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@ecyn 1. K. CKiHUEHHO-EJIEMEHTHE MOJICTIOBAaHHS IMPOLIECY MPOTrPeECyrvoro
oOBaJieHHs OymiBEJb 1 CIIOPY/T B TPOCTOPOBO-HEMiHINHINA MocTaHOBIN. — KBamidikariiina
HAyKOBa Ipalls Ha MpaBax PyKOMUCY.

Juceprartist Ha 3M00YTTS HAYKOBOTO CTYIICHS TOKTOpa (histocodii 3a CeriaabHICTIO
192 ByniBHMNTBO Ta IUBUIbHA 1HXKEHEpis. — KWiBChKHI HaIllOHATHHUN yHIBEPCUTET
OyJIIBHUIITBA 1 apXITEKTypH, MiHICTEpCTBO OCBITH 1 Hayku Ykpainu, Kuis, 2026.

CydacHi yMOBH 3a0e3MeueHHs KUBYUOCT1 OyiBeNb 1 CIIOPYA XapaKTepU3yIOThCs
HOBUMH BUKIJIMKAMH, 10 3yMOBJICHI 3pOCTaHHSM PU3UKIB BUHHUKHEHHS HaJA3BUYAWHUX
CUTyallli BOEHHOTO Ta TEXHOIEHHOIo XxapakTepy. OcoOiauBYy 3arpo3y CTaHOBIATH
JIOKaJIbHI pyHHYBaHHS HECYUMX €JIEMEHTIB BHACIIIOK BUOYXOBUX a00 yJapHUX BIUIUBIB,
III0 MOXKYTb IMPHU3BECTHU JI0 MPOTPECyrouoro oOBajieHHs OyiiBenb 1 cropya. Bumamgku
MPOTpecyrouoro ooBajeHHs OyaiBeNb 1 CHOPY 3 BEIMYE3HOI KUIBKICTIO JIHOJCHKUX 1
MaTepialbHUX BTPAT 3a()iKCOBaHI MO BCbOMY CBITY, a 3 IOYATKOM MOBHOMACIITa0OHOTO
BTOPTHEHHA B YKpaiHi siBuie HaOylo MacoBOro xapakrepy. llouaTkoBi JoKajabH1
MOIIKO/KEHHSI 3HAYHOI YacTHMHM OyJiBedb 1 CHOPYA CHPUYMHUIM iXHE TIOBHE
pYWHYBaHHS 32 IPUHITUIIOM JIAHIIFOTOBO1 PEaKITi.

Ichytoul migxoau 1oA0 3a0e3MmeueHHs CTIMKOCTI 0 MPOrpecyrouoro oOBajIeHHS,
30KpeMa Ti, 10 3aKJIaJeHl B YAHHUX HOPMATHUBHUX JOKYMEHTax, 4acTo 0a3yloTbCs Ha
CIPOIIEHUX TPUIYIICHHSIX, SKI HE TOBHOIO MIpOI0 BiJOOpaXarOTh CKIATHY (I3UKY
nporiecy. Ile cTBoproe MmMpoTupiyusi MiK TEOPETUYHHUMH MPOTHO3aMH Ta (PAKTUUHOIO
AKHUBYUICTIO Oy/11BEJIb Ta CIIOPYI.

MeTo10 10CTiAKEHHS € YIOCKOHAICHHS HA OCHOBI METO/ly CKIHUEHHHX €JIEMEHTIB
METOJMK PO3PAXyHKY Ha CTIHKICTh JI0 MPOTPECYIOYOro 0OBajeHHs OyiBENb 1 CHOPY/I.
HaykoBa HOBM3HA MOJSIrae y CTBOPEHHI HAa OCHOBI METOJY CKIHUCHHUX E€JIEMEHTIB
e(eKTUBHOI METOJMKHM YMCEIBLHOTO MojemoBanHs npouecy 1O Oyxaisens 1 cnopya 13
ypaxyBaHHSAM NPUYMHM, 10 MNpU3BETa 10 PYHHYIOUOi Mojii (aBapiiiHOro BIUIMBY).
IIpakTH4YHAa 3HAYMMICTBH TIOJIATAE B YAOCKOHAJIEHHI METOJOJIOTII YHCEIbHOTO
po3paxyHKy Ha cTidkictb g0 IIO OyaiBenb 1 crmopya. 3ampoOIlOHOBaHI IMiJIXOAH

JO3BOJISIIOTH  BIATBOPUTH PO3PAXyHKOBI CXEMH, III0 MaKCHMaJIbHO BIAMOBITAIOTH



pealbHUM CIIEHapisiM aBapiiHUX BIUIMBIB. Pe3ynbTaTh AOCHIKEHHS MOXYTh OYyTH
BUKOPHUCTAHI ITiJl 4aC MPOEKTYBAaHHS, BAKOHAHHS TEXHIYHOTO 00CTEKEHHS, pO3pOOKH Ta
aKTyasizamii Oy/1iBeTbHUX HOPMAaTUBHUX TOKYMEHTIB.

Y nepumomMy po3aiii npeacTaBieHO pe3ybTaTH KOMIUIEKCHOTO aHai3dy 00JacTi
JOCTIPKEHHSI TIPOTPECyoyoro oOOBajeHHA. PoO3riasHyTO pe3yiapTaTH JOCHIIKEHb
3a0e3MeYeHHs] KUBYUOCT1 Oy/IBeNbHUX 00 €KTIB MiJ Yac MPOrpecyrvoro oOBajeHHS,
B TOMY YHCJII OTJISI]] CBITOBUX BHIIAJIKIB IPOTPECYIOUOTr0 OOBAJICHHS, 11O BITOOpaKeHI
y mpamsgx Takux HaykoBmiB: Y. Crapocceka, b. Emmiarsyna, JI. Amama, JI. Kapennn,
I. Paccena, H. Enxani, I'. JIi, A. Ilepensmytepa, C. ®ianka, B. [lepmiakosa, M. bapa6ar
Ta 1HIIUX.

OcoOnuBy yBary B pO3AUIT TPUAUICHO KPUTUYHOMY aHaji3y JAep:KaBHOI Ta
3aKOpJIOHHUX HOpMaTUBHUX 0a3. [IopiBHAHO BUMOTH 100 3a0€3MeUeHHs CTIHKOCTI 110
MPOTPECyI0UOro OOBaJICHHS, 30KpeMa: MiHIMaJIbHI HEOOX1IHI XapaKTepUCTUKU Oy I1BEIIb
Ha CTafll IPOEKTYBaHHS, IPUUHATI MIAXOAN 10 3MEHIIECHHS BIPOT1HOCTI BUHMKHEHHS
I[bOTO SIBUIIIA, OCHOBHI KpUTEPii BU3HAYEHHS MPOTPECYIOYOro OOBaJICHHS, MapaMeTpu
MOJICJIFOBaHHS 32 METOJOM PANTOBOr0 BUAAICHHS HECYUYOi KOHCTPYKIIII.

B pesynbTaTi KOMILIEKCHOTO aHamizy chopMOBaHO MPOOJIEMATUKY CY4acCHHUX
MIXO0/1B 0 3a0€3MeUeHHS CTINKOCTI A0 MPOrpecyrovyoro oOBajIeHHs, 30Kpema:

- TMNPUHUMII HE3AJEKHOCTI BiJA TUIY 3arpo3d TPAJULIMHOTO YHUCEIHbHOTO
MOJICJIFOBAHHSI MPOTPECYI0YOr0 0OOBAJICHHS HE TOBHOIO MipOI0 BiToOpaXkae peasbHi
ClieHapli 0OBaJICHHS;

- PEKOMEHJIOBaH1 MapaMeTpy MOICIIIOBAHHS MPOTPECy0U0ro 0OBAIICHHS HE IIOBHOIO
MIpOIO CITIBITaJIAFOTh 13 TAHUMHU CTATHCTHYHOI 0OPOOKH CBITOBUX BHUIIAJIKIB;

- MporajuHu B 3a0e3neYeHHI HOPMATUBHUX 0a3, y TOMY YMCII YKpaiHW, LI0A0
pPO3paxyHKIB Ha CTIWKICTh JO MPOTPECYIOUOro OOBAJICHHS, MO0 MOPOIKYE
PI3HOMaHITHICTh BUXIJIHUX JAHUX 1 BIAMOBIAHO pe3yJIbTATIB.

Y apyromy po3aijii BUKJIQJIEHO METOAOJOTIYHI 3acay MPOBEACHHS YHCEIIbHUX
PO3paxyHKIB Ha CTIUKICTH JI0 IPOTPECYI0UOT0 0OBaJIEHHS Ha OCHOBI METO/Ty CKIHYEHHHX
€JIEMEHTIB 13 MPUMYIICHHIMHU (PI3UYHOT Ta TEOMETPUYHOI HeJiHIMHOCTeH. Po3risHyTo

MOJiedl JAMHAMIYHOTO 3MILHEHHS MaTepialiB, LI0 TPYHTYIOThCS Ha MPUITYIICHHI:
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3pOCTaHHSl MIBUAKOCTI JAe(POpPMYBaHHS MPU3BOAUTH MIJABUIIEHHS MEXaHIYHUX
XapaKTePUCTUK.

3anponoHOBaHO PO3MIMPEHHS TPAAMIIMHOTO MiIXOAy BHU3HAYEHHS CTIMKOCTI 10
MPOrPECYIOUOro OOBAJICHHS 32 PaXyHOK PO3IJIALy OUIbII CKIAAHUX Ta PEaliCTUUHUX
CIIeHapiiB TOIIKOKeHb. Brepiie mpencTaBleHO MiAXiJ MOJCITIOBAHHS PanTOBOTO
BUJAJICHHS KOHCTPYKI[M 13 BpaxyBaHHSM pyHHYBaHb Ta TMOLIKO/KEHb CYMIXKHHX
KOHCTPYKIIH, 10 3‘SIBUJIMCH MICs aBapiiHoro BmuuBy. Lle mo3Bosisie He po3risgaTu
0e3mocepelHbO MPUYHMHY aBapiMHOTO BIUIMBY, a C(OKyCyBaTHCA Ha HACHIKaX LbOTO
BIUTMBY, a caMe — Ha (paKTi pyHHYBaHHS OJJHOTO Ta/ab0 JEKUIbKOX KOHCTPYKIIii Ta/abo
HOIIKO)KEHHSAM CyMIKHUX KOHCTPYKIIIH.

Y TperboMy PO3aiji NpE/CTaBICHO Pe3yJIbTaTH MAPaMETPUUHOTO JOCIIIKEHHS
YHCEIbHOTO MOJIETIOBAHHS IPOLECY NPOrpecyrodoro oOBajeHHs. 3a MEpIIUM €TarnoM
BUKOHAHO TMOIIYK ONTUMAaJIbHUX MapaMeTpiB TPAAHUIIIIHOTO YUCETHLHOTO MOJCTIOBAHHS
OpoIecy  MPOTPECYIOUOTO OOBaNeHHS  MUIAXOM CHIBCTaBJICHHA  JAaHHUX
EKCIIEPUMEHTAJIbHUX  JIOCH/DKEHb Ta PI3HOMAHITHUX ITEpaIliiHuX pe3yJbTaTiB
yucenbHOro MozentoBanud. Jlo Bepudikaiii oopaHo 3 TMHAMIYHUX €KCIIEPUMEHTAITBHUX
JTOCITIKCHHSI TIPOTPECyroUoro OOBaJICHHsI, ONMHUCAHUX Yy HAWIIMTOBAHIIINX TEXHIYHUX
XKypHalax cBiTy: TectoBa 3aaada Nel — 3amizo0eroHHa rumMTa Ha 6 omopax, TeCTOBa
3aaya Ne2 — nmoBHOMacIITaOHUI 2-MOBEPXOBUA 3ai11300€TOHHUI Kapkac Ha 9 omnopax,
TecToBa 3aaaya Ne3 — cepis 13 TppOX 2-MOBEPXOBHUX cTaneBuXx pam. KoxkHa 3 Tphox
o0OpaHUX TECTOBMX 3a7a4 BIIPI3HAETHCA MK COO0I0 HE JIUIIE MaTepianoM (3a11300€ToH,
CTaJIb), KOHCTPYKTHUBHOIO CXEMOI0, TIOCTAaHOBKOIO 3ajadi (IJIOCKAa YHM MPOCTOPOBA) Ta
MICIIEM BUJAJICHHS ONOpH, ajie i, 110 KJIIOUOBE, HABHICTIO Y BUXITHUX JAHUX MEBHHUX
napameTpiB, 110 € BHU3HAYAJILHUMM MiJ 4ac HeJiHIdHOro anamizy. Lle mno3Bommiio
choKyCyBaTH JOCHIPKEHHS Ha pPI3HUX acleKTax MOJENIOBaHHSA. 3a pe3ysibTaTaMu
TIOIITYKY BCTAHOBJICHO, II[O:

- [pU TPAAULIMHOMY MOJENIOBaHHI NPOrpecyrouoro oOBaJIeHHS HaOUIbII
ONTUMAJILHUM € JWHAMIYHUM METOJ panTOBOTO BHIAJNEHHS KOHCTPYKIH 13

ypaxyBaHHsM JaemrdyBaHHs 110 Pesnero Ta TMHaAMIYHOTO 3MIIIHEHHS MaTepialliB;



- 3a0e3ne4yeHHs] MEXaHIYHOro OIMOpy Ta CTIMKOCTI, BU3HAUYE€HE PO3PaXyHKOM IpHU
yCTaJIeHI pO3paxyHKOBIM cHUTyallli, € BHU3HAYAJIBHOIO YMOBOIO [IJISl OLIIHKHU
CTIHKOCTI IO IPOTPECYIOYOT0 OOBATICHHS;

- 3alponoHOBaHa (CTEP>KHEBO-000JIOHKOBA) MOJIEIIb, B sIKiii 00OJIOHKOBI CKIHUCHHI
€JIEMEHTH 3aCTOCOBYIOTHCS JIUIIE y 30HAX, € OUIKY€ETHCS PO3BUTOK MJIACTUYHUX
nedopmariiii Ta MOXJIMBA BTpaTa MICIIEBOI CTIHKOCTI, BUABWIACH €()EKTHBHUM
THCTPYMEHTOM JIJIsl PAKTUYHUX PO3PaXyHKiB, 3a0€3Meuytour BUCOKY TOUHICTh Ta
CKOpPOUYYIOUH 00UHCIIOBATIbHI PECYpCH;

- HACTaHOBHU IOAO PO3pPaxyHKIB (KBa3iCTATUUYHUN METOJ, AUHAMIYHE 3MIITHECHHS
MaTepiaiiB, TpaHUyHI JedopMallii), periaMeHTOBaHI YUHHUMU HOPMATUBHUMHU
JOKYMEHTaMH, HE Jajd NPUUHATHUX PE3yNbTaTiB JJIA OLIHKH CTIMKOCTI [0
IPOrpecyrovoro oOBaJeHHs.

3a IpyruM eTaroM BUKOHAHO MOJICTIOBAHHS MPOrPecy0vdoro 0OBaJeHHs TECTOBUX
3a/lady 13 BpaxyBaHHSAM IONIKO/)KEHb CYMDKHHMX KOHCTPYKLIH, A€ MIATBEPAKEHO
HEOOXITHICTh BpaxyBaHHS He Juile (aKTy OAMHOYHOTO BUJAJICHHS €JIeMEeHTa, ajie i
CTaHy MOIIKOKEHHS CYMI)KHUX KOHCTPYKIIii.

Brnepiie mnpeactaBieHO YIOCKOHAJI€HY METOJIMKY JUHAMIYHOTO PO3pPaxyHKY
OyJliBeNb 1 CIIOPY/1 Ha CTIUKICTh JIO MPOrPecyrodyoro oOBajieHHs. MeToanka 6a3yeTbes Ha
JUHAMIYHOMY MeTO1 (IIpsIME IHTErPYBAaHHS PIBHSIHB PyXY 3a YaCOM) Ta CKJIAJAEThCS 3
IIECTH MOCIIJOBHUX €TaIliB.

Y deTBepTOMY PO3iJii NPEICTABICHO PE3yJIbTaTH anpoOallii CTBOPEHOT METOAUKH
PO3paxyHKy Ha CTIMKICTh JI0 IPOTPECYIOUOTO 0OBAJICHHS 13 YpaxXyBaHHSIM MPUYHHHU, 1110
npu3Beia 0 PyHHYIOYOi MoAil (aBapiifHOTO BIUIMBY) Ha MPUKIAAl peaabHOro 00’€KTa,
110 3a3HAaB JIOKAJIbHUX PYWHYBaHb BHACIIAOK aBapiiiHOro BIUIMBY. JlochimkeHHs: Oyio
CIIpsIMOBaHE Ha MOPIBHAJIBHUN aHAI3 PE3yJIbTaTiB MOJCIIOBAHHS 332 BUMOTaMU HOPM,
pe3yabTaTiB MOJIETIOBAHHS PO3POOIEHOI METOIUKHU Ta (PAKTUYHOTO CTaHy KOHCTPYKIIN
TicJis aBapii.

Pe3ynbTati HOPMATHBHOTO MOJENIOBAaHHS OJHO3HAYHO BKa3ylOThb Ha HEMHUHYYE
OOBaJICHHA AUISHKHU MOKPUTTS yepe3 pyiHyBaHHs 00JITOBUX 3’€qHaHb. KBazicTraTuunuii

aHaJli3 BUSIBUB IEPEBUILEHHS 3YCWJb HAJl TPAaHUYHMM OMOPOM Y By3Jax y 2.2 pasu,
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a HeMHIMHUN TuHaMiyHUN aHam3 — y 3.3 pasu. OpHak, oOCTeXEeHHS OyIiBIl MICHs
BayuyaHHs briJIA moxka3zano, mo oOBaneHHs He B1A0YJIOCs, TONPH BUAAJIEHHS YaCTUHU
Oanku. Taka po3ODKHICTP MK PO3paXyHKOM Ta (DaKTMYHUM CTAHOM KOHCTPYKIIIH
JEMOHCTPY€E HEAOCTaTHICTh METOJY «YHCTOrO OJAMHOYHOIO BHJIAQJIECHHS» E€JIEMEHTIB.
Le miaTBepaXy€e HEOOXITHICTH BpaXyBaHHS peasibHOT MPUYUHHU aBapiiHOTO BILTUBY Ta
MOIIKO/)KEHb CYMDKHUX KOHCTPYKIIiM, IO 03BOJIUTh MAaKCHMajbHO HAOIM3UTU
YHCEJIbHY MOJEIb 10 PeajbHOI CUTYaLII.

Ha 06°exTi BHUOYXOBOIO XBUJICIO MMOBHICTIO 3pYHHOBAHO O1JIbIIIE TOJIOBUHU MTOKPIiBII
KyTOBOi 30HM Ta BEChb KOHTYp CTIHOBHUX CEHJIBIU-IIAHEJNEH y MeKax KyTOBOI 30HH.
Taka 3MiHa (I3MYHOTO CTaHy CEpHO3HO KOPHUI'YE PO3PaXyHKOBY MOJENb: pPyHHYBaHHS
OrOpOKYBAJIbHUX KOHCTPYKI1H MUTTEBO JIIKB1IOBY€ HABaHTAXXEHHS, 10 MEePEaaBajocs
BIl HMX Ha CTaJeBUM Kapkac. BpaxyBaHHS (QakTopy pO3BaHTa)XEHHS BHACIIIOK
pYHHYBaHHS OTOPO/UKYBAJIBHUX KOHCTPYKIIM BHOYXOBOIO XBHJICIO TPHU3BEIO [0
KapAWHAIbHOI 3MIHM JUHAMIYHOI BIJNOBIJI CUCTEMH, MOPIBHAHO 3 HOPMATHBHUM
creHapiem. OTpuMaHi pe3yibTaTH HENIHIMHOTO JUHAMIYHOTO aHalli3y CBIAYaTh MPO
CYTT€BE 3HM)KEHHSI aMILTITy 11 KOJMBaHb Ta BHYTPIIIHIX 3yCHIb Y KPUTUYHUX MIEpepi3ax.
Po3paxyHok By3na, BUKOHAHWM Ha JIIF0 OHOBJICHUX BHYTPIIIHIX 3yCHJb, MIATBEPAUB
30€pEeKEHHS IIUTICHOCTI 3’ €/THAHHS.

Y 3araJbHMX BHCHOBKAX IIPE/ICTABICHO OCHOBHI Pe3yJbTaTH, OTPUMaHI Mij 4ac
JTUCEPTAIITHOTO  JoCiKeHHsI. Po0oTa BiAKpUBa€e TMEPCIEKTUBU JJIsi TOJAJIBIINX
JOCIIKEHB y 00J1aCTl MPOTPEeCyr0voro 00OBaIeHHS.

KarwouoBi cioBa: mporpecyroue oOOBaJieHHS, CTIHKICTh, METOJ CKIHYCHHHX
CJICMEHTIB, MOJICIIIOBaHHS, HEIIHIMHICTh, PanTOBE BHIAICHHS, JUHAMIYHHN METOJ,

KBa31CTaTUYHUNA METO/I, aBapitHUH BIUIUB, MOIIKO/KCHHS, DYHHYBaHHS.



ABSTRACT

Fesun, I. K. Finite-element modeling of the progressive collapse of buildings and
structures in a spatially nonlinear formulation. — Qualifying scientific thesis in manuscript
form.

Dissertation for the degree of Doctor of Philosophy in the specialty 192 Construction
and Civil Engineering. — Kyiv National University of Construction and Architecture,
Ministry of Education and Science of Ukraine, Kyiv, 2026.

Modern conditions for ensuring the survivability of buildings and structures are
characterized by new challenges caused by the growing risks of military and technogenic
emergencies. Localized destruction of load-bearing elements due to explosive or impact
forces poses a particular threat, as it can lead to the progressive collapse of buildings and
structures. Cases of progressive collapse of buildings and structures resulting in massive
human and material losses have been recorded worldwide, and with the onset of a full-
scale invasion of Ukraine, this phenomenon has become widespread. Initial localized
damage to a significant portion of buildings and structures led to their complete collapse
through a chain reaction.

Existing approaches to ensuring resistance to progressive collapse, particularly those
laid out in current regulatory documents, are often based on simplified assumptions that
do not fully reflect the complex physics of the process. This creates a discrepancy between
theoretical predictions and the actual survivability of buildings and structures.

The aim of the study is to improve, based on the finite element method,
the calculation methods for resistance to progressive collapse of buildings and structures.
The scientific novelty consists in the creation, based on the finite element method, of
an effective methodology for numerical modeling of the progressive collapse of buildings
and structures, taking into account the cause that led to the destructive event (emergency
impact). The practical significance consists in the improvement of the methodology for
numerical calculation of the resistance to progressive collapse of buildings and structures.
The proposed approaches allow for the creation of calculation schemes that most closely
correspond to real-world scenarios of accidental impacts. The research results can be used

during design, technical inspection, and the development and updating of building codes.
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The first chapter presents the results of a comprehensive analysis of the research
area of progressive collapse. The results of studies on ensuring the survivability of
building structures during progressive collapse are reviewed, including a review of global
cases of progressive collapse documented in the works of the following researchers:
U. Starossek, B. Ellingwood, J. Adam, G. Caredda, J. Russell, N. Elkady, G. Li,
A. Perelmuter, S. Fialko, V. Pershakov, M. Barabash, and others.

Particular attention in this chapter is devoted to a critical analysis of domestic and
foreign regulatory standards. The requirements for ensuring resistance to progressive
collapse are compared, specifically: the minimum necessary characteristics of buildings
at the design stage, accepted approaches to reducing the probability of this event, the main
criteria for determining progressive collapse, and modeling parameters using the sudden
removal of load-bearing structures method.

As a result of a comprehensive analysis, the issues surrounding modern approaches
to ensuring resistance to progressive collapse have been identified, specifically:

- the principle of independence from the type of threat in traditional numerical
modeling of progressive collapse does not fully reflect real-world collapse
scenarios;

- the recommended modeling parameters for progressive collapse do not fully
correspond to the statistical data from global cases;

- gaps in regulatory standards, including those in Ukraine, regarding calculations for
resistance to progressive collapse, which leads to a variety of input data and,
consequently, results.

The second chapter presents the methodological foundations for performing
numerical calculations of resistance to progressive collapse based on the finite element
method, incorporating assumptions of physical and geometric nonlinearities. Models of
dynamic strengthening of materials are considered, based on the assumption that
an increase in strain rate leads to an improvement in mechanical properties.

An extension of the traditional approach to determining resistance to progressive
collapse 1s proposed by considering more complex and realistic damage scenarios.

For the first time, an approach to modeling the sudden removal of structures is presented,

7



taking into account the destruction and damage to adjacent structures that occurred after
the emergency impact. This allows one to focus not directly on the cause of the accidental
impact, but on the consequences of this impact, namely the fact of the failure of one and/or
several structures and/or the damage to adjacent structures.

The third chapter presents the results of a parametric study of numerical modeling
of the progressive collapse process. In the first stage, a search was conducted for
the optimal parameters of traditional numerical modeling of the progressive collapse
process by comparing data from experimental studies with various iterative results of
numerical modeling. Three dynamic experimental studies of progressive collapse,
described in the world’s most cited technical journals, were selected for verification: test
case No. 1 —areinforced concrete slab on 6 supports, test case No. 2 — a full-scale 2-story
reinforced concrete frame on 9 supports, test case No. 3 — a series of three 2-story steel
frames. Each of the three selected test cases differs not only in material (reinforced
concrete, steel), structural configuration, problem formulation (planar or spatial), and
the location of support removal, but also, crucially, in the presence of certain parameters
in the input data that are critical during nonlinear analysis. This allowed the research to
focus on various aspects of modeling. The results of the study established that:

- 1n traditional modeling of progressive collapse, the most optimal method is
the dynamic method of sudden removal of structures, taking into account Rayleigh
damping and dynamic strengthening of materials;

- ensuring mechanical resistance and stability, determined by calculation under
a steady-state design condition, is a decisive condition for assessing resistance to
progressive collapse;

- the proposed (rod-shell) model, in which shell finite elements are applied only
in zones where plastic deformations are expected to develop and local stability may
be lost, has proven to be an effective tool for practical calculations, ensuring high
accuracy and reducing computational resources;

- calculation guidelines (quasi-static method, dynamic material strengthening, limit
deformations), as regulated by current standards, did not yield acceptable results

for assessing resistance to progressive collapse.
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In the second stage, modeling of progressive collapse for test cases was performed,
taking into account damage to adjacent structures, which confirmed the need to account
not only for the removal of a single element but also for the damage state of adjacent
structures.

An improved methodology for the dynamic calculation of buildings and structures
for resistance to progressive collapse is presented for the first time. The methodology is
based on the dynamic method (direct integration of the equations of motion over time)
and consists of six sequential stages.

The fourth chapter presents the results of testing the developed method for
calculating resistance to progressive collapse, taking into account the cause that led to
the destructive event (emergency impact), using the example of a real structure that
suffered local damage as a result of an emergency impact. The study was aimed
at a comparative analysis of the results of modeling according to code requirements,
the results of modeling using the developed methodology, and the actual condition of
the structures after the accident.

The results of code-based modeling clearly indicate the inevitable collapse of
a section of the roof due to the failure of bolted connections. Quasi-static analysis
revealed that the forces exceeded the ultimate resistance at the joints by a factor of 2.2,
while nonlinear dynamic analysis showed a factor of 3.3. However, an inspection of
the building after the UAV strike revealed that no collapse occurred, despite the removal
of part of the beam. This discrepancy between the calculation and the actual condition of
the structures demonstrates the inadequacy of the “pure single-element removal” method.
This confirms the need to account for the actual cause of the impact and damage to
adjacent structures, which will allow the numerical model to be brought as close as
possible to the real situation.

At the site, the blast wave completely destroyed more than half of the roof in
the corner area and the entire perimeter of the wall sandwich panels within the corner
area. Such a change in the physical state significantly alters the computational model:
the destruction of the building envelope structures instantly eliminates the load that was

transferred from them to the steel frame. Accounting for the unloading factor resulting
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from the destruction of the building envelope by the blast wave led to a radical change in
the system’s dynamic response compared to the standard scenario. The results of
the nonlinear dynamic analysis indicate a significant reduction in the amplitude of
vibrations and internal forces in critical cross-sections. The calculation of the joint,
performed under the action of the updated internal forces, confirmed the preservation of
the joint’s integrity.

The general conclusions present the main results obtained during the dissertation
research. The work opens up prospects for further research in the field of progressive
collapse.

Keywords: progressive collapse, stability, finite element method, modeling,
nonlinearity, sudden removal, dynamic method, quasi-static method, emergency impact,

damage, failure.
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CIIUCOK NMYBJIKAIIN 3/IOBYBAYA 3A TEMOIO IUCEPTAIIII

Cmammi Y HAYKOBOMY GMaCZHHi, GKIIIOYEHOMY 00 nepeiKy HayKkosux édXO@MX

suoanb kame2opil « Ay, ake yumyemocs vy pedhepamueniu baszi Web of Science

1. BaGimeBuu M. O., ®ecyn I. K. Iligxomu miomo 3a0e3neueHHS CTIMKOCTI 10
porpecyrodoro ooBaieHHs OyaiBens Ta ciopya. CydacHUi CTaH Ta MEPCIEKTUBH.
Onip mamepianie i meopis cnopyo. 2023. Ne 110. C. 256-263. URL:
https://doi.org/10.32347/2410-2547.2023.110.256-263.

Ocobucmo 3000y8auem BUKOHAHO 02150 NPULHAMUX NIOX00I8 U000 3abe3neyeHHts
cmitikocmi 00 npozpecyrio2o 0bsanenHs 0ydieensb i cnopyo y ceimi ma 6 Ykpaiti,
30Kpema NpuodieHo Y8acy HOPMAMUBHO20 3a0e3neyeHHs Wo0o CMIKocmi 00
npoepecyrouozo oveanenns (Web of Science).

2. JlocnimKkeHHS Mporpecyroyoro 0OBaJICHHsI CTAJIEBUX KOHCTPYKIIHM 13 ypaxyBaHHSIM
¢b13uynoi HeniHikHOCT / M. O. Babimesuu Ta 1. Onip mamepianis i meopisi cnopyo.

2024. Ne 113. C. 81-88. URL: https://doi.org/10.32347/2410-2547.2024.113.81-88.

Ocobucmo 30006ysauem KOMNIEKCHO NPOAHALIZ08AHO NPOOIEMAMUK) OOCAIONCEHHS
A6UWA NPOSPECYIoU020 008ANICHHS, BUSHAYEHO CYYACHUL eman O0CAiONCeHHS,
BUSHAYEHO KAHY08I NUMAHHA Ni0 4Yac MOOEN8AHHA PANnmo8o20 BUOAEeHHS.
KOHCMPYKYIl, HA8e0eHO pe3yibmamu 00CIONHCEHHS panmoeo2o 0068aNIeHHs CMAle8UX
KOHCMPYKYill 6e3 ypaxyeawHs ma 3 ypaxysanuam @izuunoi Heniniinocmi (Web of

Science).
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Cmammi Y HAYKOBOMY GuaaHHi, GKIIIOYEHOMY 00 nepesiKy HayKkosux d)CDCOGMX

8UOAHbL kKame2opil « by

3. BaGimeBuu M. O., ®@ecyn 1. K. [Ipo oOcTexxeHHs 1HAMBIAYaJIbHUX >KUTIOBUX
OyIMHKIB, 10 OyJIM TIOIIKO/PKEHI Ta 3pyWHOBaHI BHACHIIOK OOHMOBHX JIii.
Ynpaeninnsa poszeumxom cxknaouwux cucmem. 2023. No 53. C. 127-134. URL:
https://doi.org/10.32347/2412-9933.2023.53.127-134.

Ocobucmo 3000ys8auem HA OCHOBI OAHUX MEXHIUHUX oOcmedceHb 0yoigenb, Wo
3A3HANU NOWKOOJCEHb ab0 Oyau 3PYUHOBAHI BHACNIOOK OOUOBUX Oil, BUKOHAHA
KOMNJIEKCHA OYIHKA MEXHIYHO20 CIMAHY HeCyYux KOHCMpYKYil ma 0yoiseisb 6 Yiiomy,
NPUYUHU NOUKOONCEHb, PEKOMEHOAYTU U000 NOOANIbULO20 BIOHOBIEHHSL.

4. Fesun L. K., Vabishchevich M. O., Lukashevych D. Y. Analysis of foreign experience
in research cases of progressive collapse of buildings and structures. Modern
construction and  architecture. 2024. No. 10. P. 45-53. URL:
https://doi.org/10.31650/2786-6696-2024-10-45-53

Ocobucmo 3000y8auem BUKOHAHO AHANI3 ABUWA NPOSPECYIOU020 008aneHHs Oyoiseb
[ cnopyo Ha 0CHOBI 00CBI0Y 3aKOPOOHHUX BUSHAYHUX 6UNAOKIB. B pe3ynomami ananizy
PO32IAHYmMO:  NpuduHu  IHiyiayii  npozspecyiouoco  008aleHHs,  CMYNIHb
HenponopyitiHOCmi npocpecyroioco 008alleHHs, 8UOU NpPocpecyou020 008ajleHHs,
KOHCMPYKMUBHI 0COOIUBOCMI 8UNAOKIB NPOSPECYIOU020 008ATICHHS.

5. ®ecyn 1. K. JlocmikeHHs CBITOBOTO JOCBiAY 13 3a0€3Me4YeHHs] HOPMATUBHOI 06a3u
JUISL PO3PaxyHKIB CTIMKOCTI OyJiBellb 10 MPOTPECYroHOoro OOBaJeHHS. 30ipHUK
Haykosux  mnpayo  YVxp/[V3T. 2024. Ne 210. C. 102-110. URL:
https://doi.org/10.18664/1994-7852.210.2024.320888.

6. ®ecyn [, Komampuyk A., JlitHapoBuu €. TIOpiBHSHHS KOHCTPYKTHUBHHUX
0COOJIMBOCTEH 3arTHOJIEHUX Ta HE3aTIMOJICHUX CIIOPY/T MOIBIMHOTO PU3HAYCHHS Ha
OCHOBI JIOCBiy npoekTyBaHHs. Ocrosu ma gynoamenmu. 2025. Ne 50. C. 308-315.
URL.: https://doi.org/10.32347/0475-1132.50.2025.308-315.

Ocobucmo 30006ysauem BUKOHAHO KOMNJIEKCHUU aHANi3 00 ‘€MHO-NIIAHY8AIbLHUX MA
KOHCMPYKMUBHUX — pilUeHb CNOpYyO NOOGIUHO20 NPU3HAYEHHS, 0coOausocmell

PO3PAXYHKI8 Ma KOHCMPYIOBAHHS.
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. ®ecyH 1. K. Bepudikarris yncenbHUX MO/JIeIeH MPOrpecyryoro 00BaJIeHHsI CTaJIeBUX

paM 3a TaHUMH €KCIIEPUMEHTAIBHOTO AOCTIIDKeHHS. Haykosuil sichux 6y0igHuymaa.

2025. Ne 113. C. 176-186. URL: https://doi.org/10.33042/2311-7257.2025.113.1.21

Havykosi npaui, sxi 3aceiouyroms anpobauito mamepiaiie oucepmauii

. ®ecyn [. K., Babimesnu M. O. KoHCTpyKTHBHI OCOOJMBOCTI iCHYIOUOI
MaJIONIOBEPXOBOi KUTJIOBOI 3a0y70BM MakapiBChKOi TEPUTOPIabHOI TpOMaH,
byuancekoro paiiony, KuiBcbkoi obnacti. [International scientific-practical
conference of young scientists "Build-Master-Class-2022" : 36. Te3 Mi>kHap. HAyKOBO-
npakT. KoHd. Mooaux BueH., M. Kuis, 30 nucrorn. — 2 rpya. 2022 p. C. 137-138.

. @ecyH 1. K., Babimesuu M. O. AHani3 Cy4yacHOTO CTaHy HOPMaTUBHOI 0a3u YKpaiHu
I0JI0 CTIMKOCTI 10 MPOTrpecyrouoro oOBasieHHs Oy iBeb 1 criopya. [V Misxcuapoona
HAYKOBO-NpakmuiHa Koughepenyia «Eunepeoowaoni mawunu i mexuHono2iiy :
matepianu IV MixHap. HayKoBO-mpakT. KoH}p., M. KuiB, 23-25 tpaB. 2023 p.

C. 131-133.

10.®ecyn 1. K., BypkiBcbkuit M. M. Ilpo BukopucTaHHs 3amaciB HECy4oi 3/1aTHOCTI

KOHCTPYKIII TIPH pO3paxyHKYy Ha Iporpecyrode oOBajeHHS OyIiBeNb. AxkmyanvHi
npobaemu inxceneproi mexanixu : Matepianu X MixHap. HAyKOBO-T€XH. KOH(. 3a

3ar. pea. M.I'. Cyp'aninoBa., m. Ogeca, 5—7 4yeps. 2024 p. C. 167-169.

11.Ba6imesuu M. O., @ecyn I. K. locmimxeHHs: TuHaMivHOTO JehOpMyBaHHS CTaJIEBUX

KOHCTPYKUINA MpU panTOBOMY OOBaJi€HHI 3 ypaxyBaHHSAM (PI3MYHOT HEJTIHIHHOCTI.
Misxcnapoona Haykosa koHepenyis «MexaHixa: cyyacHicms i nepcnekmuu —

2024» : Marepianu mMi>xkHap. HayK. KoH}., M. Kuis, 7-11 xoBT. 2024 p. C. 324-326.

12.®ecyn I. K., BabimeBnu M. O. AnHami3 CcydacHOro CTaHy Ta TMEpPCHEKTHUBU

JOCIIKEHHST 1070 3a0€3Me4YeHHS CTIMKOCTI 10 MPOTPECyrodoro OOBaJeHHS.
Hayrxoso-mexniunuii cumnosiym «AxmyanvHi npobiemu po3paxyHkie 0)0ieebHUX

koucmpykyiuy : Te3u gom., M. Kuis, 12 rpya. 2024 p. C. 63-67.
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13.Ba6imeBuu M., ®@ecyn 1., Jlykameuu JI. Hocsin Buxkopuctanus [IK SCAD npu
IPOEKTYBAHHI CIOPYJ TMOJBIMHOTO TMpU3HAYCHHS. V MidcHapoOoHa HayKogo-
npakmuuna xougepenyia "bByoieni ma cnopyou cneyiaibHo20 NPUSHAYEHHS: CYUACHL

mamepianu ma koHcmpykyii” : pododa mporpama ta Te3u aoi., M. Kuis, 14—-16 Tpas.

2025 p. C. 48—49. URL: https://doi.org/10.59647/978-617-8633-07-3/1.

14.Ba6imesua M. O., ®ecyn 1. K. IligBumenHss mporao3yodoi TOYHOCTI YUCETHHOTO
MOJICTIOBAHHSI ~ IPOTPEeCcyrouoro  oOBajeHHS  HUIAXoM  Bepudikamii  3a
eKcriepuMeHTaabHuMu BunpoOyBanusamu. CIDS 2025, m. Kuis, 30-31 xoBT. 2025 p.

C. 57-60. URL.: https://scadsoft.com/Seminar/CIDS _Kyiv_2025.pdf.

15.®ecyn 1. K., BaGimesuu M. O. YaockoHaJeHHS MOJCIIOBaHHS ITPOTPECYIOUOTo
oOBasieHHs1 00’ €KkTa OYIIBHUIITBA HA MPUKJIAl PealbHOr0 aBapiMHOTO BIUIMBY. 1e3u
oonoegioeti MisxxcnapooHoi Haykoeoi koHpepenyii « Akmyanvhi npobiemu MexaniKu i
mawunosnascmea — 2026», 2628 tpas. 2026 p. Kuis, 2026. C. 137-138. URL:
https://www.ipp.kiev.ua/conference 2026/abstracts_apmme_2026.pdf?v=1.01.
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