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OcHoBHUI 3MicT IucepTaliiiHOI pOOOTH

HuceprariiiiHa po6oTa cripsiMOBaHa Ha PO3BUTOK YHCEIbHO-PO3PAXYHKOBHX METOIiB
OIIIHKM M1 BOTHECTIMKOCT1 CTalIeBUX KOHCTPYKIIIH, IIIJITXOM BpaxyBaHHsI HEPIBHOMIPHOTO
TEMIIEPATypPHOTO PO3MOALTY TO BHUCOTI Mepepidy, HENHINHOT 3MIHU Terohi3uIHUX
BJIIACTUBOCTEH MaTepialliB Ta BOTHE3aXUCHUX OOJIHIFOBAHb.

3a pesynbTaTaMH BHKOHAaHMX aHATI3IB BITUM3HAHHUX Ta 3aKOPIOHHHX HAYKOBHUX
JDKepel Ta HOPMAaTHUBHUX  JIOKYMEHTIB, YMCEIIbHUX CKIHUEHHO-CJIEMEHTHUX Ta
EKCIIePUMEHTATBHUX JTOCTIKEHb:
- 3’SICOBaHO, IO Y BITYM3HSHUX Ta 3aKOPJAOHHUX JIOKYMEHTaX Ta METOAMYHUX
MOCIOHMKAX OIMHMCAHO JIUIIE CIPOIIEHI aHATITHIHI METOAMKH OIIIHKK MEK1 BOTHECTIHKOCTI
CTaJIeBUX KOHCTPYKIIIH; ICHYIOTh €KCIIEPUMEHTAIbHI METOIH OLIIHKA MEXXK1 BOTHECTIMKOCTI,
IpoTe€ BOHHM HE € YHIBEpCAJIbHUMHM Ta HE JO3BOJIAIOTH INBHIKO Ta 3PYYHO OI[IHUTHU
BOTHECTIUKICTD Oy/Ib-sIKOT KOHCTPYKIIIH;
- aJanToOBaHO Ta BHUKOPUCTAHO YHCEIBHUW METOJ CKIHYEHHUX €JIEMEHTIB [IJIs
BUPIIICHHS 3aJ]1a4i HECTAI[IOHAPHOI TEIUIOMPOBITHOCTI JJI MPOBEACHHS TETUIOTEXHIYHOTO
PO3paxyHKy MOIEPEYHOT0 Mepepi3y CTaneBoi OANKH MEPEKPUTTS;
— BCTAHOBJIICHO 3aKOHOMIPHOCTI, SIKI TPU3BEIM 1O HEPIBHOMIPHOTO PO3MOALIY
TeMIIepaTypH IO BUCOTI MOMEPEYHOTO Mepepizy cTaneBoi OaJku NepeKpuTTs;
- BCTAHOBJICHO JIOCTOBIPHICTh PE3YJIbTATIB, OTPUMAHUX 32 BUKOPUCTAHHS YHCEIIHHOTO

METOAY CKIHYEHHHX €JIEMEHTIB B HOpiBHHHHi 3 CKCIICPUMCHTAJIbHHUM MCTOIOM



- BCTAHOBJICHO, IO TEIUIOTEXHIYHUH PO3pPaxyHOK CTajeBOi Oallkl TEPEKPHUTTI 3
BpaxyBaHHSIM HEJIHIMHOI 3MIHM TEIUIO(I3UYHUX XapaKTEPUCTUK MarepialiB BIIKpHUBAE
JOJAaTKOB1 PE3€pPBU HECYUOi CIIPOMOKHOCTI CTaleBUX OaJOK MpH Jii BUCOKUX TEMIIEPATYP;
- CTBOPEHO METOOJIOTII0 Ta alrOPUTM PO3PaXyHKY CTalieBUX OalloK MEpPEeKpUTTS 3
BOTHE3aXHCTOM 3 pealizailieto B mporpamaoMy komruiekci JIIPA-CAITIP.

3 Touky 3opy ¢urocodii, HAyKOBO-TEXHIUHMX PO3BUTOK JIIOJCTBA 3pPOCTAE B
reoMeTpuuHii mporpecii. HoBiTHI TeXHOMOr1l J03BOJSIOTH MPOBOJUTH TOYHI, O€3MeyHi,
3py4YHi Ta WIBHUJIKI BUIIYKYBaHHS, Kl JIO3BOJSIOTH BPaxOBYBAaTH UMCENbHI (aKTOpH Ta
KpuTepii poOOTH OyIBENbHUX KOHCTPYKIIIH, sIKI HEMOXJIMBO OyJl0 BpaxyBaTu paHiuie. [lane
JOCHIDKCHHST CHpsIMOBaHEe Ha 30UIBIICHHS KOHCTPYKTHBHOI O€3MEKH, E€KOJOTTYHOCTI,
eHeproe()eKTHUBHOCTI, 110 B CBOKO YEPry BIUIMBA€E Ha O€3IEKY JIFOACHKOT )KUTTEMISIIBHOCTI,
110 Hapasi € Jy)Ke BaKJIUBUM YHHHUKOM.

B nepuiomy po30ini npoaHaaizoBaHO Cy4YaCHHM CTaH MOXKEKHOT OE3MeKH B KpaiHi Ta
METOJIM OIIIHKK MEX1 BOTHECTIMKOCTI OymiBEeIbHUX KOHCTPYKIiH. OmmucaHo crnocobu
BOTHE3aXUCTy OymiBEIbHUX KOHCTPYKIIIH Ta HABEICHO HHU3KYy HAWOUIBII IMOIIUPEHUX
BOTHE3aXHWCHUX MarepiaiiB. [IpoaHanizoBaHO CydacHI €KCIIEpPUMEHTAIbHI, aHATITHYHI Ta
YUCEeIbHI METOJU OI[IHKM M1 BOTHECTIHKOCTI CTAJIEBUX KOHCTPYKIIIH, a caMe CTaJIeBUX
0ajloK TepeKpUTTA. EKCriepuMeHTaIbHI METOIH € HahOuThIl €()EKTUBHUMU, MPOTE HE €
YHIBEpCAJIPHUMH, a aHAJITHYHI METOJY HE BPAXOBYIOTH KIOUOBHUX KPHUTEPiiB poOOTH
TEIJIOHABAHTAXKCHUX KOHCTPYKIIK, TOMy Ha 0a3l aHATITHYHUX Ta YHCEIBHUX METOIIB
HEOoOXiMHO mOoOynyBaTH yHIBEpCAlbHY METOIMKY OIIIHKM MEX1 BOTHECTIMKOCTI
KOHCTPYKITIH.

B opyzomy po30dini neranbHO OINKMCAHO BHUPIMICHHS 3a7adi HECTaIliOHApHOI
TEIUTONPOBIAHOCTI 3a JIOMOMOTOI0 YHCEJIBHOTO METONYy CKIHYCHHHX eJeMeHTiB. B
nporpamaoMy komruiekci JIIPA-CAIIP OGyno mpoBeneHO YrCeNbHUN €KCIIEPUMEHT BILJIUBY
MOKEXK1 Ha CTajeBy OalKy MEpPeKPUTTS, Ha SKy CIHPAETHCS 3alli300€TOHHA IIIUTA
MEPEKPUTTS. bylo BHKOHAHO JBa THUNU PO3PAXYHKIB: TEIJIOTCXHIYHHWM, B SKOMY Oyio
BU3HAYEHO PO3MOAUI TEMMEPATYPHUX MOJIB B KOXHINA TOUIll mepepidy Oallku B KOXKHY
XBUJIMHY 4Yacy MOXEXK1; Ta CTaTUYHUH, B AKOMY OyJI0 MONEpPEIHbO 3HUKEHO MIIHICHI

XapaKTEPUCTUKHU MEepepi3y Ta NPYKHO-AePopMalliiftHl XapaKTepUCTUKHU CTaJIl BIAIOBIIHO /10



CepelHbOi TeMIEepaTypu B MOMNEPEYHOMY mepepizl Oanku y (IKCOBAaHMM MOMEHT 4acy.
Pe3ynbTaT TEMIOTEXHIYHOIO PO3PAaxXyHKY OyI0 MOPIBHSIHO 3 pe3yJbTaTaMH aHAJIOTT4HOIO
po3paxyHKy, sikuii Oyno mpoBeneHo B mporpamHomy kommiekci ANSYS FLUENT ta
OIMKMCAaHO B HOPMATHBHOMY JIOKYMEHTI.

B mpemvomy po30ini onvucaHo ajiropuT™M BU3HAYCHHS HETTHIMHMX BIACTHUBOCTEH
MarepiajiiB KOHCTPYKIIi Ta BOTHE3aXUCHUX OOJIMIIOBaHb. byllo MpoBeIeHO TeMIOTEXHIYHUN
PO3paxXyHOK CTajieBOi Oallki TMEepPEeKPUTTS 3 BPaxXyBaHHSIM BOTHE3aXHCHOTO Marepialy.
Pesynbrat  po3paxyHKy Oylo TOpIBHIHO 3 pe3ylbraTaMd CKCIEPHUMEHTAIBHOTO
nociipkeHHs. Pe3ynpTaTu MiATBEpAWIN JOCTOBIPHICTH METOJOJOTTYHUX TMIAXOAIB TIO
BU3HAYEHHIO TEMIIEpaTypH B Mepepizi, po3pobiieHux B auceprailii. Takox Oyino nmpoBeneHo
TEIJIOTEXHIYHI PO3paxXyHKH Mojeied cTajleBux OaJok 3 pI3HUMH BapiaHTaMu
BOTHE3aXMCHUX MatepiaiiB. BUSBICHO 3aKOHOMIPHOCTI PO3MOAUTY TeMIEparypu IO
nepepizy B 3aJIKHOCTI Bijl THITY Ta TOBIIMHHM BOTHE3aXUCHOTO Marepiany. byio nmpoBeneHo
NOPIBHSUIBHUM TETUIOTEXHIYHUN pO3paxyHOK MOJENl CTajieBOi Oajlku MEepeKpUTTs 3
BOTHE3aXHMCTOM 3 BpaxyBaHHSAM Ta 0Oe3 BpaxyBaHHS HEJIHIMHOI 3MiHH TEIIO(PI3UIHUX
BJIIACTUBOCTEH MarepianiB. BcTaHOBIIEHO, 1110 TEIUIOTEXHIYHUHN pO3paXyHOK CTAJIEBOI OaIKU
NEPEKPUTTS 3 BpaxXyBaHHSIM HEJIIHIHHOI 3MIHU TETUIO(I3UYHUX XapaKTEPUCTUK MaTepialiB
BIJIKpMBA€E JIOIATKOB1 PE3EPBH HECYUOi CIIPOMOXKHOCTI CTaJeBUX OaJOK MpH Jii BUCOKUX
TEMIIEpaTyp, MPOTe Yac po3paxyHKy BUIIE B ACCATKH Pa3iB.

B derBepTOoMy po3aigi po3pobieHO Ta MPEACTaBICHO METOMOJOTTYHUN ITIXIJT
BpaxyBaHHS HEPIBHOMIPHOTO PO3MOLITY IO BUCOTI MEpepi3y 3a TOMOMOTOI0 YIOCKOHAJICHHS
MaTeMaTUYHOI MOJEI CTaJeBOTO Mepepidy Oaaku MEPEKPUTTS YTOUHEHHSM MPUBEICHUX
KOPCTKICHUX XapaKTePUCTUK TEepepi3dy depe3 po3AUIeHHs Horo Ha AUITHKU. Takoxk Oyio
3aMpPOIIOHOBAHO METOMUKY ITEpaIliiHOTO 3HIKCHHS JKOpCTKOocTei. Jlama Metommka
JI03BOJISIE€ B OHIN 3aja4i OMiHUTH Aedopmariii KOHCTPYKIlli Ha PI3HUX YaCOBHX BiIMITKaX
nokexi. [lopiBHSHHS YHCENBHUX PE3yJAbTaTiB JOCHIDKEHHS 1 JaHUX HATypPHOTO
EKCIIEPUMEHTY J1aJ10 BUCOKE CITIBITA IIHHS.

BukonaHi 10oCTiKeHHS JO3BOIWIN CTBOPUTH YIOCKOHAJICHY YACEITbHO -aHATI THIHY
METOJIUKY PO3PAaXyHKYy CTaJeBUX KOHCTPYKIIM Ha BOTHECTIHKICTh 3 YypaxXyBaHHSIM

HEPIBHOMIPHOIO PO3MOAULY TeMIepaTyp MO KOHCTPYKI[li, BOTHE3aXUCHUX MarepiajiiB Ta
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ABSTRACT

Bashynskyi O. Creation and operation criteria for structural models of steel beams
with fire protection. — Qualifying scientific work on the rights of the manuscript.

The thesis on conferment of a scientific degree of the Doctor of philosophy on a
specialty 192 — Building and civil engineering, area of knowledge 19 — Architecture and
building. — Kyiv National University of Construction and Architecture. Ministry of
Education and Science of Ukraine, Kyiv, 2024.

The main content of the thesis.

The thesis is aimed at developing numerical methods for assessing the fire resistance
limit of steel structures by taking into account the uneven temperature distribution along the
height of the section, nonlinear changes in the thermophysical properties of materials and
fireproof coatings.

Based on the results of the analysis of national and foreign scientific sources and
regulatory documents, as well as numerous finite element and experimental studies:

- it has been found that national and foreign documents and manuals describe only
simplified analytical methods for assessing the fire resistance limit of steel structures; there
are experimental methods for assessing the fire resistance limit, but they are not universal
and do not allow for quick and convenient assessment of the fire resistance of any structure;
- the numerical finite element method was adapted and used to solve the problem of
nonstationary heat conduction for the thermotechnical analysis of the cross-section of a steel
floor beam;

— patterns that led to an uneven temperature distribution along the height of the cross-
section of a steel floor beam were established;

— the reliability of the results obtained by using the numerical finite element method in
comparison with the experimental method was established;

— it was found that the thermotechnical analysis of a steel floor beam, taking into
account the nonlinear change in the thermal and physical characteristics of materials, opens

up additional reserves of the bearing capacity of steel beams at high temperatures;



— a methodology and algorithm for steel floor beams with fire protection analysis with
implementation in the LIRA-FEM software was created.

From the point of view of philosophy, the scientific and technological development
of mankind is growing exponentially. The latest technologies allow for accurate, safe,
convenient and fast surveys that allow for the consideration of numerous factors and criteria
for the operation of building structures that could not be taken into account before. This
research is aimed at increasing structural safety, environmental friendliness, and energy
efficiency, which in turn affects the safety of human life, which is currently a very important
factor.

In the first section, the current state of fire safety in the country and methods for
assessing the fire resistance limit of building structures were analyzed. The methods of fire
protection of building structures were described and a number of the most common fire
protection materials were presented. Modern experimental, analytical and numerical
methods for assessing the fire resistance limit of steel structures, namely steel floor beams,
were analyzed. Experimental methods are the most effective, but not universal, and
analytical methods do not take into account the key criteria for the operation of heat-loaded
structures, so it is necessary to build a universal method for assessing the fire resistance limit
of structures on the basis of analytical and numerical methods.

In the second section the solution of the problem of nonstationary thermal
conductivity using the numerical finite element method was described in detail. A numerical
experiment of the effect of a fire on a steel floor beam on which a reinforced concrete floor
slab rests was carried out in the LIRA-FEM software. Two types of analyses were
performed: thermotechnical, in which the distribution of temperature fields at each point of
the beam cross-section at each minute of the fire was determined; and static, in which the
strength characteristics of the cross-section and the elastic-deformation characteristics of
steel were preliminarily reduced according to the average temperature in the beam cross-
section at a fixed time. The results of the thermotechnical analysis were compared with the
results of a similar analysis performed in the ANSYS FLUENT software and described in

the regulatory document.



In the third section the algorithm for determining the nonlinear properties of
structural materials and fireproof coatings was described. A thermotechnical analysis of the
steel floor beam was performed with consideration of the fire protection material. The
analysis results were compared with the results of the experimental research. The results
confirmed the reliability of the methodological approaches to determining the cross-
sectional temperature developed in this thesis. Thermotechnical analyses of steel beam
models with different variants of fire protection materials were also carried out. The
regularities of temperature distribution across the cross-section depending on the type and
thickness of the fireproofing material were revealed. A comparative thermotechnical
calculation of the model of a steel floor beam with fire protection was carried out, taking
into account and without taking into account the nonlinear change in the thermophysical
properties of materials. It has been established that the thermotechnical analysis of a steel
floor beam with consideration of nonlinear changes in the thermophysical characteristics of
materials opens up additional reserves of the bearing capacity of steel beams under high
temperatures, but the time of analysis is ten times higher.

In the fourth section a methodological approach is developed and presented to take
into account the uneven distribution along the height of the section by improving the
mathematical model of the steel section of a floor beam by refining the reduced stiffness
characteristics of the section by dividing it into sections. A method of iterative stiffness
reduction was also proposed. This technique makes it possible to estimate the deformations
of the structure at different time points of the fire in one problem. Comparison of the
numerical results of the study and the data of the full-scale experiment gave a high
coincidence.

The research made it possible to create an improved numerical and analytical
methodology for calculating steel structures for fire resistance, taking into account the
uneven temperature distribution across the structure, fire protection materials, and nonlinear
changes in the thermal and physical properties of materials. This methodology has been
successfully applied to real-world calculations.

Key words: fire resistance, nonstationary thermal conductivity, numerical modeling,
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