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06’exm OocniddicenHss — TPoOIEC JAerpajalii Ta MPOTHO3YBaHHS 3aJIMIIKOBOT
HAJIMHOCTI MeXaHIYHUX (TIJIIMIIHUKKA KOYEHHs, HEeCcydl KOHCTPYKLIi BITPOBHUX
CHEePreTUYHUX yCTAaHOBOK, JIOMIATKU ra30BUX TypOiH) 1 OloMeXaHIYHHMX (apTepiajibHa
CTIHKAa 3 aTepPOCKICPOTUYHUMHU OJISIIKAMH) CHCTEM B yMOBax CTOXaCTHYHOTO
HABaHTAKEHHS.

Ilpeomem Oocniodicennss — METOAM, MOJIENl Ta aJITOPUTMU J1aTHOCTHUKHU
TEXHIYHOI'O CTaHy 3a BHUMIPIOBAJIbHUMHU JAHHUMH 1 WMOBIPHICHOTO MPOTHO3YBaHHS
3QJIMIIKOBOTO PECYPCY 3 YpaxyBaHHIM (Hi3UIHUX 0OMEKEHbD.

Y  nauceprariiiHii  poOOTI PO3POOJEHO €IWHY METOJOJOTIYHY OCHOBY
WMOBIPHICHOTO TIPOTHO3YBAHHSI 3aJUIIKOBOT HAMIMHOCTI, SKa TMOEAHYE METOIU
MAIIMHHOTO HaBYaHHS JUIsl J1arHOCTUKMU IOTOYHOTO CTaHy 3a BHUMIPIOBAILHUMU
JaHUMH 3 (I3UYHO Y3TOPKEHUM MOJICTIOBAHHSM JIerpajallii 3a CTOXaCTUYHUX
HABaHTAXXEHb Y MeXax mapaaurMu (pizngHo-iHPOPMOBAHOTO MANIMHHOTO HABYAHHS.
3a OMOMOTOI0 PO3pOOJIEHUX Mojeneld Ta OOpOOKH EeKCIEPUMEHTAThHHUX JaHUX
JOCIIIKEHO BIUIMB (PI3MYHUX OOMEXKEHb Ha TOYHICTh MPOTHO3YBAHHS pecypcy AJis
MEXaHIYHUX Ta O10MEXaHIYHUX CHUCTEM.

Y BcTymi OOIPpYHTOBAHO aKTYallbHICTh TEMH JOCHIKEHHS. 3a3HauyeHOo
BUKOPUCTaHI METOJY, METYy 1 3aBIaHHS JOCTI/DKCHHS BIAMOBITHO JO TpeaMeTa Ta

o0’exta mocmikeHHs. [lomaHo 3aranmpHy i1HGOpPMAIlIO 00 HAYKOBOI HOBHU3HU



OTpUMaHUX pe3yibTaTiB. HaBegeHo maHi mpo 0cOOMCTHI BHECOK 3/100yBaya Ta Ipo
ampo0ailito MaTepialiiB AUCEPTAIlli.

VY mepmioMmy po3aini HaJaHO OTJISA[ KJIACHYHUX 1 CY4aCHHUX METOJIB OIIHKH
HAJIMHOCTI, IarHOCTUKHU TEXHIYHOTO CTaHy Ta MPOrHO3yBaHHS 3aJUIIKOBOTO PECYPCY
CKJIQJIHUX CHCTEM 3a CTOXAaCTHYHOTO HABAHTAXKEHHS. 3aBISKU MPOBEICHOMY aHAII3Y
OOTpYHTOBAHO  JIOIIIBHICT 00 €HAHHS  JIarHOCTUKM Ta  HMOBIPHICHOTO
MIPOTHO3YBaHHS B €IMHY OOUHCITIOBAIBHY CXEMY.

Y  apyromy posaun  chopmylibOBaHO MaTEMaTUYHY IIOCTAHOBKY 3ajadyl
WMOBIPHICHOTO MPOTHO3YBAHHS 3JIUIIKOBOI HAAIMHOCTI Ta 3aIIPOIIOHOBAHO 3arajibHy
cxeMy 00’€JHaHHS [IarHOCTHMKM NOTOYHOIO CTaHy 3 MPOrHO3YBaHHSIM €BOJIIOLII
MOIIKOJ/KEHB. 3aIpOIOHOBaHA MTOCTAHOBKA € 1HBAPIAaHTHOO 11010 (Di3UYHOT IpUpOAH
00’exTa.

VY TperbOoMy pPO3AUII BUKJIAJACHO MIAXOIM IO IIarHOCTHKU MOTOYHOTO CTaHY.
Po3po6ieHo MeToNHMKy €KCIepUMEHTAILHOTO BHMIPIOBaHHS BiOpaIliiHUX CUTHATIB
H1IIMITHUKIB KOYEHHSI Ta apXITEKTYpPY 3rOPTKOBOI HEMPOHHOT MEPEkKi 31 3SMIHHUMHU 32
MMMOWHOI0  KoedimieHTaMu  awnaramii  Juis  kiacudikamii  TeXHIYHOTO  CTaHy.
3anponoHOBaHO AJITOPUTMH CETMEHTAIlli CKAaHIB ONTUYHO-KOT€PEHTHOI ToMorpadii
BHYTPIIIHBOCYAMHHOTO pycia sl MOP(MOMETPUYHOrO aHali3y aTepOCKIEPOTUUYHUX
OJIAIIOK.

Y derTBepTOMY pO3IiTI BHKIAIEHO pPE3YJbTaTH TPOTHO3YBAaHHS pecypcy
MEXaHIYHUX cHUCTeM. PoO3paxyHOK HampyKeHO-1e(OpPMOBAHOTO CTaHy BHUKOHAHO
METOJIOM CKIHUYEHHHUX €JIEMEHTIB, OI[IHIOBAHHS BTOMHOI MIIIHOCTI Ta JOBI'OBIYHOCTI
3MIHCHEHO HA OCHOBI KpWBHX BTOMH Benepa. BukoHaHO TpOTHO3yBaHHS pecypcy
HECy4yoi KOHCTPYKIII BEPTUKAJIbHOTO BITPOBOTO EHEPreTHYHOTO arperary 3
o0y /I0BOIO CTOXaCTUYHOI MOJIETIi aepOAMHAMIYHUX HaBaHTAXCHb Ta JIOMATKU Ta30BOi
TypOIHM Ha OCHOBI T€Opii MAapKIBCbKUX MPOLECIB. YJIOCKOHAJEHO METOJ perpecii

rayciBChKHMX MPOIIECIB HA OCHOBI JIAHIIIOTOBOI MOOYJI0BH 4epe3 BBEACHHS (DI3MUHUX
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00MEXEHb y CTPYKTYPYy MMOBIPHICHOI MOJiel 3 OOIpyHTOBAHUM BHOOPOM SITPOBUX

METO/I1B JJIs1 OKUCY KoBapiawiitHoi ctpykTypu (MmeTton PG-CGPR).

VY m’aroMy po3iii MOAaHO pe3yabTaTH 3aCTOCYBAHHS PO3POOICHUX MOIeTIEH 110

IMPOIrHO3yYBAaHHA Hporpeci'l' ATCPOCKIICPOTHIHHUX OJIIIIOK 3a JaHMMH OIITHYHO-

KOrepeHTHOI ToMorpagii. BUKOHaHO MOPIBHAJIBHUNA aHaNl3 TOYHOCTI KJIACHYHOI Ta

YAOCKOHAJICHOT perpecii rayCiBChbKUX IPOIECiB, SKUW IiITBEPAUB ICTOTHE 3HIKCHHS

NOXUOKHM EKCTpamojsauli Ta KopekTHy mnoBeninky mojaeni PG-CGPR 3a mexamu

z[iana30Hy HaBYaJIbHUX JaHHX.

3a pe3yromamamu 00CAiONCEHH OMPUMAHO MAKI HAYKOBL pe3yibmamu:
Bnepwe po3poOneHO €IMHY  METOJOJOTIYHY OCHOBY  HMOBIPHICHOTO
IIPOTHO3YBAHHS 3JIMINKOBOI HAMIHHOCTI ISl MEXaHIYHUX 1 OloMEXaHIYHHX
cucTeM, 110 GpopMaizye nepexija BiJl pe3yJbTaTiB 11arHOCTUKHU MOTOYHOTO CTaHy
JI0 PO3MOJUTY 3aJMIIKOBOTO PECypcy uepe3 I1HTerpajibHe CIiBBIIHOIICHHS.
OcTaHHE TOEJHY€ HEBU3HAYEHICTh OLIHKKA TOTOYHOTO TIOIIKOJKEHHS Ta
YMOBHUH PO3IMOIIT pecypcy, OTpUMaHHMKA PO3B’s3aHHAM piBHAHHSA DoOKkepa-
ILmanka-KonamMoroposa.

Yoockonaneno MmeTon po3mmizHaBaHHS TEXHIYHOTO CTaHy MIIITUITHUKIB KOYCHHS
3a  HeoOpoOJeHMMHU BIOpAlIMHUMU CHTHajJaMU LUIIXOM  PO3POOJICHHS
apXITeKTypH 3TOPTKOBOI HEUPOHHOI Mepeki 31 3MIHHMMH 3a TIMOWHOIO
koediienTamu aunaraiii. Ha BimMiHy BiJ BIJOMUX apXITEKTyp 3 (PiKCOBAHOIO
JUITATAINEr0, 3allPOIIOHOBAHA APXITEKTypa Y3TO/KYE PO3MIp PEIEeNTHBHOTO
MOJIE KOKHOTO IIapy 3 XapaKTepHUMU YaCOBUMHU MaciiTabamMu TMEpioudHUX
nedeKTiB MIAMIMIHUKIB 1 3a0e3neuye po3Mi3HaBaHHS CTaHy 0e3 30UIbIICHHS
KUTBKOCTI IMapaMeTpiB MEpeki Ta 00UHUCITIOBAIBHOI CKJIATHOCTI.

Yoockonaneno wmeron WMOBIPHICHOTO NPOTHO3YBaHHS JErpajallii NUISTXOM
YBEICHHS b13UYHUX 0OMEXEHb (MOHOTOHHOCTI HaKOTIMYCHHS
MOIIKOJKYBAHOCT1, TPAHUYHOI YMOBH HYJIbOBOTO MOIIKO/XKEHHS, 00MEKEHOCTI

napameTpa CTaHy Ta 3pOCTaHHS HEBU3HAYEHOCT) y CTPYKTYpY JaHIIOTOBUX



rayciBcbkux mporieciB. Ile 3a0e3neuye (i3nyHO KOPEKTHE MPOTHO3YBAHHS 32
MeKaMHU Jliama30Hy HaBYaJIbHUX JaHUX Ta aJalTHBHY 3MiHY ITUPUHH TOBIPYOTO
IHTEpBATY 3aJIEKHO BiJl TOTOYHOTO PIBHS MOIIKOKECHHS.

Ilpakmuune 3HaAueHHA OMPUMAHUX pe3Ylbmamie TONSITaE y CTBOPEHHI
QITOPUTMIB Ta MPOTrpaMHUX 3ac00iB JIarHOCTUKHU 1 MPOTHO3YBAHHS 3aJUIIKOBOL
HAJIAHOCTI JUISl CUCTEM MIATPUMKH MPUHHATTS PIIECHB 3 MPEAUKTUBHOTO TEXHIYHOTO
00CITyroByBaHHSA MEXaHIYHUX CHUCTEM Ta KJIIHIYHOro croctepekeHHa. CpopMoBaHuii
EKCIIEpUMEHTAIbHUN Ha0lp JaHMX BIOpAlIMHUX CUTHAJIB MIAIIMIHUAKIB KOYEHHS
omyOJIIKOBAHO Y BIIKPUTOMY JOCTYIII.

KurouoBi caoBa: 3anuwxosa wualdivnicms, MawluHHe HABYAHHA, (DI3UYHO-
iHhopmosane MauwluHHe HABUAHHA, MemOoO CKIHUEHHUX eNeMeHmI8, HANPYHCEeHO-
dehopmosanuil Cmad, GMOMHA MIYHICMb, O008208IYHICMb, HOUWKOONCYBAHICDY,
aonamka 2a3080i MYpOIHU, aAmMepOoCKIepOMUYHi ONAWKY, 3ATUUKOSUL pecypc,
npeouKkmuene mexniune 00Cay208y8anHs;, HAOIp OaHUX, pecpecis 2ayCiBCbKUX NPOYeCis,

A0p0oGi Memoou.



ABSTRACT

Krasii D. M. Residual Life Prediction of Structural Elements Using Machine
Learning Methods. — Qualifying scientific work on the right of the manuscript.

Dissertation for the degree of Doctor of Philosophy (PhD) in specialty 113 —
Applied Mathematics. — National Technical University "Kharkiv Polytechnic Institute".
— Ukraine, Kharkiv, 2026.

The object of research is the process of degradation and the prediction of residual
reliability of mechanical (rolling bearings, load-bearing structures of wind turbines, gas
turbine blades) and biomechanical (arterial wall with atherosclerotic plaques) systems
under stochastic loading.

The subject of research comprises methods, models, and algorithms for technical
condition diagnostics from measurement data and probabilistic prediction of residual
life subject to physical constraints.

The dissertation develops a unified methodological framework for probabilistic
prediction of residual reliability that integrates machine learning methods for current-
state diagnostics from measurement data with physically consistent degradation
modelling under stochastic loads within the paradigm of physics-informed machine
learning. Using the developed models and the processing of experimental data, the
influence of physical constraints on the accuracy of residual life prediction is
investigated for both mechanical and biomechanical systems.

The introduction substantiates the relevance of the research topic. The methods,
the aim, and the objectives of the research are stated in accordance with the subject and
object of the study. General information on the scientific novelty of the obtained results
is provided. Data on the personal contribution of the author and on the approbation of
the dissertation materials are given.

The first chapter provides an overview of classical and contemporary methods

for reliability assessment, technical-condition diagnostics, and residual-life prediction
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of complex systems under stochastic loading. The conducted analysis substantiates the
expediency of integrating diagnostics and probabilistic prediction into a single
computational scheme.

The second chapter formulates the mathematical statement of the problem of
probabilistic residual-reliability prediction and proposes a general scheme that
combines current-state diagnostics with the prediction of damage evolution. The
proposed formulation is invariant with respect to the physical nature of the object.

The third chapter presents approaches to current-state diagnostics. A
methodology for experimental measurement of vibration signals from rolling bearings
and an architecture of a convolutional neural network with depth-varying dilation
coefficients are developed for technical-state classification. Algorithms are proposed
for the segmentation of intravascular optical coherence tomography scans for the
morphometric analysis of atherosclerotic plaques (plaque burden estimation).

The fourth chapter presents the results of the remaining useful life prediction for
mechanical systems. The stress-strain state is computed by the finite element method,
with subsequent estimation of fatigue strength and durability based on S-N curves.
Residual-life prediction is performed for the load-bearing structure of a vertical-axis
wind turbine, with the construction of a stochastic model of aerodynamic loads, and for
a gas turbine blade based on the theory of Markov processes. The chained Gaussian
process regression method is improved through the integration of physical constraints
into the structure of the probabilistic model, with a justified choice of kernel methods
for the covariance structure (PG-CGPR).

The fifth chapter presents the results of applying the developed models to the
prediction of atherosclerotic plaque progression from optical coherence tomography
data. A comparative analysis of the accuracy of the classical and the improved Gaussian
process regression is performed; it confirms a substantial reduction of the extrapolation
error and the physically correct behaviour of the PG-CGPR model beyond the range of

the training data.



The research has yielded the following scientific results:

1. For the first time, a unified methodological framework has been developed
for probabilistic prediction of residual reliability of mechanical and
biomechanical systems. The framework formalises the transition from the
results of current-state diagnostics to the distribution of residual life through
an integral relation that combines the uncertainty of the current-damage
estimate with the conditional life distribution obtained by solving the Fokker-
Planck-Kolmogorov equation.

2. The method of recognising the technical condition of rolling bearings from
raw vibration signals has been improved through the development of a
convolutional neural network architecture with depth-varying dilation
coefficients. In contrast to known architectures with fixed dilation, the
proposed architecture matches the receptive-field size of each layer with the
characteristic time scales of periodic bearing defects and ensures state
recognition without increasing the number of network parameters or the
computational complexity.

3. The method of probabilistic degradation prediction has been improved
through the introduction of physical constraints (monotonicity of
damageability accumulation, the boundary condition of zero initial damage,
boundedness of the state parameter, and growth of uncertainty) into the
structure of chained Gaussian processes. This ensures physically correct
prediction beyond the range of the training data and an adaptive variation of
the confidence interval width depending on the current damage level.

The practical significance of the obtained results consists in the creation of
algorithms and software tools for diagnostics and prediction of residual reliability that
are suitable for decision-support systems in predictive maintenance of mechanical
systems and in clinical monitoring. The compiled experimental dataset of rolling-

bearing vibration signals has been published in open access.



Keywords: residual reliability, machine learning, physics-informed machine
learning, finite element method, stress-strain state, fatigue strength, durability,
damageability, gas turbine blade, atherosclerotic plaques, remaining useful life,

predictive maintenance, dataset, Gaussian process regression, kernel methods.



10

Cnucox nyoaixayii 3000y8aya

Hayxosi npayi, 6 sikux onyoniko8ano 0CHOBHI HAYKO8I pe3yibmamu:

1. babymxan P., Icaeukos K., Kpaciii /1., Bonka O., 3agopoxuutii 1., FOuryk
M. BukopucTtaHHs METOJIB MAaIIMHHOIO HaBYaHHA Mg OiHapHOi Kiacudikamii
po0Oo4oro cra"y MIAMIMWIHUKIB 332 CUTHAJAMU iX BIOpPONPUCKOpPEHHS. BicHukK
HarionanpHoro TtexHiunoro yHiBepcutety «XIII». Cepis: Cuctemuuii anamis,
yOopaBimiHHS Ta iHQopMmauiai TtexHosorii. 2021. Ne 2 (6). C. 15-22. DOI:
https://doi.org/10.20998/2079-0023.2021.02.03. (b).

2. babymxan P. A., IcaeakoB K. O., Boaka O. O., Kpaciit JI. M.,
3apopoxnuit 1., FOmyk M. Knacudikaiiisi po6o4oro crtany milMIHUKIB KOYEHHS 3a
JIOTIOMOTOI0  3TOPTKOBOI HEUPOHHOI Mepexi 31 3MIHHMUMH (aKTopamMu JUIaTailii.
Bicauk HTY «XIII». Cepis: Junamika 1 minHicts Mamud. 2021. Ne 2. C. 104-109.
DOI: https://doi.org/10.20998/2078-9130.2021.2.249274. (b).

3. Kpaciii JI. M., Jlapin O. O. ®i3uyHOo-KepoBaHa perpecisi Ha OCHOBI
rayCiBCbKHX TPOIIECIB JUISI MOJEIIOBAHHS HAKOIMMYEHHS BTOMHOTO MOIIKOJKCHHSI.
Bicauk HTY «XIII». Cepis: Junamika i mirHicTs MammmH. 2025. Ne 2. C. 64-72. DOI:
https://doi.org/10.20998/2078-9130.2025.2.345722. (b).

4, Krasii D. M., Larin O. O. Physics-guided chained Gaussian process
regression for atherosclerotic plaque progression prediction. Scientific Bulletin of
Uzhhorod University. Series of Mathematics and Informatics. 2026. Vol 48, Ne 1. P.
153—-161. DOI: https://doi.org/10.24144/2616-7700.2026.48(1).153-161. (b).

Onybnixosani npayi anpobayiiino2o xapaxmepy:

5. Krasii D., Larin O. Computational modelling of wind turbine lifetime.
2021 IEEE 2nd KhPI Week on Advanced Technology (KhPIWeek). Kharkiv, 13—17
September 2021. IEEE, 2021. P. 374-379. DOI:
https://doi.org/10.1109/KhPIWeek53812.2021.9570028. (Scopus, Q4).



11

6. Krasii D., Larin O. Application of Markov Processes Theory for
Computational Prediction of Turbine Blade Reliability. Integrated Computer
Technologies in Mechanical Engineering — 2022. Cham : Springer Nature
Switzerland, 2023. P. 335-345. DOI: https://doi.org/10.1007/978-3-031-36201-9 29.
(Scopus, Q4).

7. Krasii D., Larin O. ML-surrogate modeling for the estimation of random
system performance parameter progress by the Chained Gaussian Process Regression
method. 2023 IEEE 4th KhPI Week on Advanced Technology (KhPIWeek). Kharkiv,
2-6 October 2023. IEEE, 2023. P. 1-5. DOI:
https://do1.org/10.1109/KhPIWeek61412.2023.10312806. (Scopus, Q4).

8. Krasii D., Larin O., Gorovyi I. Analysis of Optical Coherence
Tomography Images of Human Arteriosclerotic Vessels Using Computer Vision and
Deep Learning Algorithms. Integrated Computer Technologies in Mechanical
Engineering — 2024 / O. Lytvynov, V. Pavlikov, D. Krytskyi (eds.). Cham : Springer
Nature Switzerland, 2025. P. 107-117. DOI: https://doi.org/10.1007/978-3-031-94845-
9 9. (Scopus, Q4).

9. Babudzhan R., Isaienkov K., Krasii D., Vodka O., Zadorozhny I.,
Yushchuk M. Collection and processing of bearing vibration data for their technical
condition classification by machine learning methods. Bulletin of the National
Technical University «KhPI». Series: Modeling, Control and Information

Technologies. 2021. No. 5. P. 10-15. DOI: https://doi.org/10.31713/MCIT.2021.02.



