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Abstract. A study of the stress-strain and temperature state of the steel frame of the building is 
provided.Based on the results of the analysis of the dynamic thermal conductivity problem, the 
temperature fields of the beam at certain time intervals are determined. Reducing coefficients of 
physical properties of steel section were determined. The algorithm of analysis of steel structures 
for fire resistance taking into account heat engineering analysis results is given. 
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Topicality. The analysis of steel structures for fire resistance is one of the 

most important design stages. The building codes provide several options for 
analysing structures for fire resistance: simplified, refined analysis methods, 
and analysis based on tabular data. 

Analysis based on tabular data is the simplest option that allows you to 
calculate the parameters of structural elements for standard time intervals 
while exposed to fire.The method of analysing according to tabular data and 
simple calculation models are usually used to analyze individual structural 
elements, under simple boundary conditions. 

But the analysis options shown above have a number of limitations. For 
example, the analysis by tabular data can be used only for a certain level of 
load, the amount of eccentricity and flexibility of the elements. And the 
simplified technique does not allow to take into account the change in the 
strength of materials with increasing temperature. While refined calculation 
models are universal for any design and allow to take into account changes in 
the properties of steel during a fire. 

According to the specified method of analysis, it is necessary to perform 
thermal analysis on the basis of which it is necessary to change mechanical 
characteristics of materials. 

In order to perform thermal analysis- it is necessary to solve the problem of 
thermal conductivity. The equation of the boundary value problem of 
nonstationary thermal conductivity is given in formula (1): 
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whereT = T(x,y,z,t) – temperature field in the area Ω; Kxx, Kyy, Kzz – thermal 
conductivity coefficients in the x, y, z direction, respectively; w = w(x,y,z,t) – 
power of heat sources inside the body; ρ - material density; c - specific heat 
capacity of the material. 

This equation can be solved by using the finite element method or the finite 
difference method. When using the first method, the structure is modeled with 
special finite elements with one degree of freedom - the temperature, which is 
a scalar quantity. 

In general, refined calculation models are mainly used to determine the 
behavior of the whole structure in determining the interaction of its 
elements.Although the refined design calculation method can be performed 
using a standard temperature-time dependence, this method is usually part of 
the design based on real parameters using natural fire models. 

Analysis of research. A huge contribution to the development of methods 
for designing steel structures for fire resistance made Bilyk A.S. [3, 4, 5], 
Calafat K.V. [13], Savitsky M.V. 

Information about mathematical basics and interaction of the finite element 
method with the methods of structural mechanics (in solving linear and 
nonlinear problems) are given in [6, 7] Gorodetsky A.S. Methods of numerical 
modeling of structures and their strength analysis on the influence of various 
factors, as well as the creation of mathematical and computer models used in 
solving problems of thermal conductivity, are considered in the works of 
Barabash MS [1, 2], Zenkevich [9], Klovanich [8]. 

Among foreign scientists, the following works have become very popular in 
the field of analysing steel structures for fire resistance: [16], [17], [18]. 

The unsolved part of the problem.The design standards describe in detail 
only the simplified methods of analysing steel structures for fire resistance.The 
specified calculation methods are not considered in detail in building 
codes.The Eurocode and DSTU norms describe only the design principles that 
underlie the refined methods. A brief overview of using of refined calculation 
methods is contained in the publication of the British Institute of Civil 
Engineers [14]. However, taking into account the absence of a universal 
algorithm for analysing steel structures for fire resistance according to the 
specified method - the question of creating such an algorithm is an urgent 
design problem. 

There is a need to clarify the characteristics of the boundary conditions in 
fires from the standpoint of preventing the possibility of loss of life for steel 
frame structures [1,4,20] and prevent caloptic destruction and collapse of 
structures [1,2,5,6, 21]. 

Research objectives.The purpose of this article is to study the strength and 
deformation characteristics of steel frame structures under the influence of fire. 

To achieve this goal it is necessary to solve the following tasks: 
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- the problem of thermal conductivity by the finite element method to detect 
temperature changes in the cross section of the structural element over time 
with refinement of the analytic model using different forms of steel profiles in 
combination with reinforced concrete slabs; 

- strength analysis of metal structures in a linear setting, taking into account 
changes in strength and deformation characteristics of materials with 
increasing temperature. 

The main content.The analysis of mathematical models was carried out on 
the basis of the "LIRA-SAPR" software, in which the problem of thermal 
conductivity was solved and the strength analysis was performed.The heat 
transfer problem was modeled using finite elements of thermal 
conductivity.Heat transfer between the floor beam and the airspace was 
modeled by special finite elements of convective heat transfer.The 
mathematical model for strength analysis was created using bar finite 
elements. 

If we enter the boundary conditions for solving the quasiharmonic equation 
(1), this equation will look like: 

2 2 2

2 2 2 ( ) 0,xx x yy y zz z s b
T T TK I K I K I q h T T

x y z
       

            
(2) 

where , ,x y zI I I  - directing cosines of the outer normal to the boundary 

surface, q – heat flow, ( )s bh T T  – heat loss through convection (h – 
convective heat transfer coefficient). 

To solve equation (2), the solid under consideration is divided into finite 
elements in which the degrees of freedom are the temperature in the nodes.The 
temperature inside each element is approximated by linear polynomials. 

Here is an example of some approximating polynomials of finite elements 
of thermal conductivity: 

- three-node flat FE: 
1 2 3( , ) ;T x y x y                                        (3.1) 

- four-node isoparametric flat FE: 
1 2 3 4( , ) ;T x y x y xy                                   (3.2) 

- spatial tetrahedral FE: 
1 2 3 4( , , ) .T x y z x y z                                  (3.3) 

Since linear polynomials are used to approximate the temperature function 
of a discrete model, finite elements of thermal conductivity are also called 
simplex elements [9]. 

Substituting the values of nodal temperatures and coordinates of nodes into 
the corresponding polynomials, we can obtain expressions for the coefficients 

1 2 3 4, , ,    . If we return these coefficients to equations 3.1 - 3.3, it is 
possible to obtain the expression: 

[ ( , , )] [ ( , , ] { } ,e eT x y z N x y z T                                 (4) 
where [ ( , , ]eN x y z  – matrix of functions of forms. 
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Let us consider the matrix of thermal conductivity coefficients: 
0 0

0 0 ,
0 0
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                                          (5) 

and a matrix-column of temperature gradients, which is analogous to the stress 
matrix: 

T
x
TgradT DT
y
T
z

 
 
 

  
 
 
  








.                                        (6) 

Then the contribution of each individual finite element in solving problems 
of nonstationary thermal conductivity can be written in the form of a matrix 
differential relation: 

{ } [ ] { } [ ] { } { } { } { } ,q g h
e e e e e e e eQ C T K T Q Q Q

t
    

       
         (7) 

where [ ]eK  – element thermal conductivity matrix (analog of stiffness 
matrix), 

[ ] [ ] [ ][ ] [ ] [ ] ,T T
eK B D B dV h N N dS                           (8) 

[ ]eC – heat absorption matrix (analog of damping matrix),  

[ ] [ ] [ ] ,T
eC c N N dV                                

          (9) 

{ } ,{ } ,{ }q g h
e e eQ Q Q  - vectors of nodal heat flows. 

A test problem was solved to verify the results of theoretical research. The 
dimensions of the studied structure are: length - 12 m, width - 8 m, height of 
columns – 3 m, thickness of reinforced concrete slab – 120 mm. In the 
calculation scheme, the floor slab is taken into account by the applied external 
load. 

The analytical scheme is shown in Figure 1. 

 
Fig. 1. Analytical scheme of structure 

 



ISSN2410-2547 
Опір матеріалів і теорія споруд/Strength of Materials and Theory of Structures. 2022. № 108 
 

 

193

To perform the thermal 
calculation and determine the 
temperature fields, the cross-
sectional analysis of the floor beam 
was performed. For the experimental 
design was taken beam with a cross 
section I-section №35B1 according 
to GOST 26020-83 on which 
reinforced concrete slab 120 mm 
thick rests (see Fig. 2). 

Since the change in temperature 
along the length of the beam is 
uniform, it allows us to consider the 
temperature distribution along the 
cross section of one height. 

The following heat-conducting 
properties of steel are accepted for 
thermal engineering analysis: density – 76490 N/m3, thermal conductivity 
coefficient – 53 W/(m*s), heat absorption coefficient - 440 W. The coefficient 
of convective heat transfer was assumed to be equal to 25 W/(m2*s).The 
temperature load was set according to the standard temperature of the fire. The 
ambient temperature at the initial time is taken as 20 °C. 

Figure 3 shows that the upper shelf of the I-beam heats up much longer than 
the lower. This is due to the fact that the experimental section of the beam 
supports a reinforced 
concrete floor slab 
therefore the top shelf 
gives energy to this 
slab. 

The results of 
thermal analysis at the 
time 60 minutes, shown 
in Figure 4.The 
obtained results of the 
analysis of the steel 
beam for fire resistance 
in LIRA-SAPR 
software (see Fig. 4 (a)) 
are different from the 
results of the analysis in 
the ANSYS software 
(see Fig. 4 (b)), given in 
Annex P.3 [18] less 
than 1%.  

Figure 4 shows a 
graph of the temperature change in the cross section of the beam in time, and 

 
Fig. 2. Scheme of experimental structure 

 
Fig. 3. The distribution of the temperature field in the cross 

section of the floor beam at the time - 15 minutes 
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Figure 5 shows a graph of the modulus of elasticity change in the cross section 
of the beam in the temperature rising. 

 
(а) 

 
(b) 

Fig. 4. The distribution of the temperature field in the cross section of the floor beam at the time - 
60 minutes: (a) in the LIRA-SAPR software; (b) in ANSYS software 

 
From the results shown in Figure 5, we conclude that with time of the fire, 

modulus of elasticity, and therefore the load-bearing capacity of the beams 
decreases.To take into account the effect of temperature on the stress-strain 
state of the structure under consideration, the corresponding elements (floor 
beams exposed to fire) must be assigned stiffnesses with reduced values of 
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modulus of elasticity and yield strength corresponding to the work of the 
structure at certain intervals. 

 

 

Fig. 5. Temperature change in the cross section of the beam in time 
 

 
Fig. 6. Modulus of elasticity change in the cross section of the beam in the temperature rising 

 
The maximum cross-sectional temperature of the cross section of the beam 

at 60 minutes is 946°C (see Fig. 3). Using table 1 and the method of linear 
interpolation, we calculate the coefficients of reduction for a given 
temperature: 

,
0.040 0.0600.060 (946 900) 0.0508,
1000 900yfk     

             (10.1) 

,
0.0450 0.06750.0675 (946 900) 0.05715.

1000 900aEk     
     (10.2) 

The results of the static analysis and steel design of the structure in the 
LIRA-SAPR software before the fire and after 60 minutes of combustion are 
shown in Figures 7, 8 and 9. 
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Table 1 
Reduction factors for carbon steel at rised temperatures 

Temperature 
of steel а, 

°C 

Reduction factors at temperature θa relative to the value of fy  
or Ea for 20°C 

Reduction factor 
(relative to the fy) 
for designyield 

strength 
ky,θ = fy,θ / fy 

Reduction factor 
(relative to the fy) for 

the limit of 
proportionality 

kp,θ = fp,θ / fy 

Reduction factor 
(relative to the Ea) for 
the slope of the linear 

elastic section 
kE,θ = Ea,θ / Ea 

20 1,000 1,000 1,000 
100 1,000 1,000 1,000 
200 1,000 0,807 0,900 
300 1,000 0,613 0,800 
400 1,000 0,420 0,700 
500 0,780 0,360 0,600 
600 0,470 0,180 0,310 
700 0,230 0,075 0,130 
800 0,110 0,050 0,090 
900 0,060 0,0375 0,0675 

1000 0,040 0,0250 0,0450 
1100 0,020 0,0125 0,0225 
1200 0,000 0,0000 0,0000 

Note. Linear interpolation can be used for intermediate values of steel temperature 

 
 

 
Fig. 7(a). The results of the static analysis of the building (displacements by Z)  

before the fire 
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Fig. 7(b). The results of the static analysis of the building (displacements by Z)  

at the mark of 60 minutes 
 

 
(a) 

 
(b) 

Fig. 8. The results of the analysis of structural elements for strength: 
(a) before the fire; (b) at the mark of 60 minutes  
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(b)  
(а) 

 

 
(b) 

Fig. 9. The results of the analysis of beams for deflections:  
(a) before the fire; (b) at the mark of 60 minutes 

 
Conclusions.After conducting a numerical experiment, the following 

conclusions can be drawn: 
1. Already at the 60th minute of fire without a fire-resisting coating, the 

elements of the steel frame significantly lose their load-bearing capacity. This 
means that such elements must be protected from fire with special paints, 
mixtures, etc. The influence of heat extraction from the upper shelf of the I-
section to the reinforced concrete slab was confirmed. 

2. The proposed method of analysing the structures under the influence of 
fire is quite universal and it allows quickly and flexibly analyze  structures on 
the impact of fire at different time marks. 

3. The homeland software LIRA-SAPR is ideally fit for solving fire 
resistance problems, the reliability of the obtained results is confirmed. The 
results obtained almost have no difference from the decision of foreign 
counterparts. 
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Білик С.І., Башинська О.Ю, Башинський О.В. 
ВИЗНАЧЕННЯ ЗМІНИ ТЕРМОНАПРУЖЕНОГО СТАНУ СТАЛЕВИХ БАЛОК В ПК 
«ЛІРА-САПР» 

Анотація. В даній статі автори провели дослідження напружено-деформованого та 
температурного стану сталевого каркасу будівлі. Проведено верифікаційний розрахунок 
сталевого перерізу на вогнестійкість у вітчизняному програмному комплексі. Отримані 
результати було порівняно з результатами аналогічного розрахунку в закордонному 
програмному комплексі. Проведено розрахунок динамічної задачі теплопровідності 
перерізу балки. Наведено основні рівняння для вирішення крайової задачі нестаціонарної 
теплопровідності. Також, наведено алгоритм реалізації обчислення температурних 
деформацій по перерізу сталевої балки за допомогою методу скінчених елементів. 
Розглянуто процес побудови комп’ютерної моделі елементів конструкції та аналіз 
напружено-деформованого стану при зміні температурного режиму експлуатації. 
Проведено аналіз кінематичних та статичних характеристик розрахункової моделі, що 
досліджується.На основі отриманих результатів розрахунку визначено температурні поля 
балки перекриття у певні проміжки часу. Внаслідок нерівномірного розподілу температури 
по перерізу елемента, виникають температурні деформації. Також, через обмеження 
деформацій зовнішніми зв’язками, їх поява супроводжується розвитком температурних 
напружень. Тому вивчення особливостей температурних деформацій в сталевих 
конструкціях має значне практичне значення. У зв’язку з актуальністю проблеми 
визначення температурних напружень та деформацій у конструкціях, є необхідним 
уточнення та вдосконалення існуючих методів розрахунку, які достатньою мірою не 
можуть враховувати зміну в часі фізико-механічних характеристик сталі. Тому автори статі 
порахували коефіцієнти зниження фізичних властивостей перерізу і виконали статичний 
аналіз конструкції. Показано зміну напружено деформованого стану елементів перекриття 
при впливі вогню. Наведені результати розрахунку показали важливість урахування впливу 
температури на зміну міцнісних та деформаційних характеристик при розрахунку 
конструкцій. Авторами статі було розроблено та наведено алгоритм розрахунку сталевих 
конструкцій на міцність на гнучкість з урахуванням теплотехнічного розрахунку та 
розрахунку на вогнестійкість. 

Ключові слова: напружено-деформований стан, вогнестійкість, теплопровідність, метод 
скінченних елементів, ЛІРА-САПР. 
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BilykS.І., Bashynska О.Y, Bashynskyi О.V. 
DETERMINATIONOFCHANGESINTHERMALSTRESSSTATEOF STEEL BEAMS IN 
LIRA-SAPR SOFTWARE 

Abstract. In this article, the authors conducted a study of the stress-strain and temperature state 
of the steel frame of the building.Verification analysis of steel section for fire resistance in the 
homeland software package is carried out.The obtained results were compared with the results of a 
similar analysis in a foreign software package.The analysis of the dynamic problem of thermal 
conductivity of the cross section of the beam is carried out.The basic equations for solving the 
boundary problem of nonstationary thermal conductivity are given.Also, the algorithm of 
realization of analysis of temperature deformations on section of a steel beam by finite element 
method is given.The process of designing analytical model of structural elements and analysis of 
the stress-strain state when operating temperature is changed is considered.The analysis of 
kinematic and static characteristics of the calculated model under study is carried out.Based on the 
obtained analysis results, the temperature fields of the beam at certain time intervals are 
determined.Due to the uneven distribution of temperature in the cross section of the element, 
temperature deformations are occured.Also, due to the limitation of deformations by external 
connections, their appearance is accompanied by the development of temperature 
stresses.Therefore, the study of the peculiarities of thermal deformations in steel structures has 
considerable practical importance.Due to the urgency of the problem of determining thermal 
stresses and strains in structures, it is necessary to clarify and improve existing calculation 
methods, which can not sufficiently take into account changes in time of physical and mechanical 
characteristics of steel.Therefore, the authors of the article calculated the coefficients of reduction 
of the physical properties of the section and performed a static analysis of the structure. The 
change of the stress-strain state of the floor elements under the influence of fire is shown.The 
results of the analysis showed the importance of taking into account the influence of temperature 
on the strength and deformation characteristics in the calculation of structures.The authors of the 
article developed and presented an algorithm for analysing the strength of steel structures for 
flexibility, taking into account the thermal conduction analysis and the fire resistance analysis. 

Keywords: stress-strainstate, fireresistance, thermal conductivity, finite element method, 
LIRA-SAPR. 
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