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Abstract. The article is devoted to the development of methods for assessing the
reliability of elastic systems with random parameters of structural elements based on static
models. At present, probabilistic methods are increasingly replacing traditional approaches
based on allowable stresses and limit states, becoming the foundation of modern building
codes and standards. Within this framework, structural failure is considered a random event,
while reliability and stability are defined by the probability of failure-free operation. For
systems subjected to time-invariant loads and possessing constant material properties, static
reliability models provide an effective analytical tool. Despite advances in construction
science and engineering, the assessment of structural reliability under random actions
remains a highly relevant issue due to increasingly complex operating conditions and
growing safety requirements for engineering structures. The scientific novelty of the study
lies in the fact that approximate analytical relationships have been obtained for the first time
for determining the reliability and service life of elastic structural systems, taking into
account the random nature of both variable stress amplitudes and the fatigue limit of
materials. A new engineering methodology for the probabilistic analysis and design of
multielement mechanical systems has been proposed, incorporating the effect of dependent
failures of structural elements. Furthermore, analytical relationships between static
reliability models and multifactor random parameters of structures have been established for
the first time. The developed methods and analytical relationships have been transformed
into engineering algorithms, providing a practical basis for the reliable design of complex
load-bearing systems.
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Auwpatma.  Makana — cmamukanvlk — yaeineynepee — HezizoenceH  KYPblLIblC
KOHCMPYKYUANAPLIHLIHLIY ~ CIMEPHCEHOIK  dleMenmmepi  MeH MAawuHa O0onueKmepiniy
Ke30elicok napamempiiepi oap cepnimoi icylienepoiy ceHiMOiniein ecenmey a0icmepin
damvimuin dcemindipyee apranean. Kasipei yakeimma seHu dcana blKmMumaniobly maciioep
3aMaHayu Kypuliblc HOPMANLAPBIHGbIY He2i3iHe aUHANd OMbIPblNn UEeKMIK KepHeyliep MeH
wiekmi pyKcam emijieeH Kyuiep MeH ica20ainap 6ouvinuia 0acmypii ecenmeynepoi bencenoi
mypoe vievicmuipyoa. Ocvl wlewiMHIY asAcbIHOA KYPbLIbIM HCYUeCiHiy icmen wbleybl Hemece
OY3bL1Ybl Ke30eUCOK OKu2a peminoe Kapacmuvlpbliaobl, Al CeHIMOLIIK OOUbIHULA HCYMbIC
icmey bIKMUMAIOblebl pemiHoe Kapacmulpbliadvl. Yaxeim 0olbiHUA 032epMelmin
JocyKkmemenepi mMeH Kacuemmepi Oap ocyienep YuwliH CMAMUKAIbIK yaciieyiep muimoi
manoay Kypausl 60avin maowliaovl. TexHUKaHvly dcemindipinyine Kapamacman, Ke30eucox
JoHcyKmemenep acepinen KOHCMPYKYUANAPOLIY CEeHIMOLNICIH b6azanay maceneci HblCaHOapobl
nanoanany Hca0alapviHbly KypoeieHyiHe HCIHe HCAYanKepuiiikmiy ocyine 6auianbicmol
eme o63exmi Oo0nbIN Kana Oepedi. 3epmmeyoiy &bLIbIMU HCAHANLIZbL Keaecioel 001aovl:
Aneawkol 606N KYPHLILIMOAPOLIY — CepniMoi  JiCylenepiniy — ceHimoiniel  MeH
Y3aKMep3iMOLNiciH aHbIKMAUMbIH AHATUMUKATILIK MAYeN0LiKmep alblHObl, COHbIMEH Oipee
011 KYpblLIblC MaAmepuanoapbiibly auHbIMAlbl KepHey AMIIUMYOACbIH KOpCemeoi MHCoHe
Me3IMOINIK weliHiy Ke30eucoK cunamvii eckepedi. Tayenciz ocaz0ainapvl KiacCukauiblk
cxemanapoan Kypanvin epekuieieHemin diemenmmepoiy mayenoi icmeH wbl2yblHbly ICepiH
eckepe Oomulpbvin, KON 21eMeHmMmi KYPblIbIMHbIH MEXAHUKANbIK JHCYUeNepiH bIKMUMAIO0bIK
ecenmey MeH HcoOANAYOblY HCAHA UHIICEHEPTIK 0icmeMeci YCbIHbLIObL HCIHE KeAMIipinoi.
Asmopoviy OYpein dcapusnagan Oazanvlk mypoeei epedxceniepoer aublpMaulblivlesl, Oy
HCYMBICIA NPAKMUKALBIK JHcobanay ecenmepi Yulin Kadxcyovl 0OO0I0bIpMAY Meopuscsl
HCANBLIAHEAH JiCOHE OelliMOeNnin KelmipileeH, COHbIMEeH Kamap CMamuKaiblK CeHIMOLIIK
yaeinepi MeH KYpulibiMOapObly Kon (hakmopiivl Ke30elcoK napamempiepi apacblhoa alKblH
KamulHAcCmapmeH Kelmipiny areaw pem anvlkmanean. Maxanaoa keamipineen aoicmep meH
Gopmynanrap uHdMCEHepNiK ancopummoepee HcemkisineeH, Oy Kypoeni dHCyKKemepaiu
Jcyiienepoi ceHiMOl Hcobanay yulin npakmuKkaislk Heei3 KYpauobi.

Tyitingi ce3nep: ceHimOinix, cepnimoi dcyiienep, KepHeyieHeeH Ky, me3iMOLlIK el
Y3aK Mep3iMOINIK.
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Aunnoranusi. Cmamwsi nocésujena pazeumuio Memooos pacuema Ha0eiCHOCMU Ynpyaux
cucmem co CIyYatHblMu NApaAMempamu 31eMeHmMos CIMpOUMeIbHbIX KOHCIMPYKYULL HA OCHOGe
cmamuueckux mooeneil. B nacmosiwee spemst 6eposimHocmmble Memoobl U ROOX00bl AKMUBHO
BbIMECHAIOM MPAOUYUOHHBLE PACYembl N0 OONYCKAEMbIM HANPSICEHUM U NPeOeibHO -
OONYCIMUMbBIM  COCMOSHUAM, CMAHOBCH OCHOBOU COBPEMEHHBIX CMPOUMENbHbIX HOPM U
npasuin. B pamkax smoeo nooxooa omkasz cucmemvi 6 KOHCMPYKYULl pAcCCMaAmMpUBACMcst KaK
cyuaiinoe cobvimue, a HAOEHCHOCMb U YCMOUHUBOMb - KAK 8EPOSIMHOCMb 0€30MKA3HOU
pabomul KOHCmMpYKyuil. [[isi cucmem ¢ HeU3MEHHbIMU 80 6PEMEHU GHEUHUMU HASPY3KAMU U
ceolcmeamu dPGHeKmueHbIM UHCIMPYMEHMOM AHAIU3A 8bICMYNAION CIAMUYECcKUue MoOe.
Hecmompsi na cosepuiencmeosanue mexHuky u mexHoI02uu npooemMa OYeHKu HadeiCHOCmuU
U YCmMouuu8oCmu KOHCMPYKYUll npu CLYYAUHbIX HAZPY3KAX OCMAemcst KpaiHe akmyaibHOU
U3-3a  YCNOJNCHEHUs. YCA0BULl IKCHIyamayuu U pocma OmeemcmeeHHOCmU 00beKmos
cmpoumenvcea. Hayunas HOSU3HA OAHHO20 UCCIEO08AHUSL 3AKNIOUACMC 6 CleOyIoueM.
BNEPBLIE  NONYUEHbL NPUOTUICEHHBIE AHATUMUYECKUe 3ABUCUMOCMU O]l  ONpeoeieHus
HAOCHCHOCMU U O0JI208EHHOCMU  YAPY2UX — CUCIEM — KOHCMPYKYULl, — OOHOBPEMEHHO
yuumoieaowue CIyuaiHblli Xapakmep Kak amniumyobl NePeMeHHbIX HANPSAICeHUll, MaK u
npeoena 6blHOCIUBOCTIU CMPOUMENbHBIX MAMEPUANLO8; NPEONIONCEHA HOBASL UHNCEHEPHAsL
MemoOUKa 8eposSIMHOCMHO20 PAcyema U NPOeKMUpPOBAHUL MHOL0INEMEHMHBIX MEXAHUYECKUX
cucmem yuumulearwas 3Qhexm 3a6UcUMbIX OMKA308 INEeMEHMO8 KOHCMPYKYUll, 4mo
omauuaem e€ om KIACCUYECKUX CXeM C He3A8UCUMBIMU COObIMUIMU, 8 OMAUYUE OM paHee
ONnyONUKOBAHHBIX ABMOPOM  0OA308bIX NONONCEHULl 6 Hacmosauwell pabome 0000weHa u
adanmupoeana  meopus  YCMAIOCMHO20 — pa3pyuwlenusi Onsi  NPAKMU4eckux  3a0ay
NPOEKMUPOBAHUs, A MAKJHCe 6nepevle YCMAHOBNIEHbL S6HbIE  G3AUMOCEA3U  MeNCOY
cmamu4eckumu MoOesMU HAOEHCHOCIU U MHO2ODAKMOPHBIMU CLYYAUHBIMU NAPAMEMPAMU
KoHcmpykyutl. Pazpabomannvle 6 cmamve memoobvt u popmynvl 008e0eHbl 00 UHIHCEHEPHBIX
ANOPUMMOS, YMO CO30aem NPAKMUYECKYI0 OCHO8Y OJsl HAOENCHO20 NPOEKMUPOBAHUS
CJLOJCHBIX HECYWUX CUCEM KOHCIMPYKYULL.

KaroueBble c10Ba: HAOEIHCHOCMb, YApY2Ue CUCTIEeMbl, HANPSINCEHHOe COCMOsIHUE, NPeoeil
NPOUHOCIU, 00I208€YHOCb.
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1 INTRODUCTION

Reliability analysis of elastic systems-ranging from civil infrastructure components to complex
mechanical assemblies-has fundamentally shifted from traditional deterministic methods (such as
allowable stress design and semi-probabilistic limit state approaches) to advanced structural
reliability theory. In modern engineering, reliability is defined as the time-dependent or static
probability of failure-free operation under uncertain operational environments. While standard
codebased probabilistic approaches account for safety margins via partial safety factors, they of-ten
fail to capture the complex, multi-source stochasticity inherent in real-world operating conditions.
Despite recent advances in fatigue and structural reliability assessment, several critical lim-itations
persist in contemporary probabilistic models: Over-simplified Loading Models: Most current
analytical methods evaluate random fatigue loading assuming stationary or uncoupled stress
amplitudes. However, under combined random loadings, determining the exact joint probabilistic
characteristics of induced stresses remains an analytical challenge. Uncertainty in Material
Parameters: Existing endurance limit models typically treat fatigue strength parameters as
deterministic or uncoupled from loading variations. Relationships for evaluating reliability under
arbitrary combinations of probability distributions (governing both acting stresses and material
endurance limits) are still largely missing or restricted to narrow empirical bounds. Multi-Element
Systems and Dependent Failures: Conventional system-level reliability models frequently rely on the
assumption of statistically independent element failures. In complex elastic structures, failure events
are inherently correlated due to shared stress fields and load redistributions a phenomenon that
standard engineering algorithms fail to model efficiently. Lack of Practical Engineering Tools: While
complex Monte Carlo simulations can solve high-dimensional stochastic problems, they are
computationally prohibitive for routine design optimization. There remains a distinct lack of explicit
analytical and approximate algorithms tailored for complex stress states and stability boundary
analysis. Research Gap: Consequently, a clear scientific gap exists between general probabilistic
safety concepts and computationally efficient, analytical reliability models. Existing approaches do
not provide an integrated framework capable of handling simultaneous random var-iations in stress
amplitudes, material endurance limits, and dependent multi-element failure modes without resorting
to resource-intensive numerical simulations. Objective and Tasks: To address this gap, this study aims
to develop and refine analytical methods for evaluating the reliabil-ity and long-term durability of
elastic systems with random parameters under complex static and fatigue loading conditions. To
achieve this objective, the following specific tasks are pursued: Derive explicit approximate analytical
equations for assessing fatigue reliability and service life, accounting for joint random variations in
variable stress amplitudes and endurance limits. Formulate a probabilistic calculation methodology
for multielement elastic systems that explicitly incorpo-rates dependent failure mechanisms.
Establish a simplified, computationally robust engineering algorithm for the preliminary design and
reliability verification of mechanical systems operating under complex stress states [1].

2 MATERIALS AND METHODS

Considering that for many machine parts and structural components the limiting state is taken
as the state of failure due to fatigue, the fatigue curve is represented by the following relationship.
The fatigue behavior of most construction materials can be adequately described by the following
analytical relationship,

N < N, when S'N = R™ Ny; N > Ny when N = oo, (1)
where m — is a material constant;
R_; - endurance limit of a laboratory specimen;

N, - baseline number of cycles;

S, - amplitude of a fully reversed stress cycle;
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N - number of cycles to failure.

For specific machine parts, instead of R_;, the endurance limit of the part R; = R_;/K_; is
used, calculated with consideration of the overall endurance limit modification factor. For a
non-symmetric stress cycle, instead of S, the amplitude of the equivalent fully reversed stress cycle
is used

Snp =Sq + (l/)a/K—l)Sm- (2)

where R_; - endurance limit of a laboratory specimen;
S, - amplitude of a fully reversed stress cycle;
W, — the material sensitivity coefficient.
Here, the material sensitivity coefficient to cycle asymmetry is determined by the following
formula

Y, = (2R_; — Ro)/Ro- 3)

where R_; - endurance limit of a laboratory specimen;
S, - amplitude of a fully reversed stress cycle;
ws — the material sensitivity coefficient.

For carbon steels 1, = 0,1 + 0,2; and for alloy steels 1, = 0,05 = 0,35.

In the case of a complex stress state, instead of S,, the amplitude of the equivalent stress is
used, determined according to one of the failure criteria [3, 7]. Thus, in the general case, the fatigue
curve can be written as follows:

N < Ny when N = No(R,/S,)"; N > Ny when N = oo, (4)

when experimentally determining the fatigue curve, a large scatter of experimental data is observed.
Due to this significant scatter, a large number of specimens must be tested, and a complete
probabilistic diagram is constructed. The analytical description of this diagram may vary, but the
following expression has the strongest theoretical justification:

_ S—R_1\% (N-No\P
F=t1-en|- (52 ()] ®
where a, 8, N, S; are distribution parameters determined from experimental data.

The probabilistic diagram can be represented as a family of fatigue curves in S — N coordinates
corresponding to different failure probabilities P; or as lifetime distribution curves in P — N
coordinates corresponding to different stress levels S; finally, it may also be represented as curves
P — o coordinates corresponding to different service lives N.

The dependence S — N is usually plotted for P = 0,5 and represents the median value of the
endurance limit. Sometimes it is constructed for a specified reliability level P = H, and used in the
design of components with a prescribed reliability.

Studies [4, 2] have shown that the distribution of the number of cycles to failure is well
described by a logarithmically normal law. The most important relationship for reliability calculations
is the latter dependence P — R, that is, the distribution law of the endurance limit corresponding to
different test bases. Numerous experimental data indicate that this dependence can be assumed to
follow either a normal or a lognormal distribution. To obtain experimental data on the distribution of
the endurance limit, tests are carried out at a baseline number of cycles. By processing the test results,
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the empirical distribution function F (R_;) is obtained (probity method), or the numerical distribution
characteristics R_4, o are determined (staircase method).

When calculating the reliability of structural components, it is necessary to know the
probabilistic characteristics of fatigue resistance, taking into account the factors that affect the
endurance limit of real elements. Conducting tests on a large number of real structural elements seems
impractical. Therefore, computational methods for extrapolating the results of tests on samples to real
structural elements are of utmost importance. Such capabilities are provided by the statistical theory
of similarity in fatigue failure. As the principal similarity criterion, the ratio of the perimeter L of the
critical L/G, or its most highly stressed part, to the relative gradient G of the first principal stress in
this section is considered. The quantity L/G is proportional to the stressed volume in which crack
initiation is possible. The definition of this quantity can be found in the specialized literature [4].

According to this theory, the distribution of the endurance limit of a structural elements f5 (Rg)
is approximated by a normal law under the condition that it coincides with the initial lognormal
distribution of the random variable S,,,,, U, obtained from the original Weibull law, at two points - at
the probabilities 0.5 and 0.997. Here, S,,,« 1s the maximum stress in the component, and U is the
minimum value of the endurance limit. In this case, the median value R, and the coefficient of
variation kRg of the endurance limit of the structural elements are determined by the following

formulas [4].

Ry = eR_1(1+1D); kg, =0,5(1-10727)1/(1+1D), (6)

1-¢ 1 L\7Y
where | = °°(—-—) ,
€00 883 G

v - is an empirical coefficient,
£ - scale factor for large-sized components,
o - the standard deviation of the logarithm of the quantity S — U.

Formula (6) provides the possibility of accurately describing the regularities of fatigue failure
in components with different geometric shapes and loading conditions by selecting these three
parameters and the mean endurance limit value of the specimen R_;. In approximate calculations, the
values £, = 0,5, v = 0,1, 0 = 0,045 + 0,05 are taken as; for structural steels, and ¢ = 0,05 <+ 0,06
for alloys.

To calculate the reliability of a structural elements with respect to fatigue failure, it is necessary
to know the distribution law of the amplitudes of the design stresses f(S). At the design stage, for
simple loading cycles, this distribution can be determined by transforming probability density
functions or by solving problems of statistical dynamics. Thus, if the stress represents a harmonic
process with a random amplitude, or a narrow-band stationary Gaussian process, the probability
density function of the amplitude follows the Rayleigh distribution.

f(S) = (S/0f)exp(—S?/2 03), (7)

where o2 - stress variance, S — design stress.

At the design stage, the probabilistic characteristics of the load are usually specified. In this
case, by solving the problem of statistical dynamics, the correlation function or the spectral density
of displacements is determined, and subsequently those of the design stresses. Then the distribution
law of stress amplitudes can be obtained using the method of maxima, applying Rice’s formula for
the maxima of a Gaussian random process [0, 5, 11].
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3 RESULTS AND DISCUSSION

The loading characteristics can be obtained by simulation modeling or by full-scale strain-gauge
measurements during structural elements. From the oscillogram or the stress sample, an array of
random amplitudes S; is generated, and a histogram is constructed. Next, the most appropriate
theoretical distribution law for the amplitude is selected.

If the stress is random not only in amplitude but also in the asymmetry coefficient, the process
must first be schematized. The purpose of this schematization is to obtain the distribution function of
stress amplitudes that is equivalent to the given random process in terms of the amount of fatigue
damage produced. Methods of schematization include the methods of maxima, ranges, and full cycles.
It is generally accepted that the method of full cycles provides the most acceptable results. In this
method, a framework of a correlation table linking the extrema of each stress cycle is constructed
based on oscillograms. The actual process is then replaced by an equivalent symmetric process with
random amplitudes, and a histogram is constructed from this sample. A theoretical distribution law
for the amplitude is then selected based on this histogram. A detailed scheme of the implementation
of this method and the corresponding calculation formulas can be found in [5, 8, 10].

If the stress is a stationary Gaussian process, the following expressions can be used to determine
the probability density function of the amplitudes [6, 5].

kiSexp(—k2a?5%/2) §<S,
f(5) = { g g2 . ®)

o CSexp(—S+/2) S <S.

where k - the initial ratio of the mean number of extrema to the mean number of zero crossings,
S - design stress.
a=+2(a+3b)/ab; C =k, exp(52/2); S, = alnk,/k,. 9)
To determine a and b, the following two equations are used:
-a/b _ 4 _ ab _ 1,—(a+b)/b] _ __ab __ 1,(a+3b)/b

ko =1 2ko(a+b) [1 ko ] = ko {1 2(a+3b) [1 ko ]} (10)

where k - the initial ratio of the mean number of extrema to the mean number of zero crossings,
S — design stress.

The graphs and tables of the dependence of the parameters on k are presented in the work [6].

Let us consider the calculation of reliability with respect to fatigue strength under regular
random loading. In this case, the reliability is equal to the probability that the random amplitude of
the design stresses does not exceed the random value of the endurance limit, or its value
corresponding to a limited number of cycles. The general solution to such problems, as well as the
solutions for various combinations of applied and limiting stresses, was given in the previous section.
Thus, for the normal distribution law of limiting and applied stresses, the reliability is equal to

H = &(t), (11)
here t=(ny—1)/ n,z\,kﬁg +k&,  ny=Ry/ms, krg = Org/Rg, H — system reliability.

Using expression (4), we obtain

N > Ny when ny = R;/mg =ng; N < Ny when ny = ng(No/N)™. (12)
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where N, - baseline number of cycles,

N - number of cycles to failure.

These formulas make it possible to calculate the distribution function of the component’s
service life, that is, the dependence of reliability on the lifetime N.

The determination of reliability with respect to fatigue failure will be carried out using the
corrected linear damage accumulation hypothesis, according to which the condition for fatigue failure
after N cycles has the following form

a=N/Np(S), (13)

where Np(S) - S the number of cycles to failure at the given stress level.

For random variations of stress, taking into account expression (4), we have

N (SO g N (Smem ,
a =N 55dS = i [ ST (S)ds: (14)
a=|fp SIS [, [($)dS — Ry 2]/(Sm — Ry2): (15)

Under block loading of components, f(S) is determined for the block, while N = Av,; is the
number of loading cycles in the block, and A is the number of blocks. Here, S, is the maximum
amplitude value, which can be obtained by specifying the probability that this value will not be
exceeded, H,. Then S,, is determined as the root of the equation

Sm
Hy, = f_oof(S)dS = F(Sp), (16)
That is, S,, is equal to the quantile of the distribution corresponding to the probability H,,.

To calculate the coefficient a using expression (15), we introduce the following notations:
U= fR"; 1, ST(S)dS g R‘j 1, f(8)dS, X =Ry/0s, b=5Sy/0s (17)

and we write it as a = (U — x¢/2)/(b — x/2). If the result of the calculation gives a < 0,2, then
a = 0,2 should be set equal to.
Now, from equation (14), the service life (resource) of the component can be determined

N = aNoRI*/I (18)

where
I= f;;” SMF(S)dS. (19)

The integrals (17) and (19) can be evaluated using the tabulated P (x, n) distribution (Pearson
distribution) y2. In the work [4], expressions are given for the integral (19) with an infinite upper
limit for various distributions f(S). Using these results, the following expressions for integrals (17)
and (19) can be obtained. Rayleigh distribution

I/RM = 2™21 (1 +m/2) [Q(xZ, m + 2) — Q(b%, m + 2)]/xT (20)
U=n/2Q(x5/43)/Q (x5/4.2), (21
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here Q(x,n) =1 — P(x,n) - failure probability,
P —probability of failure-free operation.

The right tail of the normal distribution:

I/RJ" = 2M2[(m + 1) /2] [0(x2,m +2) — Q(b%,m+ 2)]/\/W3 22)
U=+n/2Q(x2/42)/Q (x3/41); b=Sn/ds; xo=R,/0s. (23)

where Q —failure probability,
P —probability of failure-free operation.
Exponential distribution

I/RF* =T'(m+ 1) [Q(2xp,2m + 2) — Q(2b,2m + 2)]/xg"; (24)
U=Q (x0,4)/Q (x0,2); b=Sy/0s; xo= g/Us~ (25)

In these formulas, I' (1) - is the complete gamma function, Q —failure probability.

If the endurance limit is a random variable, then in all formulas it should be replaced by its
median value Ry - Rg. Then, using expression (18), the mean service life of the component can be
determined.

To calculate reliability, from equation (18) we determine the threshold value of the endurance
limit R,, which corresponds to a service life of N cycles and the specified loading. If the actual
endurance limit R; exceeds R,, then the structural elements will not fail within N cycles.
Consequently, the reliability of the structural element with respect to fatigue failure is equal to the
probability of this event and is determined by the following expression

H=P(R,>R.) = fRoij(Rg)ng =1-9(®), (26)
here y = (R. — R;)/0,; @ - the tabulated distribution function of the normal law.

The transcendental equation (18) is solved either graphically or using a computer. For practical
calculations, it is useful to construct in advance a plot of the dependence of x, on N /N, for various
materials and loading conditions

N/Ny = aRg'/I = f(xo,m,b). (27)

Graphs of such dependencies for the truncated normal distribution of stress amplitudes at m =
9 and various values of b are shown in (Figure 1). Similar graphs for the Rayleigh distribution of
stress amplitudes at b = 4 and different values of m are shown in (Figure 2).

To determine the threshold value R, for the material of the structural element under the given
loading (m, N,) and the specified service life (b, f (S)), the value N is obtained from the graph, and
R, = x,05 1s subsequently determined from it. Then, using formula (26), the fatigue reliability of the
structural element is calculated. The results obtained in this section were published by the author in
the article [9].

Approximate methods for calculating the reliability of elastic systems. The proposed method is
based on replacing an arbitrary complex distribution law of the design stress with a weighted sum of
normal distributions in the form of expression
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fs = X1 Pi fui (§) =2P; fy(my, 0;) (28)

3,0 ——a

25 -
N

/ b=25 T
23 /
15 /’
1,00 2 4 6 8 10 12

Figure 1 - Graphs for determining the threshold value of the endurance limit under the truncated normal amplitude
distribution [Authors’ material].
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Figure 2 — Graphs for determining the threshold value of the endurance limit under the Rayleigh amplitude distribution
b = 4 [Authors’ material].

The specific form of the formulas for calculating the reliability of elastic systems depends on
the distribution law of the limiting stress. For a normal distribution law, applying formulas n =
mg/ms and (28), we obtain

H=3P o (), t=7T— (29)
T oj+o?
If the limiting stress is|distributed according to the Weibull law
f(X) = (Lrj/a)(x - xO)b_leXp[_(x — Xo )b/a] npux = Xg ; (30)
fx)=0 npu x < xg.
145
https://doji.o -080X/2026.3-08



https://doi.org/10.51488/1680-080X/2026.3-08

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

Then one can make use of the results from.
Then P = ®(ty) +J. Taking the above relationship into account, we obtain the following
expression for calculating the reliability

H = Y- P [@(t) + ]3], (31
where the integrals J; are determined by the expression | = \/% fooo exp[—yﬁ — (Ay + t)?/ 2] dy.

The expression for determining the probability of failure-free operation when the limiting stress
follows a gamma distribution is obtained from formula P = (C/v2m) fjo e~t*/2dt = Co(t,), and

takes the form
H=3L,P C ®(t), (32)

88 texp(a—28/a+87/2)
20/2-1/4T(a/2+3/4)

here a=0(+0,5, (Si =O'i/,8, ti = —(6l+ml/0'l—2\/a)/\/§, Ci =\/E

If the distribution law of the limiting stress is given in the form of a histogram or has a complex
form, it can also be represented as a composition of normal distributions

fr= Z;’Q Py fH(mR j»OR j)~ (33)

In this case, using formula n = my/mg, we obtain
__ Mg j—Mmgj
L
OR j+05;

The approximate methods also include the graphical method for determining the probability of
failure-free operation. This method is used when there is no justification for assuming any specific
distribution law for stress or strength, but a sufficiently large volume of experimental data is available.
Let us introduce the following notations

H :2?=12T=1PSiPRj(p(tij)’ (34)

G =[] fr(R)dR = 1 — Fr(S), H=['_f:(S)ds=Fs(0). (35)

Then dH = f;(S)dS. It is obvious that the values of H lie within the interval from 0 to 1.
Substituting these expressions into formula H = P = f_ROO fs(S)ds = Fs(R) , we obtain P = [ 01 GdH.

This expression shows that the reliability is equal to the area under the curve of the dependence
of H on G. Using the available data on strength and stress, estimates of Fz(R) and Fs(S) can be
determined, and tables or empirical curves of these estimates can be constructed. Then, for various
values of S;, the desired functions can be easily obtained

G, =1—Fgp(S), H; = F5(S)). (36)

Using these points, the dependence of H on G can be easily constructed. The area under this
curve, taken from the graph, gives the desired probability. The number of publications on this relevant
topic in scientific periodicals and conference proceedings continues to grow [17, 18, 19, 20, 21].

Example. Ten measurements of stress were performed under simulated operating conditions.
Based on these data, the stress distribution function Fs was estimated. During the strength analysis of
the element, 14 strength values were obtained, on the basis of which the strength distribution function
was estimated. All the data are presented in (Table 1).
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Table 1 - Distribution functions of strength [ Authors’ material].

Ne Stress S, MPa Fs Strength R, MPa Fp

1 207.5 0,1 338 0,07
2 236 0,2 343 0,14
3 245 0,3 354 0,21
4 265 0,4 359 0,28
5 265,5 0,5 360 0,35
6 275 0,6 362 0,43
7 292 0,7 368 0,5

8 300 0,8 370 0,57
9 337,5 0,9 371 0,64
10 375 1,0 373 0,71
11 - - 382 0,78
12 - - 385 0,85
13 - - 400 0,93
14 - - 420 1,00

Using these data, we construct the empirical curves Fs(S) and Fi(R). By specifying various
values of S;, we obtain from the graphs the corresponding values of Fs(S;) and Fg(S;). We then
determine G;, H; and construct the graph of the dependence H G. A direct measurement of the area
under this curve gives the reliability, which was found to be equal to 0.988.
modernization of building structures of various facilities under probabilistic loads with respect to
fatigue failure, the reliability of the system must be preserved.

4 CONCLUSIONS

1. Based on the statistical laws of fatigue failure, formulas for determining the reliability of
fatigue resistance have been obtained.

2. On the basis of the statistical characteristics of fatigue cracking and failure, improved
methods have been developed for calculating the durability and reliability of structural components
and machine parts subjected to random cyclic loading.

3. For various combinations of the distribution laws of design and limiting stresses,
relationships have been derived that account for the connection between the geometric characteristics
of the structure and its reliability index.

4. Based on the development of probabilistic methods for evaluating the reliability of elastic
systems, problems of determining the load carrying capacity of compressed flexible rods, taking into
account groups of random factors, have been solved.

5. This paper improves the results presented in studies [1, 2, 6, 9, 10, 13].
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