal conditions 
are given in the norms in [4]. The main provisions of the  
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design calculation of such beams are given but there are no 
recommendations for determining their fire resistance limit. 
At the same time, in work [12], which reports a study into 
such beams with fire protection cladding for fire resistance, 
the practical aspect of the estimation fire resistance assess-
ment is insufficiently disclosed, taking into consideration the 
determining of belonging to the designated fire resistance 
class. Effective practical approaches are used in work [16] 
but they have no reference to normalized methods for cal-
culating steel structures for fire resistance [6]. In addition, 
those works do not cover the results of studying the fire of 
steel beams with a corrugated wall using fire protection and 
without it with a follow-up comparison of results.

Based on a normalized approach, work [6] recommended 
a procedure to tackle the mechanical problem of design when 
assessing fire resistance under the influence of the standard 
temperature of fire on a beam with a flat wall. However, in 
the case of beams with a corrugated wall, this procedure can 
produce unpredictable results. The mathematical model for 
solving the mechanical problem given in paper [6], based on 
standards recommendations, considers changes in the me-
chanical properties of steel when the temperature changes. 
At the same time, the state of failure of the beam is predicted 
by comparing the change in its resistance under the influence 
of temperature and active load. This model applies to the 
assumption of uniform temperature distribution along the 
cross-section of the steel beam. In this case, the calculation 
for strength under fire conditions for beams is carried out 
according to the formulas given in the norms from [5]. Thus, 
when solving a mechanical problem, the resistance of the 
bending and shear of the beam at the appropriate tempera-
ture of its heating in case of fire is calculated, which is taken 
into consideration by the appropriate coefficients for reduc-
ing the mechanical characteristics of steel. This procedure is 
used only for beams with flat walls.

It should be noted that work [10] also did not pay atten-
tion to the comparative analysis of the behavior of flat-wall 
steel beams and steel beams with a corrugated wall under the 
conditions of high-temperature heating in the event of a fire.

For such a comparative analysis, experiments were car-
ried out, the example of which is a large-scale test carried out 
by Czech specialists [12]. During the test, a fire was initiated 
and investigated in a building with a steel frame, among the 
elements of which there were two beams with corrugated 
walls. As a result of the experiment, a noticeable discrepancy 
was revealed in the results obtained, compared to the esti-
mation results derived by using the recommended norms de-
scribed in work [6]. The temperatures determined during the 
experiment were higher than the estimation temperatures, 
and their distribution by the cross-section of the beam was 
noticeably different from the theoretical one and was uneven. 
There has also been assumption about the impact of flexibi
lity on the uneven distribution. The model did not provide 
apt forecasts for the temperature of the shelves, which grew 
slower than the temperature of the wall.

In work [17], to ensure the required fire resistance, an 
additional increase in wall thickness is proposed, not related 
to the provision of bearing capacity.

Our review shows that even though the aspects of the be-
havior of I-beams with corrugated walls under normal condi-
tions and fire conditions are sufficiently revealed in works by 
many researchers but, to determine the heating temperature, 
the cited studies propose a method based on solving a ther-
mal conductivity problem, based on the numerical methods 

of approximation of the non-stationary equation of thermal 
conductivity. This method requires a significant amount of 
calculations. However, to determine the temperature in the 
beams of this type, the possibility of using a simplified stan-
dard approach remains uncertain.

3. The aim and objectives of the study

The purpose of this work is to determine a change in 
the distribution of temperature in the cross-sections of steel 
beams with corrugated walls with fire protection and with-
out it under the conditions of heat exposure to fire using  
a simplified standard method recommended for conventional 
steel beams, and a general theoretical approach based on 
solving the non-stationary thermal conductivity equation. 
Comparative analysis of the obtained results would make it 
possible to establish the possibility of using a simplified stan-
dard method for determining the temperature in steel beams 
with corrugated walls under the conditions of a fire. That, in 
turn, could serve as a scientific basis for the development and 
improvement of the methodological base for the estimation 
assessment of fire resistance of this type of beam.

To accomplish the aim, the following tasks have been set:
– to devise a procedure for determining the temperature 

in the cross-section of a steel beam with a corrugated wall 
with a mineral-wool fireproof cladding according to the 
simplified method under the influence of the standard fire 
temperature over the period of 60 minutes;

– to devise a procedure and calculate temperature dis-
tributions in steel I-beams with corrugated walls with and 
without fire protection under the influence of the standard 
fire temperature regime using a general theoretical approach;

– to investigate the nature of heating steel I-beams with 
corrugated walls of the sinusoidal profile, depending on their 
structural features and the presence of fire protection; to 
perform a comparative analysis of data obtained from the 
simplified and refined approaches.

4. The study materials and methods

The beams under study are part of a solid frame but, 
according to the simplified approach [10, 11], only their 
cross-section is considered and, according to the refined ap-
proach, a small fragment of the beam is considered. Accord
ing to this approach, a calculation procedure was devised 
that has the following provisions.

At the first stage, a simplified approach is used to calcu-
late the temperature in the cross-section of a steel beam with 
a corrugated wall with and without fire protection, based on 
the use of recommendations of norms [5, 6] for calculating 
ordinary I-beams. According to this approach, the following 
formula is used for a beam without fire protection to calcu-
late the temperature in its cross-section:

Δ Δθ
ρa t sh
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V c
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⋅

 	 (1)

where ksh = 1 is the adjustment coefficient, taking into con-
sideration the effect of the effect of beam shading by other 
structures; hnet is the estimated value of the total specific 
heat flow, W/m2; са and ρа are, respectively, the specific heat 
capacity (J/(kg°С)) and density of steel (kg/m3). 
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The estimated value of the total specific heat flow is de-
termined from the following formula [6]:

hnet = ac⋅(θg–θm)+Φ⋅εm⋅εf ⋅σ⋅((θg+273)4–(θm+273)4),	 (2)

where θg is the temperature in a fire near a beam, °С; θm is the 
temperature of a steel beam, °С; ac = 25 is the heat transfer 
coefficient for convective heat exchange, W⋅m–2⋅K–1; Φ = 1 is  
the steel beam irradiation form-factor; εm is the degree of 
blackness of the surface of a steel beam; εf = 1 is the degree 
of blackness of radiation of the gas environment of fire; 
σ = 5,67⋅10–8 W⋅m–2⋅K–4 is the Stefan-Boltzmann constant.

For beams with fire protection, the following formula 
recommended in norms [6] is used:
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where the coefficient:

j
ρ
ρ
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c
c

d A VP P

a a
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where Ap/V is the coefficient of a beam cross-section with 
mineral-wool fireproof cladding; ср = 1000 is the specific heat 
capacity of mineral-wool plate J/(kg°C); dp is the thickness 
of a mineral-wool plate, m; Δt = 30 s is the step in time; θa,t is 
the value of steel temperature at the current time step, °C;  
θg,t is the temperature in the room with fire at the current 
time step, °C; Δθg,t is the increase in room temperature with 
fire at the current time step, °C; λp is the thermal conducti
vity coefficient of a mineral-wool plate, W/(m°C); ρp is the 
density of a mineral-wool plate, kg/m3.

A universal theoretical approach was used to calculate 
a temperature distribution in steel beams with a corrugated 
wall with and without fire protection. It is based on the nu-
merical solution to the non-stationary differential equation 
of thermal conductivity using the method of finite elements 
in accordance with the results of the research given in 
works [10, 13, 17]. The main components of the mathemati-
cal model used in the calculations are given in Table 1.

Table 1
Basic mathematical models for solving the thermal 	

problem for a steel beam with a corrugated wall according 	
to the refined method

Components of the 
mathematical model Implementation technique

Thermal conductivity
Differential non-stationary equation of ther-
mal conductivity with numerical approxima-
tion by the method of finite elements

Boundary conditions Boundary conditions of the third kind

Physical nonlinearity Newton-Rafson iterative method

Thermophysical  
characteristics of steel

Temperature dependences of thermal con-
ductivity coefficient, specific heat capacity, 
and density according to the recommenda-
tions of norms [6, 7]

Parameters of 
boundary conditions

Parameters in accordance with the recom-
mendations of norms [6, 7]

During the calculation in our study, a steel beam with 
a corrugated wall with a sinusoidal profile, also called SIN-

beam, was selected. Beam with such parameters is most 
common among beams of this type [1–4]. Fig. 1 shows the 
structural scheme of the examined steel beam with a corru-
gated wall.

 

 
             

 
Fig. 1. Structure of steel SIN-beam with a corrugated wall

The main design parameters of the steel beam and 
mineral-wool cladding are given in Table 2. Fig. 2 shows 
the relevant structural schemes of steel beams with a fire  
impact scheme.

The main thermal-physical characteristics of materials 
and initial data on the setting of the thermal problem, which 
are necessary for calculations, are given in Table 3. The 
thermal-physical characteristics of steel were adopted in 
accordance with the recommendations of norms [5, 6]. The 
thermophysical properties of mineral-wool material were 
accepted taking into consideration the data given in the 
technical regulations [11, 12].

The geometrical characteristics of steel beam cross-sec-
tions, which are necessary when applying a simplified ap-
proach, are given in Table 4.

We determined the cross-section coefficient Ap/V for 
the first type of steel beam with a corrugated wall taking 
into consideration the increase in the heating surface due to 
the wavy surface of the corrugated wall of the beam and the 
three-sided impact of the fire. This is shown in Fig. 3.

Table 2

The main parameters of the steel beam overlap

Beam cross-section geometry
Desig-
nations

Value
Measure-
ment unit

– width b 200

mm

– shelf width tf 10

– height h 1,000

– wall height tw 2

– deployed half-wave length of 
corrugations

s 161

– wave length m 155

– wave height f 40

– beam length l 12,000

Steel density ρа 7,850 kg/m3

Mineral-wool plate thickness dp 25 mm



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 5/1 ( 113 ) 2021

28

Table 4

The main characteristics of steel beam cross-sections 	
for thermal calculation

Parameter
Desig-
nation

Measure-
ment unit

Value

Steel beam with corrugated wall without fire protection

Specific volume of steel beam V m3/m 0.072

The specific area of the heating 
surface of the beam

Ap m2/m 31.418

The thickness of the fire-retardant 
lining of the beam

dp  m 0

Beam cross-sectional ratio (ratio 
of specific area to specific volume)

Ap/V  m–1 433.605

Time step Δt s 30

Steel beam with corrugated wall with fire protection

Specific volume of steel beam V m3/m 0.072

The specific area of the heating 
surface of the beam

Ap m2/m 27.6

The thickness of the fire-retardant 
lining of the beam

dp  m 0.025

Beam cross-sectional ratio (ratio 
of specific area to specific volume)

Ap/V  m–1 380.909

Time step Δt s 30

To determine the cross-section coefficient of the beam with 
a corrugated wall while considering the variable sinusoidal 
configuration of its cross-section along the length, we used:

Am = (3b–2tw)L+(h–2tf)S;

V = 2btfL+(h–2tf)Stw,	 (4)

where S = 2Ls/m is the length of the sinusoid contour of the 
corrugated wall, m.

For the thermal calculation of steel beams exposed to fire 
by many researchers using a universal theoretical approach, 
when setting the thermal conductivity problem, the recom-
mendations given in works [5, 6] were used.

In order to solve the problem of non-stationary ther-
mal conductivity with the use of the finite-element me
thod (FEM), the hexahedral finite element of the Lagrange 
type, the shape of which is shown in Fig. 2, was used.

Finite-element schemes of steel beams with corrugated 
walls with fire protection and without fire protection are 
shown in Fig. 4. In the diagram shown in Fig. 4, the types of 
materials from which steel beams and fire protection of these 
structures are made are marked with different colors.

Z
 z

 L    K

    P   O

 O1 Y
  I    J

   O   M   N  Y

    X

Fig. 3. Type and shape of the finite element for calculation

Fig. 2. Schematic of heat exposure of fire on the two types of examined steel beams with corrugated walls: 	
a – without fire protection; b – with fire protection based on mineral-wool plates
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                                                        (standard temperature regime) 
  

  

    

                  Mineral-wool         Steel beam 
                  cladding 
 
 
           25 
 
 
 
 
 
 
 
 
 
 
 
                           25 
 

 
a b

Table 3
Thermal-physical characteristics of steel

Thermal conductivity coefficient, λ(θ), W/(m⋅°С) Specific heat capacity, ср(θ), J/(m3⋅°С) Density, kg/m3

Structural steel

54–3.33⋅10–2θ at 20 °C≤θ≤800 °C, 
27.3 at θ>800 °C

425+0.773θ–1,69⋅10–2θ2+2.22⋅10–6θ3 at 20 °C≤θ≤600 °C,
666–13,002/(θ–738) at 600 °C<θ≤735 °C,
545+17,820/(θ–731) at 735 °C<θ≤900 °C,

650 at 900 °C<θ≤1,200 °C

7,850

Mineral wool [1]

0.04 1,000 200
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A quasilinear parabolic thermal conductivity equation 
with boundary conditions (BCs) of kind III is used when 
calculating radiation and convection heat exchange with fire 
environment. The conditions of heat exposure from a fire 
correspond to the standard temperature curve (5).

The thermophysical characteristics (TPCs) of steel from 
which the studied corrugated beams are made are represen
ted by appropriate thermal dependences according to [6].

The non-stationary thermal conductivity equation is sol
ved using a finite-element method (FEM) using the ANSYS 
APDL software package [10, 17]. In accordance with the re
commendations of the standards presented in works [1–9], the 
calculations were carried out using the standard fire tempera-
ture regime, which is determined from the following formula:

θ θp t t( ) = ⋅ +( ) +345 8 60 1 0lg / , 	 (5)

where t is the time of fire impact, s; θ0 is the initial tempera-
ture of the medium, °С; θ0 = 20 °С; θp(t) is the temperature 
in the fire chamber of the installation to determine the limits 
of fire resistance of structures depending on the time t of  
a standard test.

Using the above mathematical models, a procedure for 
conducting research with their use was devised. The devised 
procedure, when using a simplified approach, involves the 
following procedures:

1. Taking into consideration the geometrical characteris-
tics, thermal properties of steel and fire-protective cladding, 
the necessary parameters included in expressions (1), (2) are 
determined.

2. By performing a step-by-step calculation, the heating 
temperature of the studied steel beams with corrugated walls 
with fire protection and without it over the time of 60 mi
nutes of exposure to the standard temperature regime of fire 
is determined. This time is determined by the most stringent 
class of fire resistance for such elements of steel structures.

The calculation procedure according to the general theo
retical approach is carried out when using the following 
provisions and techniques:

1. Temperature calculation in the beams studied is car-
ried out on the basis of a non-stationary quasilinear thermal 

conductivity equation with the temperature-dependent 
thermal-physical characteristics of steel and constant ther-
mophysical characteristics of mineral-wool fire-protective 
cladding. The boundary problem is stated with the boundary 
conditions of the third kind.

2. A geometric finite-element scheme using the ANSYS 
APDL software package is built.

3. After adjusting the parameters of the computing pro-
cess using the ANSYS APDL software package, the calcu-
lation is performed and the results are obtained at a time of 
60 minutes of exposure to the standard fire temperature.

4. The possibility of using a simplified standard method  
for determining the temperature in steel beams with corru-
gated walls under fire conditions is established on the basis 
of a comparative analysis of the obtained results.

5. The results of studying the thermal impact of fire  
on steel beams with fireproof cladding and without it

5. 1. The results of calculating the beam temperature in 
the fire according to the simplified method

Using both approaches, the results of the calculation of 
temperature data in the studied steel beams with corrugated 
walls without fire protection and with fire protection at dif-
ferent points in time were obtained.

Fig. 5 shows the temperature regime of heating steel 
beams with corrugated walls with fire protection and with-
out it over the control time of the fire of 60 min.

The calculation results given in Fig. 5 show that the ma
ximum heating temperature of a steel beam with a corrugated 
wall without fire protection is 946 °C, and a steel beam with  
a corrugated wall with fire protection is 305 °C.

If one uses a simplified idea based on the results reported 
in [8, 18], according to which the loss of fire resistance for 
steel structures is registered on the basis of the criterion 
of the occurrence of a critical temperature of 500 °C, then, 
without the fire protection, the beam does not correspond to 
the class of fire resistance R60. Otherwise, when using a fire 
protection system based on mineral-wool cladding, the beam 
under study corresponds to this class of fire resistance.

                         FEs simulating  
                         structural steel 
 
 
 

 

                        FEs simulating  
                          structural steel 
 
 
                                                               FEs simulating fireproof  
                                                               mineral-wool cladding 
 

 
a b

Fig. 4. Finite-element schemes of steel beams with corrugated walls: a – without fire protection; 	
b – with mineral-wool fireproof cladding
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5. 2. The results of calculating the beam tempera-
ture under fire conditions using a universal theoretical  
approach

When applying a universal theoretical approach, tem-
perature distribution was obtained on fragments of steel 
beams with corrugated walls with and without fire protec-
tion, which are shown in Fig. 6, 7.

The data given in Fig. 6, 7 show that the existing fire-
proof cladding leads to much less intense heating of the beam, 
and this, in turn, confirms the effectiveness of its use.

5. 3. The comparative analysis of the results of tem-
perature calculation in a steel beam with a corrugated wall 
under a fire

In order to obtain more reliable data on the propagation 
of temperature in steel beams with corrugated walls with fire 
protection and without fire protection, the plots of average 
temperature were built (Fig. 9). The temperature indicators 
are registered at the inner surface in the middle of walls and 
shelves according to the recommendations of standards [5, 6]. 
The scheme for determining control points is shown in Fig. 8.

Fig. 5. Heating modes of steel beams with corrugated walls for 60 minutes at appropriate fire temperature regime: 	
a – without fire protection; b – with fire protection based on mineral-wool plates
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Fig. 6. Temperature distribution in a steel corrugated beam at different points in time (K): 	
a – 15 min; b – 30 min; c – 45 min; d – 60 min
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Fig. 7. Temperature propagation in the studied corrugated beams with mineral-wool fire-protective cladding 	
at different points in time (K): a – 15 min; b – 30 min; c – 45 min; d – 60 min
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As a result, we plotted temperature values, averaged by 
three control points, shown in Fig. 9.

In addition, Fig. 9 shows the plots of the temperature re-
gime of heating steel beams during the control time of fire im-
pact of 60 min, obtained as a result of the use of a generalized 
theoretical approach. Fig. 9, for comparison, demonstrates 
the plots built when applying the simplified method.

6. Discussion of results of studying the thermal  
impact of fire on steel beams with and without fire 

protection cladding

Studying the spread of temperature in the cross-section 
of the studied structures, which is shown in Fig. 6, one 
can see that the temperature spreads along the structures 
almost evenly while the distribution of temperatures along 
the cross-section is no more than 100 °C. At the same time, 
on minute 15, the temperature reaches 600 °C, which agrees 
with the results obtained from the simplified method.

According to the results of the analysis of the above plots 
in Fig. 7, it can be noted that the indicators of temperature 
values, which are calculated according to different methods, 
differ by about 150 °C. This is explained by a more accurate 
description of heat transfer at the boundary of the estimated 
region. Analyzing the results obtained using the general 
theoretical approach for beams with fire protection, warming 
up occurs more intensively. In addition, such a result can 
be explained by greater accuracy of the mathematical heat 
transfer model, taking into consideration the temperature de-

pendences of the thermophysical characteristics of the min-
eral-wool fire protection cladding, as well as heat exchange 
in the cavities between the structure and fire protection 
cladding. At the same time, both methods demonstrated, 
when applying the criterion of «critical temperature», 500 °C 
at the occurrence of fire resistance loss in terms of bearing ca-
pacity. The methods used produce the same result – without 
fire protection, the beam does not correspond to the fire resis-
tance class R 60, and, when using fire protection, the required 
fire resistance class is provided. The results obtained during 
our research showed that for steel beams with corrugated 
walls with fire protection and without fire protection, in 
order to determine the heating temperature under fire condi-
tions, it is acceptable to use a simplified engineering approach 
recommended by the relevant Eurocodes [15]. That means 
that a given simplified method of determining the tempera-
ture in the beams under study may be part of improving 
the methodological base for their estimation fire resistance 
assessment. This method is limited to only one type of fire 
protection systems – fireproof cladding with mineral-wool 
panels. However, further research could remove uncertainty 
about the ability to apply a given approach to other fire pro-
tection systems. The results of our study should be used in 
further studies when solving the problem of analysis of the 
stressed-strained state of steel beams with corrugated walls 
under fire conditions. In addition, to verify the results, ap-
propriate fire tests of the studied beams should be carried out 
with the registration of the appropriate temperatures and the 
moment of occurrence of the maximum state of fire resistance 
loss in terms of bearing capacity.

 
 
 
 
 
 

                                                              Control points 
 
                                                      
 

 Fig. 8. Diagram of the location of control points corresponding to the position of thermocouples to control the temperature 	
in the cross-sections of structures during tests without fire protection and with fire protection
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Fig. 9. Heating modes of steel beams with corrugated walls: 	
a – without fire protection; b – with fire protection over 60 minutes of the appropriate fire temperature mode; 	

1 – results obtained using the simplified method; 2 – results obtained using the finite-element method
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7. Conclusions 

1. To study the distribution of temperature in the cross- 
section of steel beams with corrugated walls without fire 
protection and with fire protection, a procedure was devised, 
based on a simplified approach in accordance with the re
commendations of Eurocodes; the results have been com-
pared. The high efficiency of fireproof cladding based on min-
eral-wool plates has been shown, which blocks the heating of 
the beam to a critical temperature of 500 °C, which signifi-
cantly increases the class of fire resistance of the structure.

2. A procedure for determining the temperature in the 
cross-section of a steel beam with a corrugated wall with mi

neral-wool fireproof cladding using a generalized theoretical 
approach has been devised. Based on the obtained data, it was 
established that the beam without fire protection does not 
correspond to the fire resistance class R 15 while the presence 
of fire protection makes it possible to increase its fire resis-
tance class to R 60.

3. It has been established that the results of temperature 
calculation in a steel beam with a corrugated wall in the pre
sence of fire protection and without it differ no more than  
by 50 °C. Based on our studies, it has been shown that a given 
simplified method for determining the temperature in the exa
mined beams could be part of the improvement of the metho
dical base for the estimation assessment of their fire resistance.
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