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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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IJIABHBI PEJAKTOP
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com/authid/detail.uri?authorld=6602177960; https://www.webofscience.com/wos/author/record/2017489

3AMECTHUTEJIb ITTABHOI'O PEJAKTOPA

ABCAJIBIKOB BaxbiT Hapuk0aeBH4, JOKTOp TEXHHYECKHX Hayk, mpodeccop, akagemuk HAH PK,
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Opannus),  https://www.scopus.com/authid/detail.uri?authorld=7003436752;  https://www.webofscience.com/
wos/author/record/1230499

HIEH Iun, PhD, 3amecturens aupexropa Komurera mo ropHoii reoxornn Kuraiickoro reonorndeckoro
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KATAJIUH Credan, PhD, acconmupoBaunslii npodeccop, Texuuueckuit ynusepeuret pesnen (pesnen,
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wos/author/record/ 1309251

CAI'MHTAEB “Kanaii, PhD, accorymposanusii npogeccop, HazapbaeB ynuBepcuter (Acrana, Kazaxcramn),
https://www.scopus.com/authid/detail.uri?authorld=57204467637; https://www.webofscience.com/wos/author/record/907886

®OPATTUHHU IMaono, PhD, accormuposannblii npodeccop, Munanckuii yausepcurer buxokk (Munas,
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PATOB Bbopan6aii ToB6acapoBH4, JOKTOp TEXHHYECKHX HayK, mpodeccop, 3aBemyromuii kadenpoit
«l'eodpusuka u cericmonorus», Kazaxckuii HallMOHAIBHBIA UCCIIEIOBATENBLCKINA TEXHUYECKUI YHUBEPCUTET HM.
K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, mnpodeccop, Jupexrop LleHTpa coBpeMEHHBIX OIMKHEBOCTOYHBIX HCCIICIOBAHH,
Jlynnckuit yrusepcurer (Jlymn, IIsemms), https://www.scopus.com/authid/detail.uri?authorld=7005388716;
https://www.webofscience.com/wos/author/record/1324908

MUPITAC Baagumup, PhD, npodeccop, BocTrounslii HaydHO-HCCIE0BATENbCKHI LEHTDP, YHUBEPCHTET
Apwans, (Apwdns, Wspamns),  https://www.scopus.com/authid/detail.uri?authorld=8610969300; https:/www.
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Abstract. Relevance. The problems of assessing multi-cycle fatigue damage
to steel structural elements and parts of mining machines under complex non-
uniform stress states under conditions of stationary and non-stationary cyclic
loading are the most complex and relevant. Goal. Construction of a statistical
model of fatigue failure of a steel structural element or part, taking into account
the type of stress state and the influence of non-stationary cyclic loading. Methods.
Theoretical studies on determining the parameters of the energy equation of multi-
cycle fatigue damage of a material element and their combination with the Weibull
weak link theory. Experimental studies on fatigue testing of steel samples and
structural elements and their statistical processing. Results and Conclusions. The
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conducted studies allow us to estimate the life distribution of a component operating
under arbitrary cyclic stress conditions based on available life distribution data for
laboratory specimens made of identical materials. To evaluate the effectiveness of
the proposed statistical model, a comparative analysis of test results for specimens
and structural elements of grade 45 steel under steady-state symmetric and
asymmetric loading conditions, as well as test results under transient block loading
at various stress levels and loading cycle asymmetry coefficients, was conducted.
The dependence of the optimal sizes of the computational cells on the gradient
of a single generalized parameter of the cyclic stress state has been established.
A distinctive feature of the proposed statistical model is its consideration of the
combined effect of all cyclic stress components, which can generally vary over
time according to individual laws. Examples of stress states requiring consideration
of the combined effect of all stress components include the problem of contact
between two elastic bodies and the calculation of a flange joint. In these cases,
recommendations from existing calculation methods are not applicable, while the
proposed model allows for the construction of a statistical fatigue calculation.

Key words: multi-cycle fatigue, cyclic loading, durability, complex non-
uniform stress state, statistical model, fatigue life prediction
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AnHoTauusi. Oszexminiei. Tay-keH MalIMHATAPBIHBIH 00JAT KOHCTPYKTHBTIK
AIIEMEHTTEPI MEH OOJNIIEKTEepiHiH CTAlMOHAPNbIK >KOHE CTAIlMOHAPIIBIK eMec
OUKJIIIK JKYKTEy JKOHE Kypaeni OipTekTi eMec KepHeym KyH sKarnailnapblHIa
OJIapAbIH KON IMKJIJI KaXy 3aKkpIMIaHyJapblH Oaranmay eTe Kyplemi >KoHe
@3eKTi Macene. Maxcam. KepHey KYHiHIH TYpiH OHE LMKJAIK >KYKTEMEHIH
TYPaKCBI3IBIFBIHBIH 9CEPiH eCKepeTiH 0oJjaT KYPBUIBIMABIK JIEMEHTTIH HeMece
OOIIKTIH KaKy KUPAYbIHBIH CTaTUCTHUKAJBIK MOJEIIH KYpy. Qdicmepi. Marepuan
AJIEMEHTIHIH KON LUKII KaXKy 3aKbIMJIaHYJIapbIHBIH YHEPTeTUKAIBIK TCHJCYiHIH
napaMeTpiepiH aHbIKTay >KoHE oJjapAbl BehOymnabiH omnci3 OyblH TEOPHSICHIMEH
yinectipy OOHBIHIIA TEOPHUSUIIBIK 3epTTeynep. bonar ynrinepi MeH KypbUTBIMIBIK
SIIEMEHTTEPAl KaXKyFa ChIHAyFa SKCICPUMEHTTIK 3epTTeyliep JKOHE OJap.bl
CTaTHCTUKANBIK ©HJIeY. Homuoicenep men KopvimuiHObLiap. JKyprizinreH
3epTTeynep, TUNTEC MaTepuanjaplaH >KacalFaH 3epTXaHalblK YIATiLIepaiH
Ka)XXy KuUpay Mep3iMiH Jon OoJpkay Typasbl )KMHAKTajJFaH JepeKTepi Heri3iHze,
Ke3 KeNTeH LUKJIIIK KepHeymi KYW KaFaalblHIa jKYMBIC JKacalUThIH MalluHajap
OeNeKTepiHiH Y3aKThUIBIFBIH Oaranay MoceNesIepiH HIenryre MyMKiHIiK Oepei.
YChIHBUIFAH CTaTHCTUKAJBIK MOJCIBIIH THIMIUICIH JQJeNey MaKCcaTbIHIa
45 OomaTThIH YATiIEpi MEH KOHCTPYKTHBTIK 3JEMEHTTEPIHIH JKYKTEYHiH
CTallMOHAPIIBIK CUMMETPHSUIBIK KOHE CHMMETPHUSUIBIK €MeC pPeXHMICpPiHACTI,
KYKTEY LHMKIIHIH acuMMeTpusi kodduuueHTTepi MEH KepHeyJlepiHiH opTypii
JICHTeUIIepiHAeTi *KoHe CTAllMOHAPIBIK eMeC OJOKTBIK JKYKTEYy Ke31HJeri ChIHAaK
HOTHJKENIEpiHe CajbICTBIpMaNbl Tanaay >Kyprisingi. Ecenrtey ysmibIKTapIbiH
OHTAMJIBI eJIIeMIePiHiH IUKIIIIK KepHEeY KYHiHiH Oip )KalbUIaHFaH napaMeTpiHig
IPaIUCHTIHE TOYENUTITT aHBIKTAAbl. Y CBHIHBUIFAH CTATHCTUKAJIBIK MOJICIbBIIIH
epeKlIeNiri — LUKIAIK KepHeylepAiH OapiblKk KOMIIOHEHTTEpiHiH OipieckeH
OpEKETIH eCeTKe alla aJaThIHIBIFbI, aJl 0JIaP/IbIH SPKaChICH )KEKe 3aHIbIIIBIKTaPMEH
e3repyi MyMkiH. KepHeynepiH OapiiblKk KOMIIOHEHTTEPiHIH OipJIeCKeH OpEKEeTiH
ecKepy KaKeT OOnaThlH KepHeydi KYWiHiH MbIcayapbl peTiHAe €Ki cepmiMaIi
JICHEHIH J>KaHacybl MOCEJIECiH jKoHE (aHeUuTi KOCBUIBICTApAbl €CenTeyli
KapacTelpyra Oomansl. Byn skarmaiinapna KOJJaHBICTarbl €CENTey OAiCTEpPiHiH
YCBIHBICTAphl CIIKAaHAal KOoJjAay Tammaybl MYMKiH, all YCBIHBUIFAaH MOJEIb
KaXKyZIbIH CTaTUCTHKAJIBIK eCe0iH KypyFa MYMKIHJIK Oepei.

Tyidiin ce3mep: Kem HUKIII Kaxy, HUKIIIK XYKTeMe, TO3IMAUIK, Kypuemi
O1pTeKTi emec KepHeyi KYHi, CTAaTHCTUKAIBIK MOAICTb, KaXXy Mep3iMiH OoimKay
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AuHOTanmusA. Axmyarshocms.  [IpoOiieMbl  OIEHKM  MHOTOILIMKJIOBBIX
YCTAJIOCTHBIX MOBPEXKACHUN CTAaIbHBIX KOHCTPYKLIMOHHBIX 3JIEMEHTOB U JeTalelt
TOPHBIX MAIllMH TPH CJIOKHOM HEOJHOPOJHOM HAIpPSHKEHHOM COCTOSIHUM B
YCIIOBUSIX CTAl[MOHAPHOIO M HECTAIIMOHAPHOTO LHMKIWYECKOIO HarpyKeHus
SIBJISTFOTCSI OJIHUMU M3 Han0O0JIee CIIOKHBIX U aKTYaIbHBIX B MHXKCHEPHOH IIPAKTHUKE.
Lenv uccnedosanus - TOCTPOEHHE CTATHCTHYECKOW MOAEIH YCTaJlOCTHOTO
pa3pyLIeHUs] CTAJIBHOTO KOHCTPYKLIHOHHOIO 3JIEMEHTa WIH JeTalu ¢ y4ETOM
BHJIa HaNpsHKEHHOIO COCTOSIHUS M BIMSHUSA HECTAMOHAPHOCTH LIUKINYECKOIO
HarpyxeHusi. Memoowvl. Teopernueckas 4YacTh HUCCIEIOBaHMS OCHOBaHAa Ha
ONpe/ieNeHUN MapaMeTpOB SHEPreTHUYECKOr0 ypaBHEHHS MHOTOLHMKIIOBBIX
yCTaJOCTHBIX MOBPEXKIECHUH Marepuaja ¢ MOCICAYIOUMM X OObEIMHEHUEM C
Teopuer ciaboro 3BeHa pacnpeieiicHue BeiiOymia. DxcriepuMeHTanbHasi 4acTh
BKJIIOYAET HCHBITAHUSI CTAJBHBIX OOpa3loB M KOHCTPYKLMOHHBIX 3JIEMEHTOB
Ha YCTaJIOCTh C MOCIEAYIOUIeH CTAaTUCTHYECKOH 0O0pabOTKOH pe3yiabTaToB.
Pesynomamor u 6vi600b1. IlpoBefi€HHBIE HCCIEIOBAHUS TO3BOJSIOT PELIUTh
3aa4y OLEHKH PacipeaeCHHs JOJITOBEYHOCTH ACTalH, paboTaroIei B yCIOBHIX
MIPOM3BOJIBHOIO LUKINYECKOTO HAIpPSHDKEHHOTO COCTOSIHUS, Ha OCHOBE JIaHHBIX
0 JIOJITOBEYHOCTH JabOpaTopHBIX O0pa3loB M3 WACHTHYHOrO Marepuana. s
oueHKH 3(P(EeKTUBHOCTH NPEATIOKESHHOW MOJICITH BBIIOIHEH CpPaBHUTEIbHBIN
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aHaJU3 PEe3yNbTaToOB UCHBITAHUN 0Opa3loB M KOHCTPYKIMOHHBIX 3JEMEHTOB M3
cTanu 45 mpu CTaMOHAPHBIX CHMMETPUYHBIX M HECUMMETPHUYHBIX PEKUMAX
Harpy»KeHUsl, a TAKXKe IIPH HECTAIMOHAPHOM OJIOYHOM HArpy>KEHUH TP Pa3InIHbIX
YPOBHSX HaNpsDKCHUH M KO3(QQUIMEHTaX acMMMETPHUM LHKIA. YCTAaHOBJICHA
3aBHCUMOCTh ONTHMAJbHBIX pa3MEpoB pPACUETHBIX SYEEK OT TIpaHeHTa
0000IIEHHOr0 NMapamMeTpa LHUKJINYECKOT0 HanpskEHHOTo cocTosiuus. [lokaszano,
9TO OCOOCHHOCTBIO MNPEUIOKEHHOH CTAaTHCTUYECKOM MOJIENH SIBISETCS Y4ET
COBMECTHOTO JACHCTBHS BCEX KOMIIOHEHTOB LMKIMYECKUX HAMPSKEHUH, KOTOPBIE
MOTYT U3MEHSTHCS BO BPEMEHH 10 pa3IMYHBIM 3aKOHaM. B kauecTBe mpuMepoB
CJIOKHBIX HANPSOHKEHHBIX COCTOSHUM, TPEOYIOMNX y4€éTa MHOTOKOMIIOHEHTHOCTH,
paccMOTpeHbI 3a7ja4l KOHTAaKTHOTO B3aMMOJCHCTBUS ABYX YIPYTHX TEN U pacdyer
¢iaHIeBOrO coeqMHEHUs. B MaHHBIX cioyyasx TpaauLHOHHBIE METOABI pacuéra
OKa3bIBAIOTCSI OTPaHMYCHHBIMM, TOTAA KaK IPEIOKCHHAs MOJENb IO3BOJISET
BBITOJIHATH KOPPEKTHBIM CTATUCTHYECKUI aHAIN3 YCTAIOCTHOM JJOJITOBEYHOCTH.

KitroueBble c10Ba: MHOTOLMKIIOBAs yCTaJIOCTh, LUKIMYECKOE HArpy>KCHHE,
JOTOBEYHOCTh,  CJIOKHOE  HEOIHOPOAHOE  HANPSDKEHHOE  COCTOSIHHE,
CTaTUCTHYECKasi MOJIENb, IPOTHO3 YCTAIOCTHOTO pecypca

Introduction. The issues of assessing multi-cycle fatigue damage to structural
elements and parts of mining machines under conditions of complex stress state
and non-stationary loading are the most complex. Traditional fatigue calculations
are based on comparing stresses at the most dangerous points of a structure with
the endurance limit of the material found by testing laboratory samples. The
weaknesses of this approach to assessing fatigue resistance have long been known.
In areas of high stress gradients, we underestimate the resistance of a structure,
and in the case of small gradients but large physical volumes (much greater than
the volumes of the laboratory samples used), we overestimate it. In order to bring
the calculation results closer to reality, semi-empirical methods for adjusting the
calculated data were developed, associated with the introduction of effective stress
concentration factors and scale factors. These methods can be used in special cases,
but in the most general case of a structure operating in an arbitrary stress state, they
are not applicable. Awareness of this fact led to the emergence of statistical models
of fatigue failure, which, in principle, allow for the theoretical consideration
of both the effect of stress gradients and the effect of the absolute dimensions
of a part. One of the practically convenient variants of statistical calculation,
associated primarily with the works of Kogaev V.P. (Kogaev, 1977) and some
other researchers (Hanel and Wirthgen, 1979), is introduced in GOST (National
Standard) 25.504-82. This method is based on the Weibull weak link model. The
specified method successfully serves the calculations of rod structural elements
with various stress concentrators, as well as to a large extent the calculations of
plates and shells with holes operating in a momentless stress state, since in the
stress concentration zone near the hole one main stress always dominates.
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The underlying statistical theory of similarity and the known probabilistic
methods of fatigue calculation for one-parameter and two-parameter stress states
are generally associated with a number of assumptions, such as taking into account
only the first principal stress when calculating the similarity criterion under
complex stress conditions, independence of the form of the similarity criterion from
the mechanical properties of the material of the part and samples, the possibility
of separately determining the similarity criteria for normal and shear stresses
in the case of simultaneous bending and torsion of the shaft, the possibility of
separately determining equivalent loading modes for normal and shear stresses in
the specified case of the shaft, if the loading is non-stationary. These assumptions
introduce certain errors into the calculation, which manifest themselves to varying
degrees depending on the type of cyclic stress state and the nature of the loading.

Materials and methods. This paper provides a generalization of the statistical
model of multi-cycle fatigue of structural elements, which is the basis of GOST
(National Standard) 25.504-82, for any complex non-uniform stress state under
general conditions of non-stationary cyclic loading. To predict the distribution
of the durability of a structural element operating under a complex stress state
and non-stationary loading, a deterministic energy model of fatigue failure of a
material element, proposed in (Pawlov, 1983), is applicable. This model is used in
combination with the Weibull statistical model (Weibull, 1964). In these works,
an energy equation for multi-cycle fatigue damage is constructed, which in the
general case has the following form

N N
1(v)= 2= S0, 8, 0

p

where I7(N) - damage accumulated by the N-th loading cycle; o‘max(N ) -
maximum cycle stress at the time of determination I1; 0, - true tear resistance;
R , - asymmetry coefficient of the k -th cycle; H & - a dimensionless parameter that
depends on the irreversible work of deformation performed in each loading cycle.

This kinetic equation is based on a hypothetical model of the material, the
relationship of the parameters of which with the real material is carried out
through experimental fatigue curves. From the fatigue curves of the given failure
probabilities, graphs of the @(H, R) function can be constructed, corresponding
to the same failure probabilities. According to the fatigue curves of the given
failure probabilities, graphs of the function corresponding to the same failure
probabilities can be constructed. This circumstance is used later in constructing
a statistical model of fatigue failure (Pavlov and Dzhakiyaev,1985), based on this
deterministic model of fatigue failure of a material element and the statistical
theory of the “weak link” according to Weibull.

In Weibull theory, it is assumed that failures in a number of individual volumes
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V, are independent events and the probability of failure in a volume V into which
the entire volume of the part is divided is determined by the formula

R=1-(1-R)"", @

where P, - the probability of failure of individual volume V. Volume V, must
be small enough to consider the stress state within its limits as uniform. Then the
probability of destruction in the volume of the entire part /'is found by the formula

P, =1-T]0-P). &)
i=1

where n - number of volumes ¥ in the volume of the part.

Let us formulate the features of the statistical model of fatigue failure. In a
deterministic stress state, the parameters H and R are also deterministic quantities.
However, the function (p(H, R) is not deterministic, but also depends on the
given probability of failure. Damage in a unit volume is determined as a function
of the given probability by formula (1). If the durability N is given at =1,
then we obtain a dependence by which we can select the probability of failure
in a unit volume. The probability of failure in a conditional cell, the volume of
which can be less than or greater than a unit, is found by formula (2), and the
probability of failure of the entire part by formula (3). To plot the distribution
curve of the durability of a structural element operating in a complex non-uniform
stress state, it is first necessary to have data on the resistance of the material in a
linear homogeneous stress state. These initial data are obtained by fatigue testing
of smooth cylindrical specimens under tension - compression with different cycle
asymmetry coefficients. The volume of material located in the destruction zone
is taken as a unit. Based on these curves of equal probabilities of fatigue failure
of cylindrical samples, graphs of the function are constructed, related to a unit
volume of material and corresponding to the same probabilities of failure.

To construct a curve of the durability distribution of a structural element
operating in a complex non-uniform stress state, it is first necessary to have data
on the resistance of the material in a linear uniform stress state. These initial data
are obtained by fatigue testing of smooth cylindrical specimens under tension -
compression with different cycle asymmetry coefficients. The volume of material
in the failure zone is taken as a unit V. Based on these curves of equal probabilities
of fatigue failure of cylindrical specimens, graphs of the function @(H ,R) are
constructed, related to a ¥, unit volume of material and corresponding to the same
failure probabilities.

The fatigue calculation algorithm for structures operating under a complex
non-uniform stress state under the most general conditions of cyclic non-
stationary loading is presented in the following form. The calculation begins
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with determining the stress state of the structure, depending on one or more load
parameters changing over time according to individual cyclic laws. However,
the loading mode is subject to the restriction that the entire loading mode can be
divided into blocks of identical cycles.

If some method of discretization of a solid body, for example, FEM (Finite
Element Model), is used to calculate stresses, then simultaneously with the stresses
in each cell, the asymmetry coefficient R and the value H are found.

For the most stressed area of the structure, the gradient of the value H is
determined

2 2 2
FTH
ox oy 0z

and the optimal (based on experimental data) dimensions used in fatigue
calculations are found using this gradient. If the optimal cell dimensions found do
not match the dimensions used in stress calculations, the structure is re-divided into
cells of optimal dimensions. In the case where extrapolation of cell dimensions to
zero is used in fatigue calculations, the selection of optimal cell dimensions is not
necessary. Fatigue calculations are performed with any two cell dimensions, one
of which may be the one used in the FEM calculation.

Next, the stress state is established for the center of each cell used in fatigue
calculations, and the values of H and R are found for this cell at each loading
stage.

Further calculations are aimed at constructing the durability distribution curve
of the structure. The most stressed cell is selected, i.e. the one for which the
value of H is maximum, and by setting a certain probability of destruction P,,

the value (p(H ,R ) is determined at each loading stage using graphs (P(H ,R )
corresponding to certain probabilities of destruction P, of a unit volume of material
V,, or from the expression

(p(H,R )Z [1 - (H * 2)C2 JBI exp{(H il 22(16?1;(1)4' R ) n (1_21(;'_23?’2)61

\/(H+2) 1(762:2(1+R)2+(1nA—1nf)(1—R)+(1_R)z | 5

where A, B, a and B - P, probability-dependent parameters describing the
fatigue curve for a symmetrical cycle.
The probability of destruction in this cell is found using formula (2).

156



ISSN 2224-5278 2.2026

Next, for the most stressed cell, the number of cycles before destruction is
calculated, and in the general case, the number of whole blocks before destruction
n is first found, for which the inequality

anq)(Hk’Rk).Nk <1_O_max/5p
k=1

n+l (6)
Z(D(Hk’Rk).Nk >1_Umax/5p’
k=1

and then the number of cycles before failure in the last n+1 block is determined

l_o-max/gp _Zw(Hk’Rk)'Nk
k=1

N,y = B 7
1 qD(HrHl 4 Rn+1 ) ( )

In each of the remaining cells, the probability of failure is selected in such a

way that, given the values H, Rr and (P(H ,R ) for each loading stage, the total
number of cycles to failure of each cell would be equal to the number of failure
cycles found for the most stressed cell. The probability of failure of the structure
given the number of cycles to failure found is determined according to (3).

To construct a durability distribution curve for a structure under a given loading
regime, it is sufficient to determine the probabilities of failure for two durability
values, plot the values of these probabilities and durability on a probability grid
corresponding to the Weibull distribution, and connect the resulting points with a
straight line.

The peculiarity of the proposed statistical model is the consideration of the
combined action of all components of cyclic stresses, which in the general case
can change over time according to individual laws. Examples of a stress state in
which it is necessary to consider the combined action of all stress components
can be the problem of contact between two elastic bodies and the calculation of a
flange joint. In these cases, the recommendations of existing calculation methods
do not find any application, while the proposed theory allows one to construct a
statistical calculation for fatigue.

Results. In order to experimentally verify the statistical model, fatigue tests
were performed on plate specimens of grade 45 steel with round and elliptical
holes, and fatigue tests were performed on laboratory specimens of the same
steel for cyclic tension-compression. The results of the latter tests were taken as
the base for determining the fatigue resistance of the material, and the results of
testing the plates as structural elements operating in a complex non-uniform stress
state were used to compare the theory with direct experimental data. The plate
specimens were 60 mm wide, the hole was 12 mm in diameter, and the ellipse
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axes were 12 mm and 8 mm. The theoretical stress concentration factors in the
elastic deformation region were 2.512 and 3.33, respectively, for the round and
elliptical holes. These specimens were tested for cyclic tension-compression under
stationary symmetric and asymmetric loading with R cycle asymmetry factors
equal to —1.0 and —0.3. In this case, the durability was recorded, at which the crack
that appeared at the mouth of the concentrator reached a length of 0.3-1.0 mm.

When calculating the distribution of durability of plate specimens with holes, it
is necessary to know the stress state in the stress concentrator zone. Local stresses
in plate specimens with round and elliptical holes tested under a symmetrical cycle
did not exceed the yield strength of the material. The values of these stresses in
specimens with a round hole were found from R. Gauland’s solution for stretching
a strip of finite width weakened by a round hole. Local stresses in specimens with
an elliptical hole were determined by FEM. Under an asymmetrical loading cycle,
local stresses in the concentrator zone exceeded the yield strength of the material.
The precision dividing grid method was used to determine these stresses.

Calculated and experimental data on the fatigue resistance of plate specimens
with holes under symmetric loading are given in (Jakiyayev and et al., 2020a). With
a durability of about 10° cycles, the experimental and calculated data coincided if
the calculation was carried out by dividing the working part of the specimens with
a round hole into 0.5x0.5 mm cells, and for specimens with an elliptical hole into
0.3x0.3 mm cells.

Let us consider the calculated and experimental data on the fatigue resistance
of plastic samples with holes under asymmetric loading with R=-0.3. Fig. 1 shows
the calculated and experimental fatigue curves of these samples. The calculated
curves correspond to the breakdown of the working force of the samples into cells
of 1x1 mm (curves 1), 0.7x0.7 mm (curve 2), 0.5x0.5 mm (curve 3), and 0.3x0.3
mm (curve 4). Curve 5 was obtained by extrapolating the cell size to zero; curve
8 corresponds to the calculation for the most stressed point using direct test data
for cylindrical samples.
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Figure 1. Calculated (1,2,3,4,5,8) and experimental (6,7) fatigue curves of specimens with
a round (a) and an elliptical (b) hole for an asymmetric loading cycle R=-0.3.
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Experimental curve 6, corresponding to the appearance of a macroscopic crack
in the mouth of the concentrator with a length of 0.3-1 mm, is located somewhat
steeper than the calculated curves. With a durability of about 10° cycles, the
experimental and calculated data coincided if the calculation was carried out by
dividing the working part of the samples with a round hole into 0.7x0.7 mm cells,
and for samples with an elliptical hole into 0.3x0.3 mm cells.

Reducing the cell size to zero leads to lower values of the fatigue limits, which,
however, are still higher than the calculated fatigue curve for the most stressed
point of the structure. When analyzing these results, it should be noted, first, that
the influence of the size of the conventional cells on the calculation of durability
at given failure probabilities in the similarity theory adopted by GOST (National
Standard) 25.504-82 is not considered. The calculation recommended there, in
our opinion, assumes extrapolation of the cells to zero. On the other hand, the
question may be asked: why, within the framework of the Weibull theory, the
best agreement with experience is obtained at a certain finite cell size, which also
depends on the stress gradient. It can be assumed that this fact is associated with
the assumption of the theory that failures of individual elements of the material
are independent events.

Since the influence of the stress state on the process of damage accumulation is
estimated in the proposed theory by the parameter H, it is natural to estimate the
gradients of all stress components in the calculation for fatigue by the gradient of
the generalized parameter H. Based on the experiments conducted, a dependence
of the optimal (in comparison with the experimental data) dimensions of the
conditional cell on the stress gradient estimated by the gradient of the parameter
H was established (Fig. 2). With a decrease in the gradient of H, the influence of
the specified dimensions of the conditional cell on the calculated durability turns
out to be quite weak. With a decrease in the gradient of H, the influence of the
specified cell sizes is erased.
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Figure 2. Graph of the change in the optimal size of the calculation
cells depending on the gradient H.
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The test results for plate specimens with circular holes under transient block
loading are presented in Table 1. Experiment No. 1 involved two-stage cyclic
loading, in which the maximum stress level outside the hole zone was varied at
a constant cycle asymmetry coefficient of R = -1.0. Experiment No. 2 involved
three-stage cyclic loading, in which the maximum stress level outside the hole
zone and the cycle asymmetry coefficient were varied. Six plate specimens with
circular holes were tested in each experiment. The specimens were brought to
failure at the final loading stage, and the durability values corresponding to the
appearance of a 0.3-1.0 mm long crack at the mouth of the crack concentrator were
entered into the table.

Table 1. Test results of plate specimens with a round hole under non-stationary block loading.

Experi- | Block G, max:| R Specimen | Number Destructive | Average value
ment No. | No. No. of cycles number of destructive
MPa in a block | of cycles number of cycles
N 107 [N, 107 | Nep-107°
1 1 110,0 | -1,0 0,100
2 121,2 | -1,0 1 0,070 0,170
2 0,159 0,259
3 0,137 0,237 0,209
4 0,082 0,182
5 0,111 0,211
6 0,096 0,196
2 1 150,0 | -0,3 0,050
2 110,0 | -1,0 0,150
3 121,2 | -1,0 1 0,069 0,269
2 0,163 0,363
3 0,046 0,246 0,302
4 0,109 0,309
5 0,139 0,339
6 0,088 0,288

As a result of calculations using the proposed statistical model, the estimated
durability of the specimens is determined, and ultimately, graphs are plotted
showing the dependence of the estimated durability on the selected computational
cell size. These curves for Experiments Nos. 1 and 2 for plate specimens with a
circular hole are shown in Figure 3, where the experimental points are also plotted.
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Figure 3. Graph for selecting optimal computational cell sizes for testing plate specimens with a
circular hole (1 - Experiment No. 1, 2 - Experiment No. 2).

The graphs show that the best agreement between the experimental average
value of the failure number of cycles and the calculated data is achieved with a cell
size of approximately 0.65 x 0.65 mm. Recall that for single-stage steady loading,
the optimal cell size is 0.5 mm for symmetric loading with R =-1.0 and 0.7 mm
for asymmetric loading with a loading cycle asymmetry coefficient of R =-0.3.

The article (Zhashen et al., 2020) presents the results of theoretical and
experimental studies of the durability of elements and machine parts made of steel
10 on the influence of loading frequency at elevated temperatures using the energy
model of fatigue failure of a material element.

In (Jakiyayev et al., 2020b), an engineering calculation method is proposed
based on a statistical model of fatigue failure and allows one to analytically
determine the service life of a part operating under a cyclic complex non-uniform
stress state. Recommendations are given for reducing the required volume of
experimental information on the fatigue of the part material. This problem is
solved based on the approximation of the outline of the fatigue limit lines on the
Hay diagram, i.e. the diagram of limiting amplitudes in coordinates ¢ — © .

Discussion. In subsequent works by Kogaev V.P. (Kogaev and Gadolina,
1989), devoted to probabilistic calculations of machine parts under cyclic loading,
a function of the distribution of the endurance limits of a part is given, recorded
taking into account all components of the main stresses. However, this relationship
was not further developed, since the similarity criteria indicating the equal danger
of fatigue failure, obtained on the basis of this relationship, turn out to be more
complex and therefore inconvenient for practical use.

Based on modern concepts of material failure, a statistical model of the
fatigue failure mechanism of materials is proposed in the article (Babich and
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Dorodnykh, 2018). The failure mechanism is associated with the accumulation
of scattered microdamages in the material during repeated loading. The criterion
for the occurrence of fatigue failure is the achievement of critical values of the
density of microdamages in cyclically loaded bodies, identified with the density
of microdamages formed during tearing or shear during static failure due to pure
tension, compression and shear of a standard sample of the material. Low-cycle
fatigue is associated with the accumulation of predominantly micro-destructive
shear in the zone of plastic deformation, and high-cycle fatigue is associated with
micro-destruction of tearing during elastic deformation.

The article (Igumnov et al., 2021) discusses the issue of assessing the
strength and service life in relation to structures whose operational properties are
characterized by multiparameter non-stationary thermomechanical effects.

The main mechanisms of degradation of structural materials (metals and their
alloys) are considered. The main requirements for mathematical models describing
the accumulation of fatigue damage are formulated. Within the framework of the
mechanics of damaged media, a mathematical model has been developed that
describes thermoplastic deformation and the accumulation of fatigue damage
during combined low-cycle and high-cycle fatigue. The model consists of three
interrelated parts: relations that determine the thermocyclic plastic behavior of the
material taking into account its dependence on the destruction process; evolutionary
equations describing the kinetics of damage accumulation; the strength criterion
of the damaged material. A version of the constitutive relations of thermoplasticity
is based on the concept of the yield surface and the principle of the gradient of
the plastic deformation rate vector to the yield surface at the loading point. These
relations describe the main effects of cyclic plastic deformation of the material
under arbitrary complex loading trajectories. This version of kinetic equations
of fatigue damage accumulation is based on the scalar parameter of damage and
energy principles and takes into account the main effects of nucleation, growth and
merging of microdefects under arbitrary complex loads. A generalized form of the
evolutionary equation of fatigue damage accumulation under low-cycle and high-
cycle fatigue is proposed. The critical damage value is used as a strength criterion for
the damaged material. Based on the developed version of the constitutive relations
of the mechanics of damaged media, the effect of the frequency of falling distillate
drops on the thermocyclic fatigue life of a heated pipe is numerically analyzed.
The numerical results of fatigue damage accumulation under thermal pulsation are
in good agreement with the experimental data. It is shown that the proposed model
of the mechanics of damaged media qualitatively, with the accuracy necessary
for practical calculations, describes the experimental results and allows one to
effectively estimate the accumulation of thermocyclic fatigue damage in structural
alloys under combined multiaxial disproportionate thermomechanical loading.

The article (Pysarenko et al., 2022) considers the development of engineering
methods for predicting the durability of structural elements and machines, which
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is based on the methodology for determining the degree of fatigue damage to
the material of structural elements. In developing such a methodology, the work
proposes to use modern optical and computer tools that allow analyzing the
parameters of the deformable surface of metal structure samples and, on this basis,
estimating the residual life of the metal structure. This is done by determining
the limit state of damage using photometric analysis of the topography of the
microdeformed surface of cyclically loaded metal structure samples. According
to the analysis of the characteristics of fatigue damage to metals and alloys, an
experimental information system based on the coherent optics method has been
developed. Scanning of the deformed surface of metal structure samples is
performed with a resolution of 0.2 um/pixel. This made it possible to construct
diagrams of the kinetics of the process of accumulation of fatigue damage of
laboratory samples of steels St 45 and St 20. It is shown that the kinetics of
spectrum brightness, obtained in the work by the correlation method, which
corresponds to the evolution of the accumulation of fatigue damage on the surface
of the studied samples of structural steel, is characterized by a nonlinear function,
which is consistent with the results of experiments.

Generalization of microstructural short crack growth modeling for different
loading conditions and materials is often not considered in the literature. These
issues (Natkowski et al., 2022) are addressed by transferring the previously
proposed model of crack initiation and transcrystalline growth of microstructural
short cracks from ferritic steel to martensitic steel. The calculated fatigue lives
are consistent with experimental data for martensite, as well as for the previously
considered ferrite. The transferability of the model is shown for different load
ratios, at which there are small deviations between the calculated and experimental
data.

The article (Zavoychinskaya et al., 2021) discusses the results of numerous
experimental and theoretical studies of multi-level processes of multi-cycle fatigue
under complex stress conditions of metals and alloys, taking into account solid
state physics, metal science and solid mechanics. Based on solid state physics,
metal science and solid mechanics, the author proposes a scale-structural theory
of fatigue that describes the evolution of fatigue damage and allows one to find
the durability of a metal at a certain level of accumulated critical damage. The
calculation of the durability of structural elements according to the proposed
theory is considered, including criteria for structural reliability and technogenic
safety of operation of the structure.

Operating and residual stresses are critical to the performance of metal
structures, as they can cause microcracks that require emergency maintenance or
lead to potential accidents. Therefore, determining real stresses is key to ensuring
the performance of metal structures. In (Yu et al., 2021), the eddy current method
is proposed, which is not an effective way to determine stresses. In mechanical
engineering, the stress distribution is non-uniform, so in this paper, anon-destructive
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approach combining the eddy current method and the finite element method (FE)
is proposed to predict the non-uniform stress distribution. Experimental data
obtained using the eddy current method determine the relationship between the
applied force and magnetic induction, while numerical modeling using the FE
method provides a relationship between the magnetic flux density and the stress
distribution in different directions. The authors believe that in this way it is possible
to predict the distribution of non-uniform stresses in machine parts using a non-
destructive method.

Probabilistic assessment of resistance to low-cycle deformation and failure
of critical components of equipment used in the power, mechanical engineering,
metallurgy, chemical, shipbuilding and other industries is of primary importance
from the point of view of their safe operation, in particular, taking into account the
high level of cyclic loads acting on the equipment during its operation. The paper
(Bazaras and LukoSevicius, 2022) provides a rationale for using probabilistic
calculation in the low-cycle area by systematic probabilistic assessment of cyclic
elastic-plastic deformation and strength diagrams of materials representing the
main types of cyclic properties (hardening, softening, stabilization) and studying
the correlation links between mechanical properties and parameters of cyclic
deformation and failure. An experimental technique for constructing calculated
probabilistic fatigue curves was also developed, and the curves were compared
with the experimental results. For their probabilistic assessment, the probabilistic
values of mechanical characteristics were determined and low-cycle fatigue curves
corresponding to different failure probabilities were calculated. Comparison
of low-cycle fatigue curves showed that strength curves constructed for some
materials using analytical expressions are not accurate. According to the analysis
of relative values of experimental probabilities of low-cycle fatigue curves, the
use of analytical expressions to construct curves can lead to a significant error.
The obtained results allow us to reconsider the bearing capacity and service life of
structural elements subject to cyclic elastic-plastic loading, taking into account the
possible spread of mechanical properties and parameters of resistance to low-cycle
deformations and failures. In addition, the obtained results allow us to determine
tolerances for scattering depending on the criticality of a part or structure.

The fatigue properties of multiphase steels, which are an important factor in
the automotive industry, are considered in (Hilditch et al., 2009). The different
microstructural phases present in these steels can affect the service life under various
cyclic loading conditions due to the way in which these phases accommodate the
applied cyclic strain. Low-cycle fatigue testing with fully reverse strain monitoring
was used to characterize the mechanical fatigue properties of dual-phase steel,
using transmission electron microscopy to study the deformed microstructures. It
was shown that the higher service life under low-cycle strain can be attributed to
the increased yield strength of the material.

In (Shi et al., 2012), the test results of a series of Q460D steel specimens
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under various loading conditions were investigated to evaluate the stress-strain
relationship, hysteretic behavior, and energy dissipation capacity. Based on the
experimental results, a constitutive model for high-strength structural steel under
uniaxial cyclic loading was developed, describing the monotonic loading curve,
the skeletal hysteresis curve, and the hysteresis criterion. This constitutive model
was then implemented in the ABAQUS finite element analysis software using
the UMAT user interface. It was shown that the model proposed in this study
agrees well with experimental data both at the material level under various loading
conditions and at the structural level under uniaxial cyclic loading.

The paper (Papuga, 2011) presents a comprehensive review of the main currently
published fatigue prediction models for multiaxial fatigue limit estimation. The set
of criteria analyzed includes 17 different methods, which are validated using a
series of 407 experiments. The methods are briefly described and general trends
in their prediction capabilities are commented on, including some properties
common to certain groups of criteria. The set of experiments is from the publicly
available FatLim database. The calculation results were obtained using the free
PragTic fatigue solver. Some possible avenues for further improvement of the
methods are proposed.

This work (Dantas et al., 2021) aims to evaluate and compare the ability of
various multiaxial fatigue models to evaluate and represent the fatigue behavior
of S355 steel under high-cycle fatigue. Experimental data are used to evaluate the
performance of the selected multiaxial fatigue models. Finally, the most suitable
multiaxial fatigue models are selected for evaluating fatigue damage observed
in S355 steel. Since this paper focuses on proportional loading with constant
amplitude, material behavior mechanisms associated with more complex loading,
such as non-proportional or variable amplitude, are not mentioned or studied.

Let us compare the results of calculating the effective stress concentration
factors, as well as the data on the optimal cell sizes with the theoretical and
experimental-theoretical recommendations of various authors (Table 2).

The data on the optimal cell sizes can be compared with the recommendations
for the sizes of the structural parameters introduced by some authors. The
values of the structural parameter obtained using the formulas of Leonov M.D.
and Novozhilov V.V. turn out to be significantly larger than the optimal cell
sizes established based on our calculations and experiments. The values of the
effective stress concentration factors K calculated using the recommendations
of Neuber G., Kuhn P., Peterson R., Heywood R. and Kogayev V.P. do not differ
from each other very much. Thus, for samples with a round hole, the smallest
value of K according to Heywood differs from the largest according to Peterson
by approximately 20%, and for samples with an elliptical hole — by 28%. The
discrepancies with our experimental and calculated values of K are also not very
large. Thus, in the case of a concentrator in the form of a hole, all of the above
recommendations are confirmed by experience.
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Table 2. Values of the effective stress concentration factor and the structural parameter of the
material, determined according to the recommendations of various authors.

Round hole specimens Elliptical hole specimens
R=-1,0 R=-0,3 R=-1,0 R=-0,3
Recom- Struc- Structural- Struc- Structural-
mendation tural- related tural- related
authors K related Ko parameter, Ko related Ko parameter,
para- mm para- mm
meter, meter,
mm mm
G. Neuber 2,180*% | 0,480 - - 2,630*% | 0,480 - -
P. Kuhn 2,320* | 0,130 - - 2,910*% | 0,130 - -
R. Peterson 2,460% | 0,210 - - 3,160% | 0,210 - -
R. Heywood 2,200*% | 0,082 - - 2,670% | 0,082 - -
2,040 2,470

M.Ya. Leonov | 2,020%* | 1,260* | 1,950** | 1,380* - - - -
V.V. Novozhilov | 2,020%* | 1,350* | 1,950**| 1,650* |2,560**|0,830*|2,520%* | 0,900*
V.P. Kogayev 2,200* - - - 2,740* - - -
Our data on
optimal cell size |2,020%*| 0,5% |1,950%* 0,7* 2,560%* | 0,3* |[2520%* 0,3*
determining

Our calculation

when

extrapolating

cell size to zero
Note: 1. The asterisks (*) mark the values that were determined by calculation in accordance

with the recommendations of various authors.

2. Two asterisks (**) mark our experimental values of the effective stress concentration factor.

2,110% - | 2,200% . 2,640% | - | 2,760% .

However, it should be borne in mind that the above recommendations apply to the
case of taking into account local stresses in the zone of the structural concentrator,
where one principal stress always dominates, but do not apply to the general case
of a non-uniform stress state. We also note that the listed recommendations of
various authors do not take into account the effect of the asymmetry of the loading
cycle.

Conclusion. A statistical model of multi-cycle fatigue failure has been
developed, allowing one to determine the service life of structural elements and
machine parts under cyclic complex non-uniform stress state.

The results of testing samples and parts of steel 45 are presented to assess the
effectiveness of the statistical model of fatigue failure.

The dependence of the size of the calculation cell on the gradient of the value H,
describing the influence of the type of stress state on the process of accumulation
of fatigue damage, is obtained.

Thus, the condition of similarity of the distributions of the durability of two
structural elements operating in different stress states turns out to be generally
dependent on the mechanical properties of the material. The distribution of the
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durability of a structural element can be constructed according to the proposed
model and in the general case of multi-component non-stationary cyclic loading.
For this general case, no recommendations are contained in the known literature.
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