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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):

© Bilyk S.I, Bashynska O.Y., Bashynskyi O.V.



190 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

5T 5T 5T ST
K., 522 +K,, 5y2 +K_, 522 +w=pc 50 (1)
whereT = T(x,y,z,f) — temperature field in the area Q; K|, K,,, K.. — thermal
conductivity coefficients in the x, y, z direction, respectively; w = w(x,y,zt) —
power of heat sources inside the body; p - material density; ¢ - 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
KB Ky L ek S g Ty -0, O
5x 5y 52

where I,,1,,I, - directing cosines of the outer normal to the boundary

surface, ¢ — heat flow, i(T, —7;) — heat loss through convection (2 —

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:

T(x,y)=a;+ox+03y; 3.1
- four-node isoparametric flat FE:
T(x,y) =0y +0x+ a3y +0yxy; (3.2)
- spatial tetrahedral FE:
T(x,y,z) =0y +ayx+ 03y +0y2. (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
oy, ay, a3, oy. If we return these coefficients to equations 3.1 - 3.3, it is

possible to obtain the expression:
[T(x,y, )] =[N(x, y, 21T}, “4)
where [N(x, y,z], —matrix of functions of forms.
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Let us consider the matrix of thermal conductivity coefficients:

K., 0 0
K| 0 K, 0 |, Q)
0 0 K_

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

ST

ox
gradT = T =DT. (6)

oy

ST

oz
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:

(0, =[CL 2T, +K1 (T}, ~ {0} ~10}¢ (O} ™

where [K], — element thermal conductivity matrix (analog of stiffness

matrix),
[K], = [[BY' [DI[BldV + [ HN]'[N1dS, (®)
[C],— heat absorption matrix (analog of damping matrix),
[C], = [ pc[NT [N)aV, )

{012,108, {Q}Z - 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
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To  perform  the  thermal

calculation and determine the 7
temperature  fields, the cross- -
sectional analysis of the floor beam

was performed. For the experimental = Q—z
design was taken beam with a cross n g

section I-section Ne35B1 according
to GOST 26020-83 on which
reinforced concrete slab 120 mm

120

©

D
thick rests (see Fig. 2). & L
Since the change in temperature
along the length of the beam is I-section 35B1
uniform, it allows us to consider the GOST 26020-83

temperature distribution along the
cross section of one height.

The following heat-conducting Fig. 2. Scheme of experimental structure
properties of steel are accepted for
thermal engineering analysis: density — 76490 N/m’, 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/(m**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  cpanges = with time 1% (900.000 sec)

concrete  floor slab Mosaic Plot of Temperatures
Units of measurement - °C

therefore the top shelf P
gives energy to this
slab. “
The  results  of
thermal analysis at the 58 .
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)) 188
are different from the
results of the analysis in 104

the ANSYS software YL{
(see Fig. 4 (b)), given in » evel -1.500

Annex P.3 [18] less ' S . i
than 1%. Fig. 3. The distribution of the temperature field in the cross

. section of the floor beam at the time - 15 minutes
Figure 4 shows a

graph of the temperature change in the cross section of the beam in time, and
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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.
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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.
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Fig. 5. Temperature change in the cross section of the beam in time
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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:

ky o =0.060+ 204020060 (945 _900) = 0.0508, (10.1)
2 1000—900

ky o =0.0675+0:0430=0.0675 946 _900) =0.05715. (10.2)
a 1000 — 900

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

Reduction factors at temperature 8, relative to the value of £,

or E, for 20°C
Temperature| Reduction factor | Reduction factor Reduction factor
of steel 6,, | (relative to the f)) | (relative to the f)) for |(relative to the E,) for
oC for designyield the limit of the slope of the linear
strength proportionality elastic section
kyﬁ :fyﬁ /fy kp,H :];,H /fy kgo=E.o/E,
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
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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
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Fig. 8. The results of the analysis of structural elements for strength:
(a) before the fire; (b) at the mark of 60 minutes



198 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

DCI20IBH BL2 - 222000 1
Iesp hcement Dugam 21
Unsof masarament - mm

0.0
\\.\\ ‘\.\
.
00404 \h—__
k‘\‘\ ’ s \\Ml 9
P N
v 2x \\\\ i, L
“L‘Ic\d' L OO0 . -
Mm valee -3 T3ANT; Y — 419
(b)
(a)
DL IBH B L2 - 222000 1
1yesp heement Dugam 21
Lnats o f maasarement - mm
N
~
~
N v
”'R \'\"-—'—.u‘n
\.L il (1
Y z X b SO -
Lewel 3.000 o .
Min valse |32 776, AR
(W]

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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binuk C.1., bawuncoka O.FO, Bawuncvkuii O.B.
BU3HAYEHHS 3MIHU TEPMOHAIIPYKEHOI'O CTAHY CTAJIEBUX BAJIOK B IIK
«JIIPA-CAIIP»

AHoranis. B maHiidi craTi aBTOpH NPOBENM JOCIIIPKEHHS HaIrpy:KeHO-1e(pOPMOBAHOrO Ta
TEMIIEPaTyPHOro CTaHy CTaJleBOro kapkacy Oymieii. IIpoBeneHo BepuGikaliiiHuiii po3paxyHOK
CTaJICBOrO Iepepi3y Ha BOTHECTIMKICTh y BITYM3HSHOMY HpOrpamMHOMY Komruiekci. OTpumani
pe3ynpTaTd OyJao IMOPIBHSHO 3 pe3yIbTaTaMH AaHAJIOriYHOIO PO3PAaXyHKY B 3aKOPHAOHHOMY
HPOrpaMHOMY KOMIUIeKci. IIpoBeleHO po3paxyHOK AMHAMIYHOI 3aja4i TEerIONpOBiAHOCTI
nepepizy 6anku. HaBeqeHo OCHOBHI piBHSHHS JJIsl BUPILICHHS KpaloBOi 3a/1adi HECTAL[iOHAPHOL
TerutonpoBigHocTi. Takok, HaBEJEHO AaIrOPUTM peajizauii OOYMCICHHS TeMIIepaTypHHX
nedopmariii mo mepepizy crajgeBoi Oajlkd 3a JONOMOrOK METOJY CKIHYCHHX EJIEMCHTIB.
Po3risiHyTO mpoliec MOOYAOBM KOMIT'FOTEPHOI MOJEN €IEMEHTIB KOHCTPYKIii Ta aHawi3
HaIpy)KeHO-1e()OPMOBAHOTO CTaHy MpH 3MiHI TEMIIEPaTYpHOTO PEXHMY EKCIUTyaTalii.
IlpoBeneHo aHami3 KiHEMATHYHHX Ta CTATUYHHX XapaKTEPUCTHUK PO3PaXyHKOBOI MOIENi, IO
nocimkyetbes. Ha OCHOBI OTpHMaHHX pe3ynbTaTiB PO3paxyHKYy BH3HAUCHO TEMIIEPATYpPHI IOJIS
OaJIKy MEPeKPUTTS Y IEeBHI MPOMDKKH Yacy. BHacmiok HepiBHOMIPHOTO pO3MOALTY TeMIepaTypu
[0 [epepidy eleMeHTa, BHHHKAIOTh TeMIepaTypHi aedopmauii. Takox, uyepe3 0OMeKEHHS
nedopMariiii 30BHIIIHIMH 3B’s3KaMH, iX MOSBAa CYHPOBOMKYETHCS PO3BHTKOM TEMIIEPATypHHX
HanpykeHb. TOMy BHBYCHHS OCOOIMBOCTEH TeMmmepaTypHHX JAedopmamiii B CTaueBHX
KOHCTPYKLISX Mae 3HayHE IMPAKTHYHE 3HA4YCHHSA. Y 3B’A3Ky 3 aKTYalbHICTIO MPoGIIeMH
BH3HAUCHHS TEMIIEPAaTypHHX HAmpyXeHb Ta AeopMaliii y KOHCTPYKLIfAX, € HEOOXiTHHM
YTOYHEHHSI Ta BJOCKOHAJICHHS ICHYFOUMX METOMIB PO3PaxyHKY, SKi OCTaTHBOK MipOH HeE
MOXYTbh BPaXOBYBaTH 3MiHY B 4aci (i3MKO-MEXaHIYHUX XapaKTepucTHK cTaii. ToMy aBTOpH CTaTi
HOpaxyBald KOCQIL[i€HTH 3HIWKCHHs (i3MYHHX BIACTHBOCTEH Iepepidy I BHUKOHAIM CTaTHYHHN
aHani3 KOHCTpyKLil. ITokazaHo 3MiHy HampyXeHo Ae(hOPMOBAHOrO CTaHY EIEMEHTIB HEePEKPUTTS
IpH BIUIMBI BOrHIO. HaBezeHi pe3ynbTaTi po3paxyHKy MOKa3aJlid BaXIUBICTh ypaxyBaHHS BILIUBY
TeMIlepaTypd Ha 3MiHY MilHICHHX Ta pgeopMamiiHUX XapakTEePUCTHUK IPU PO3PAXYHKY
KOHCTPYKIIiA. ABTOpamMH cTaTi 0ys0 po3poO0JICHO Ta HABEACHO AJTOPUTM PO3PaxyHKY CTalleBHX
KOHCTPYKLIf Ha MiIHICTh HAa THYYKICTb 3 ypaxXyBaHHAM TEMJIOTEXHIYHOTO DO3PaxyHKy Ta
PO3paxyHKy Ha BOIHECTIHKiCTb.

Karo4oBi ciioBa: HanpyxeHo-1e()OpMOBaHHiA CTaH, BOTHECTIHKICTh, TEIIONPOBIAHICTh, METO
cKiHYeHHHX eeMeHTiB, JIIPA-CATIP.
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BilykS.1., Bashynska O.Y, Bashynskyi O.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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