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1. Incepranifina po60Ta IPUCBIYEHA PO3B'SI3aHHIO aKTyaJbHOI HAyKOBO-MIPAKTUYHO] 3a/1a4i, 1110 [1OB'SI3aHa 3
aHasi3oMm GipypKaliil Ta CTIMKOCTI HeJliHIMHUX KOJIMBaHb 06AJIOK 3 JUXAI0UYMMU TPilllMHAMU BTOMU. MeTol0 €
PO3pOo6Ka MaTEMAaTUYHUX MOZEJIel Ta YUCEeIbHUN aHai3 HeJliHiMHUX KOJIMBaHb 0AJIOK 3 MTUXAI0YMMU TPIlIMHAMU B
yMOBax B3aeMO/Iii HeJliHiHOCTe pisHOro xapakrepy. O0'eKT JOCiIKeHH - HeJliHiliHa JUHaMiKa 6a104HUX
KOHCTPYKLIi# 3 TpilluHaMy BTOMHU. [IpegmeT NOCIiIpKeHHS - M00yI0Ba MaTEMAaTUYHMX MOZEJIEN AJIs1 ONUCY
HeJIiHIHYX KOJIMBaHb 0aJIOK 3 TPIlMHAMM BTOMM Ta aHai3y ix 6ipypkauifiHoi moBemiHKu. JuxaHHs TPiLH
BUKJIMKAIOTh 3MiHM B KOPCTKOCTi KOHCTPYKLLii, 1110 IPU3BOAUTD IO CYTTEBUX HEJiHINHUX edeKTiB. [TokasaHo
MOXJIMBICTb IIEPEXOMY O Xa0Cy KOJIMBAaHb 06aJIOK 3 ABOMA TPilllMHAaMU BTOMU Ha MaJIMX aMIUITy1ax KOJIMBaHb,
BHACJiOK 6ipypKalii nogBoeHHs nepiony. Po3risiHyTO 3a1a4y IIPO T€OMETPUYHO HeJIiHilHI KOJIMBAaHHS 6aJKu 3

TPIlIMHOIO BTOMU. 32 JOIIOMOTrOI0 BapialiitHux NpuHOumiB Octporpaacbkoro-IamineroHa Ta Xy-Bamusy oTpumaHo



IvdepeHLianbHi piBHIHHS KOJMBAaHb 0aJIKU 3 TPIIMHO BTOMU. JJOCiIKEHO HEJIiHiMHI HOpMaJlbHi (POPMU BiJIbHUX
KOJIMBaHb, iX CTiliKicTh Ta 6idypKaLii. [IpoBeeHo aHasi3 BUMYIIEHNX KOJIMBaHb 6aJIKy 3 TPIlIMHOIO BTOMU IIPU
reOMEeTPUYHO HeJsliHiHOMY leOpMYBaHHI, [10Ka3aHO MOJKJIMBICTb BUHUKHEHHS 3aMKHEHUX IIe€TeJIb HAa YACTOTHUX
BiIlyKax Ta IPOaHaJli30BaHO BCTAHOBJIEHI PEXKUMU KOJIMBaHb B ob6sacTi 6igypkauii Helimapka-Cakepa. JJocaigkeHo
napamMeTpUYHi KOJIMBAHHS 0AJIKU 3 TPIIMHOIO BTOMY, JIe BPAXOBAaHO e(eKTU HeJiHiIHOI KpUBUHU Ta HEJiHIAHO]
inepuii. [IpoananizoBaHo nuHamiky B obsacti 6idpypkanii Hefimapka-Cakepa Ta BCTAaHOBJIEHO MOXJIUBICTb [T€PEXOLY
IO XQOTUYHUX KOJIMBaHb 6aJIKy 3 TPIlIMHOI BTOMHU. JJOCiNIKeHO BIUIUB JliHiliHOI nucunauii Ha 6igpypKauiiny
NOBEJiHKY 0aJIK/ 3 TPIlMHOIO BTOMU. JIJ1s1 IPOBELEHHS YUCEIbHUX JOCIIKEHb PO3POOJIEHO Ta BLOCKOHATIEHO
quceJibHI MEeTOAU ITPOJOBKEHHS 110 IIapaMeTpy 3a JOIIOMOTOI0 METOOUKY aBTOMAaTUYHOIO AudepeHIiloBaHHS.
3anpornoHOBaHO aJTOPUTM PO3PaXyHKY CIEKTPY [TOKa3HUKIB JISIYHOBA 3 BUKOPUCTAaHHSIM [IyajlbHUX Yucesl. Y
BCTYIIi HQZAETHCSI OOIPYHTYBAHHS aKTYaJIbHOCTiI 06paHOi TeMU NOCIIiIKEHHS], BKa3aHO METOJU AOCJIiIKEHHS,
BUCBITJIEHO HAyKOBY HOBU3HY Ta IIPAKTUYHE 3HAYE€HHS OTPUMAHUX PE3YyJIbTATiB, 3a3Ha4€HO 0COOMCTUI BHECOK
3100yBaya y AucepTaliiiny po6oTy, HalaHO KOPOTKY iHopmaliiio Ipo arnpooballito maTepiais gucepratii. Takox
[TI0Ka3aHO BiZMIiHHOCTI Bif] BiIOMMX paHille pe3ysbTaTiB. Y EPUIOMY PO3Liji PO3IJIIHYTO TEOPETUYHI Ta ITPAKTUYHI
aCTeKTH OCJi)KEeHHS HeJliHIMHMX KOJIMBaHb 0ajloK 3 TpilinHaMu BTOMU. OCBITJIEHO Cy4aCHUI CTaH NpobaeMu
IOCJIiIKeHHs], IOPiBHSIHO Pi3HOMaHITHI MOJieJli, Ki BUKOPHUCTOBYIOTHCS [JIs1 OTIMCY HeJIiHIHUX KOJIMBaHb 6aJIoK 3
TpilllMHaMy BTOMU. Y PO3iji 2 IpeCcTaBlIeHOo YMCebHI METOY, SIKi 6yJI po3po06iieHi Ta BLOCKOHAJIEH] Mif, yac
BMKOHAHHS OoCiIXeHb. HanaHo 3arasibHy iH(OpMallilo IPo aBTOMaTU4He Au(epeHIiloBaHHs, Ta HaBeJ€HO
IIPUKJIAJY 3aCTOCYBAHHS AyalbHUX YMCEJI IJIs1 PO3PAXYHKY MOXiAHUX. 3alIPOIIOHOBAHO METO, PO3PAaXyHKY MaTPUL
SIk06i 1711 HBOTOYKOBUX KpalloBUX 3aJ1ay, SIKUI1 J03BOJIsSE HE BUBOJUTH PiBHSIHHS B Bapiallisx. TakoXX IPOIOHYETHCS
METOJ], PO3PaxyHKYy CIIEKTPY I1OKa3HUKIB JIsSMyHOBA 1J1s1 CUCTEM 3BUYAMHUX IA(EPEeHLiaJbHAX PiBHSIHD 3
BUKOPUCTAHHSM aBTOMATUYHOTO AudepeHLiloBaHHs. Po3in 3 npuCBsSYeHO MO0y 0Bl MaTEMAaTUYHUX MOieJlei
KOJINBaHb 6aJIOK 3 PO3KPUTUMU TPIlIMHAMU BTOMM 3a JOTIOMOTOIO BapiallilHMX MPUHLMIIIB. 3a JOTIOMOTOI0
npuHuuiy Octporpascbkoro-I'aMibToHa po3po6s1eHO MOZeb KOJIMBAaHb 0aJIKY 3 TPILMHOIO BTOMHU IIPU
reOMETPUYHO HeNiHIMHOMY IedOopMyBaHHi. [I71s1 BpaXyBaHHS TPIilllMHA BTOMU BUKOPUCTAaHO MOJEeJIb 3 O-(QYyHKII€I0.
3a gonomoroo npuHUMIYy Xy-Bamu3y oTpruMaHo nudepeHiianbHi piBHSIHHSA FreOMETPUYHO HEJIiHIMHUX KOJIMBaHb
0asiku 3 TpilMHOIO BTOMU. TaKoX 3a JOIIOMOroIo BapialjifiHoro npuHuuny Xy-Bamusy 6ysa po3pobieHa Mojesb
napaMeTpUYHUX KOJIMBaHb 6aJIKY 3 TPIlMHOI BTOMU. Bysio BpaxoBaHO e(peKTU HeJliHiNHOI KPUBUHY Ta
HEPO3TSDKHOCTI cepeIMHHOI JiHil 6ayKuy. [I7151 BpaXyBaHHSI OCTAHHBOTO BUKOPUCTAHO METO]], MHOXKHMUKIB Jlarpamxa.
Y po3zini 4 npoBeseHo YMCeIbHMI aHali3 KOJIMBaHb 0aJIOK 3 TPIlKHAMU BTOMU. 111 BpaxyBaHHS e(peKTy OUXaHHS
TPillIMH BUKOPUCTAaHO KOHTAKTHUI napameTp. [IpoBeieHO AOCIiIKEeHHS] BUMYLIEHNUX KOJIMBAaHb KOHCOJIbHOI 0AJIKU 3
OJIHi€I0 Ta BOMA TPilllMHAMU BTOMU IIPU MAJIMX aMILIITyJaxX KOJUBaHb. [I0Ka3aHO BUHMKHEHHS €(DEKTY
6araTO3HA4YHOCTI Ta Xa0Cy B KOJIMBAHHSAX KOHCOJIbHOI 6JIKM 3 IMXAI0YMMU TpilmHaMu BTomMu. [IpoBesneHo aHarti3
HeJIiHIHHYX HOpMaibHUX (OPM BiIbHUX KOJIMBAHb OQJIKU 3 TPILIMHOK BTOMU IIpY F€OMETPUYHO HeJliHiTHOMY
nedopmyBaHHi. [locnigkeHo cuHdas3Hi Ta aHTUdasHi popmu. [TokazaHO MOXKJIMBICTh BUHUKHEHHS 3aMKHEHUX
neTeJlb Ha YaCTOTHUX BiATyKax 0aJIky 3 TPIilIMHOIO BTOMY, Ta IIPOAHAJi30BaHO BCTAHOBJIEH] PEKMMU KOJIMBAaHb B
obracrti 6ipypkauii Hetimapka-Cakepa. Po3risiHyTo mapaMmeTpuyHi KOJIMBAHHS 0ayIky 3 TPI[MHOIO BTOMY, [ie
BPaxOBaHO BEJIMKY KPMBUHY Ta HEJIiHINHY iHep1io. [[poananizoBaHo BIUIMB AUCHUIIALl HA TapaMeTPUYHi KOJIMBAaHHS
0aJsiky 3 TPilIMHOIO BTOMU. [I0Ka3aHO MOXUIMBICTb NIEPEXOY 4O XaOTUYHUX KOJIMBaHb BHACIIOK 6ipypKariii
Heiimapka—Cakepa.

2. The dissertation is devoted to solution of an actual scientific and practical problem related to the analysis of
bifurcations and stability of nonlinear vibrations of beams with breathing fatigue cracks. The goal is to develop
mathematical models and numerically analyze nonlinear vibrations of beams with breathing cracks under
conditions of interaction of nonlinearities of various nature. Research Object is the nonlinear dynamics of beam
structures with fatigue cracks. The research Subject is the construction of mathematical models for describing
nonlinear vibrations of beams with fatigue cracks and analyzing their bifurcation behavior. The crack breathing
causes changes in the stiffness of the structure, leading to significant nonlinear effects. The possibility of transition
to chaotic dynamics in the vibrations of beams with two fatigue cracks at small amplitudes is shown. The problem



of geometrically nonlinear vibrations of a beam with a fatigue crack is considered. Using the Hamilton and
Hu-Washizu variational principles, differential equations for the vibrations of a beam with a fatigue crack are
derived. Nonlinear normal modes of free vibrations, their stability, and bifurcations are investigated. An analysis of
forced vibrations of a beam with a fatigue crack under geometrically nonlinear deformation is conducted. The
possibility of closed loops (isolas) creation on frequency responses is shown. The established vibration regimes in
the region of Neimark-Sacker bifurcation is analyzed. Parametric vibrations of a beam with a fatigue crack are
studied, taking into account the effects of nonlinear curvature and nonlinear inertia. The dynamics in the region of
Neimark-Sacker bifurcation is analyzed, and the possibility of transitioning to chaotic vibrations of the beam with
a fatigue crack is established. The effect of linear dissipation on the bifurcation behavior of the beam with a fatigue
crack is investigated. The introduction provides a justification for the relevance of the chosen research topic,
indicates the research methods, highlights the scientific novelty and practical significance of the results obtained.
It notes the personal contribution of the author to the dissertation work, and provides brief information on the
testing of the dissertation materials. Also the differences from previously known results are shown. In the first
chapter, theoretical and practical investigation aspects of the nonlinear vibrations of beams with fatigue cracks are
considered. The current state of the problem is analyzed, and various models used to describe nonlinear vibrations
of beams with fatigue cracks are compared. Chapter 2 presents numerical methods that were developed and
improved during the research. General information about automatic differentiation is provided, along with
examples of applying dual numbers for calculating derivatives. A method for calculatingthe Jacobian matrix for
two-point boundary value problems is proposed. Proposed method allows the variational equations not to be
derived by hand. A method for calculating the Lyapunov spectrum for systems of ordinary differential equations via
automatic differentiation is also suggested. Chapter 3 is devoted to the construction of mathematical models of
vibrations of beams with opened fatigue cracks using variational principles. Using the Hamilton principle, a
vibration model of a beam with a fatigue crack under geometrically nonlinear deformation is developed. Using the
Hu-Washizu principle, differential equations of geometrically nonlinear vibrations for a beam with a fatigue crack
are obtained. A model of parametric vibrations of a beam with a fatigue crack is developed using the variational
principle of Hu-Washizu. The effects of nonlinear curvature and inextensionality of the beam’s midline are taken
into account. The Lagrange multipliers method is used to take into account the inextensionality phenoma. Chapter
4 conducts a numerical analysis of vibrations of beams with fatigue cracks. A contact parameter is used to account
for the breathing phenoma. The forced vibrations of a cantilever beam with one and two fatigue cracks at small
amplitudes are studied. The emergence of multivaluedness and chaos in the vibrations of a cantilever beam with
breathing fatigue cracks are shown. The free vibrations nonlinear normal mode analysis of a beam with a fatigue
crack under geometrically nonlinear deformation is conducted. In-phase and antiphase modes are studied. The
possibility of isolas creation in frequency responses of a beam with a fatigue crack is shown. The established
vibration regimes in the region of Neimark-Sacker bifurcation are ananalyzed. Parametric vibrations of a beam
with a fatigue crack are considered. Large curvature and nonlinear inertia phenoma are taken into account. The
effect of dissipation on the parametric vibrations of a beam with a fatigue crack is analyzed. The possibility of
transitioning to chaotic vibrations is shown.
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IloBHE HaliIMEHYBaHHS IOPUAMYHOI 0COOM: HauioHanbHuii TexHIYHMIA YHIBEpCUTET "XapKiBChKUIA

MOJIITEXHIYHUN IHCTUTYT"



Kopg 3a €IPIIOY: 02071180

Micue3HaxoaKeHHS: By Kupninuosa, 6y1. 2, Xapkis, XapkiBcbkuii p-H., 61002, Ykpaina

dopma ByacHOCTI: Jlepxkasna

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH | HayKK YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJIl04Hi BiZOMOCTi
ByiacHe Ilpi3Bumie Im's ITo-6aThKOBI
TOJIOBH paju

BiiacHe IIpizBuine Im'sa I1o-6aTbKOBI
rOJIOBYIOYOTO Ha 3aciJaHHi
BignoBigasibHuUI 3a MiATOTOBKY

00JIIKOBHX JOKYMEHTIB

Peectparop

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOIi

OisIIBHOCTI

Bbpecnascbkuil IMutpo BacniboBuy

BpecnaBcbkuil IMUTPO BacuiboBruY

Masnumes Cepriii €BreHiioBuy

VKpIHTEI

[Opuenko TersHa AHaTosiiBHA



