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Abstract. A method is proposed to solve the problems that arise when analyzing information obtained from various
sources, it is necessary to combine it in a complex of coordinated stochastic models. For most processes of mechanical
destruction of machine parts, such as wear, fatigue volumetric or surface destruction, corrosion, etc., the monotony
of the implementation of degradation processes leading to failures is characteristic. The scheme of resource allocation
formation is given, which corresponds to the main types of mechanical failures occurring in the elements of ship
mechanisms. The diagram illustrates a fairly general case when, with an increase in the operating time of an element,
its resistance to destruction decreases monotonously, and the damage parameter also increases monotonously. Based
on the use of generalized distributions, it is possible to obtain several variants of complexes of mechanical reliability
models in which the resource allocation has a fairly simple analytical form. When modeling degradation processes, the
DM distribution can be obtained as a special case of distributions and without using the Markov model of random
processes. Only the mixing condition of the process implementations is essential. Obtaining various types of operating
time distributions before the parameter reaches a fixed level using the obtained dependencies is not associated with
any assumptions about the nature of individual implementations of the degradation process, except for their monoto-
ny. From the point of view of practical application, the distribution under consideration, obtained on the basis
of Weibull’s law, has the advantage of universality, since, unlike the normal law, it can also be used for values of the
coefficient of variation significantly exceeding 0.3.
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AnHoTamus. [Ipennaraercst cnoco6 pemeHus mpo6iieM, KOTOpbIe BOSHUKAIOT MPU aHAIN3E MOTy4aeMOi M3 pa3yind-
HBIX HCTOYHHMKOB MH(OpPMALUH, HeOOX0JUMO 0OBEANHHUTH €€ B KOMIUIEKCE COTIIaCOBAaHHBIX MEXKTY COOOH CTOXacTH-
4ecKuX Mojeneil. st GONBIIMHCTBA MPOIIECCOB MEXaHNUECKOTO Pa3pyLIeHHs AeTajlell MaIlliH, TAaKNX KaK H3HAIINBA-
HHE, YCTaJIOCTHOE 00BEMHOE MM IIOBEPXHOCTHOE pa3pylIeHHe, KOPPO3Hs U JIp., XapaKTepHa MOHOTOHHOCTh peann3a-
Ui JIeTpaJlaliMOHHBIX MPOLIECCOB, MPUBOAIINX K OTKazaM. [IpuBeneHa cxema (OpMHUpPOBaHUS paclpeleseHus pe-
cypca, KOTopasl COOTBETCTBYET OCHOBHBIM BHJAM MEXaHUYECKHUX OTKA30B, BO3HHKAIOIIMX B 3JIEMEHTaX CYIOBBIX Me-
xaHu3MOB. CXxeMa MILTIOCTPUPYET JOCTATOYHO OOIuMil ciydaif, Koraa ¢ yBeJIWdeHHeM HapaOOTKH 3JIEMEHTa €ro co-
MPOTHUBIISIEMOCTD Pa3pyLIEHHI0O MOHOTOHHO CHI)KAETCs, a MapaMeTp MOBPEKAAEMOCTH TaKXkKe MOHOTOHHO BO3pacTaeT.
Ha ocHoBe ucnosns3oBannsi 0000IIEHHBIX PacIpeaeneHnii MOXKHO TIOJIyYUTh HECKOJIFKO BAPHAHTOB KOMIIIIEKCOB MO-
Jienielt MeXaHH4eCcKOi HaJIeXKHOCTH, B KOTOPBIX PACIpeieleHne pecypca HMeeT JOCTaTOYHO IPOCTYI0 aHATUTHYECKYTO
¢dopmy. IIpu MonenMpoBaHUN AeTpaalloOHHBIX IporieccoB DM-pacmipeenienrne MoXeT OBITh ITOJIy4eHO KaK YaCTHBII
cirydail pacripeneneHuii 1 6e3 MCIOoNb30BaHMsT MAapKOBCKOM MOJIENH CIydalHbIX HporeccoB. CyIeCTBEHHBIM SIBIISICT-
sl TOJIBKO YCIIOBHE MEpEMENTMBAaHUS peann3aruii mporecca. [lomydeHne pa3nnuHbIX BUIOB pacipeielieHui HapaboT-
KU JI0 BBIXOJIa ITapaMeTpa Ha (MKCHPOBAHHBIM YPOBEHb C MOMOILBIO TONy4EHHBIX 3aBUCHMOCTEH HE CBSI3aHO C KaKH-
MH-JIH00 MPEANONOKEHUSIMU O XapaKTepe OTAEIbHBIX peaNn3aluil 1erpaJalliOHHOrO MPoLecca, KpOME UX MOHOTOH-
HocTU. C TOYKM 3peHHUs] MPAKTUUECKOTO MPUMEHEHHUs PacCMAaTPUBAEMOE PacIipe/ielieHne, MOTyueHHOe Ha OCHOBE 3a-
KoHa Beli0yita, mMeeT NpenMyIIecTBO B YHUBEPCATIbHOCTH, IIOCKOJIBKY, B OTJINYHE OT HOPMAIBHOTO 3aKOHA, MOXKET
OBITH HCIIOIB30BAHO U MPY 3HAUCHUSX K03((UIUECHTA BapHAUH, CYIIECTBEHHO IpeBbimatomux 0,3.

KuroueBrbie ciioBa: HaJAC)KHOCTb, CTOXAaCTHYCCKUE MOJCIIH, IMPONLCCChl pPa3pylICHUS neTaneﬁ, ramMma-npoueHTHas
Hapa60TKa, MpEACIbHOC COCTOAHUE, PACTIPEICIICHUE Hapa60TKH J10 OTKasa

Jas uurupoBanus: Knumenxo H. I1., bpuyxuti B. O., IHuwux C. A. TloctpoeHne Mojenelt U CTaTUCTUYECKast OL[eHKa
apaMeTpoB HaJEKHOCTH CYIOBBIX TEXHHYECKUX CpelncTB // BeCTHHK ACTpPaxaHCKOTO rOCyAapCTBEHHOI'O TEXHHUE-
ckoro ynuBepcurera. Cepusi: Mopckas TexHuka u Texnonorus. 2024. Ne 4. C. 26-33. https://doi.org/10.24143/2073-

1574-2024-4-26-33. EDN YPISPG.

Introduction

Experimental studies of the mechanical reliability
of ship technical equipment may include the following
components:

—tests (most often bench tests) conducted for the
purpose of statistically assessing the characteristics
of resistance of elements to mechanical failure (fa-
tigue, static, wear, etc.);

— measurements of the operational load of elements
for the purpose of statistically assessing the character-
istics of loading that determine the process of damage
accumulation;

— measurements of the parameters of the technical
condition (damage) of elements for the purpose of sta-
tistically assessing the characteristics of degradation
processes leading to parametric failures;

— operational tests or observations conducted for
the purpose of statistically assessing the characteristics
of the operational life of elements [1-3].

Purpose of the research. One of the problems that
arise when analyzing information obtained from the
listed sources is to combine it in a complex of mutually
agreed stochastic models. The presence of such com-
plexes for various machine elements allows them to be
used in the future to solve various problems of fore-
casting and ensuring mechanical reliability.

Materials and methods of the study

Let us consider the general principles of construc-
tion and methods of statistical evaluation of the pa-
rameters of mechanical reliability model complexes.
The logical foundations for constructing such a com-

plex in the case of scalar parameters of damageability
and resistance to destruction during gradual (degrada-
tion) failures can be obtained from consideration of the
scheme for forming the distribution of the element’s
resource (Figure). According to this scheme, a me-
chanical failure occurs at the moment of intersection
of a random realization of the damageability parameter
x?) of an element with a random realization of its
resistance parameter x,(¢). With monotonic realizations
of random processes x,(f) and x,(f), only their single
intersection is possible in the region abcd, where the
resource distribution is formed.

Most processes of mechanical destruction of ma-
chine parts, such as wear, fatigue volumetric or surface
destruction, corrosion, etc., are characterized by mo-
notony of the implementation of degradation processes
leading to failures. Therefore, the scheme of formation
of resource distribution, shown in the figure, corre-
sponds to the main types of mechanical failures occur-
ring in elements of ship mechanisms.

The diagram illustrates a fairly general case when,
with increasing service life of an element, its re-
sistance to destruction decreases monotonically, and
the damage parameter also increases monotonically.
A typical example of such a process of failure for-
mation can be the accumulation of fatigue damage and
destruction of threaded connections with a gradual
weakening of their preliminary tightening. A decrease
in the preliminary tightening force, caused by the pro-
cess of micro-crushing of the surfaces of joints and
threads, leads to an increase in the variable component
of the load acting on the bolts of the connection [2],
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that is to an increase in the damage parameter x,
which can be the value of the equivalent stress ampli-
tude in the bolt. The resistance parameter x, in this case
is the limit of limited endurance of the bolt, the reali-
zations of which, forming a family of individual fa-

x(1)

f_l(t/xd)

Si(xalt)

Sltlx,)
Sa(x, /1)

tigue curves, monotonically decrease with increasing
service life. When the increasing realization reaches
the equivalent amplitude of the individual fatigue
curve, a failure occurs.

Diagram of different reliability models

Random processes of change of parameters of re-
sistance x,(¢f) and damageability x,(¢) of elements are
non-stationary, however, the condition of monotonici-
ty of realizations allows to use only one-dimensional
distributions with characteristics depending on service
life when solving reliability problems, which simpli-
fies the mathematical apparatus and makes it possible
to obtain analytical results for many practically im-
portant cases.

From the conditions of monotonicity of realizations
of processes x,(f) and x,(¢) follow relations connecting
their one-dimensional distribution densities at fixed
values of service life fi(x,/?) and fo(x,./ f) with the dis-
tribution densities of service life at fixed wvalues
of damageability and resistance to destruction parame-

ters f1(¢ / x;) and f5(¢/ x,):
RElG

J‘;J?1 (L\Jdt = 5
%a [“h (’gjdxd

[o(x)=a()] | o, (x)

X, xr
|:1 _JO f2 (tjdx,:|
5 x,

I 0 /> (Oj a,
here fi(x;/ 0) and f5(x,./ 0) — are the distribution densi-
ties of the initial (at # = 0) values of the damageability
and fracture resistance parameters, respectively.

If there is no initial dispersion of the damageability
and fracture resistance parameter values, then in (1) one

should take [ " f; (x,/0)dx, =1 w [ £, (x,/0)dx, =0.

When constructing complexes of models of me-
chanical degradation failures for describing random
monotonic degradation processes, it is possible to use
two classes of generalized basic distributions of func-
tions of random arguments. The first such class
of basic generalized normal distributions has a density
of the form

t— [t
jofz[;]dr= ()

¥

1
h (x/t) = S(t)\/ﬁ exp
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here ¢;(x) — is a deterministic monotonically increasing
from —oo to +oo function of a random variable x in the
range of its variation; o(#) — is a deterministic paramet-
ric function of the operating time, describing a monot-
onous degradation process on average; S(f) — is a de-
terministic parametric function of the operating time,

) [x(t)]“(‘) e MOl

used to describe the pattern of change in the degree
of dispersion of the degradation process.

The second class of generalized basic laws is
gamma distributions, the density of which is described
by the expression

)
I:(I)n (x):la(’)*l . d¢ll (x) , (3)

fH(x/t)— G(OL(I))

here ¢y(x) — is a deterministic positive function of the
random variable x that increases monotonically from
zero, A(f) — is a deterministic parametric function
of the operating time that describes the monotonic
process on average; o(¢) — is a deterministic parametric
function of the operating time that characterizes the
change in the degree of dispersion of the degradation
process.

Based on the use of generalized distributions (1)
and (2), it is possible to obtain several variants of reli-
ability model complexes in which the resource distri-
bution has a fairly simple analytical form.

dx

Results of the study and their discussion

In the class of generalized normal distributions (1),
when ¢;(x) = x, we have a standard normal law with
a mean value a(t) and standard deviation S(#) mono-
tonically changing depending on the operating time.
When ¢i(x) = Inx, we obtain a logarithmically normal
distribution, and if we set ¢;(x) = x°, then the resulting
distribution is a generalized normal law. In the case
of a monotonically increasing process with a one-
dimensional normal law, the distribution density of the
damage parameter for a fixed operating time has the form

[xd _0‘([)]2 (4)

fl(xd/t):

Then, in the absence of initial dispersion of the
damage parameter, from expression (1), in which —
was taken as the lower limit of integration over x, it

I
S(zr T 287 (1)

follows that the distribution density of the operating
time at a fixed value of the damage parameter is de-
termined by the expression

[ —a(r)]

fl(t/xd):S(t)m

dt

In the list of works [4-6] when describing degrada-
tion processes, a “fan” model is used, for which it is
possible to take a(f) = my + '/ p and S(¢) = oo’ / p at
v > 0. In this case, the coefficient of variation of the pro-

1 doc(t)+[xd —(x(t)].dS(t)
S(t)

&)

ex
dt P

25%(¢)
cess x,(t) at my # 0 increases with increasing operating
time, but is limited from above by the value o,, and at
mgo = 0 it is equal to 6,. Then from (4) we have a normal
distribution of the damage parameter with a density

(xd —my _tV/H)z

fi(xgf1)=—2L

ot N2m
Using (5), we obtain the distribution density of the

vu(xd —mo)

Fi(txg) =—f——="exp

o,t"'\2n

The corresponding distribution function of operat-

ing time is expressed using the normalized distribution

function:

v
c, Gt

F (r/n)%{i—w}

exps —

2 cS(z) 2 / Mz
operating time until the parameter reaches a fixed level

(6)

The gamma percentage operating time before the
parameter reaches the limit value x; is determined in
this case by the formula

(7
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In the linear version, when v = 1, expression (6) is
the density of the well-known alpha distribution,
which has been widely used in solving various para-
metric reliability problems. The average operating
time to the limit value x; = x; in the case of alpha dis-
tribution when o, < 0.25 is approximately determined
by the formula 7'~ p(x; — mg)(1 + o).

With the same parametric function for the average
a(f) = my + £/ p, one can set the function S(¢), which
determines the dispersion of the parameter x, in the
form characteristic [3] for processes with “mixing”

G,/t"/1 , i. e. when the process

' with

of realizations S (t) =

x,(?) has a variation coefficient at ¢z = (um,)

v[t +p(x, —mo)] o

iltlx,) =

200t\/2nut

Considering that the distribution function of the
operating time before the parameter reaches a fixed
level x, has the form

Fi(tfx,)=F, [%@T_M] ©)

the median operating time until the parameter reaches
the limit value x; is determined by the formula

to.s = [ — mo)]"

From (9) follows also the general expression for
the gamma-percentage operating time before the pa-
rameter reaches the limit value

= (0,25p) (\/4

In the particular case of a linear dependence of the
average o(7) on the operating time at v = 1, expression (7)
represents the distribution density. The density of this
distribution can be transformed to the form

__t+p exp{_(f—zﬁ)z},
20t/ 2Pt 20 B¢

T > B:H(xz_mo)-
NEAESN

The average operating time until the damage pa-
rameter reaches the limit value x; in this case is deter-
mined by the formula

T:p(xl —m, +c§/2),

and the coefficient of variation of the operating time is
expressed as

7
UGO) —UYGOJ .

7(t)

here a =

30

a maximum equal to o, / 2/m, , and then decreases

with increasing operating time. Then from (4) we ob-
tain an expression for the density of the normal distri-
bution of the damage parameter

i

2
X, —m, —t"/u)
expy—
ooV 2mt"
0

205" [n

fi(x,/t)=

For a fixed value of the parameter x, the corre-
sponding expression for the distribution density of the
operating time follows from (5):

[ onlom)

. 8
2oput” ®)

o, 4(x, -m,

)+ 50,

2(x,—m,)+o,

In works of this type, the distribution [7-10], ob-
tained on the basis of considering degradation process-
es as diffusion Markov and used in constructing
“probabilistic-physical” reliability models, is called
diffusion monotone (DM-distribution). From the above
it follows that when modeling degradation processes,
the DM-distribution can be obtained as a special case
of distributions and without using the Markov model
of random processes. The only essential condition is
the mixing of process realizations. It should be noted
that obtaining different types of distributions of operat-
ing time before the parameter reaches a fixed level
using (3) is not associated with any assumptions about
the nature of individual realizations of the degradation
process, except for their monotony.

The determination of the mean value and the varia-
tion coefficient of the generalized DM-distribution
of the form (8) for v # 1 can be performed numerically.
For this purpose, it is convenient to first move from (8) to
the distribution of the dimensionless quantity T = ¢/ tys,
the density of which depends only on two parameters v
and o:

( ¥ +1) ( Y +1)2

v(t T
S(t)=——F==exp| —————

) 2otV 2nt’ 20’

Having calculated the integral T = I:Tf (’E) dt, the

average value of the operating time until the parameter
x4(f) reaches the limit value x; is then determined by
the formula:
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T zf[u(x, _mo)}%. set a(f) = 1; dy(x) = x°; and (1) =[1/a(t)]h . Then the

distribution of the damage parameter for a fixed oper-

The coefficient of variation is determined using the  ating time will similarly be the Weibull law with
expression a density

Mo ﬁ“””’iﬁh@ﬂﬂ“p‘LZJb'

in which the value of the initial moment of the second

. ) . o . In this case, the distribution density of the operat-
order T is also obtained using numerical integration:  ing time until the monotonically increasing damage
T2 = J' :12 f(r) dr. parameter reaches a fixed value, based on (1), is ob-

tained in the form:
Based on the basic generalized gamma distribution (3),

a type of distribution convenient for practical use in
describing degradation processes can be obtained if we

b [ [ o) [ e
thﬁaZ{aoJ ' {aoﬂ dmt_ o)

-l

Putting into (10) a parametric function that deter-  age in the form o(¢) = ay + £’/ u, we obtain
mines the behavior of the degradation process on aver-

bvt'™! { X, T exp _{ X, T
(“ao+tv) OLo"’tv/l'l ()Lo"'tv/kl
- .
1—exp —{x”’}
a’O

The gamma percentage operating time before the  x, = #,/ s, for these distributions, i.e. the coefficient
parameter reaches the limit value x; is determined by  that allows us to move from the median operating time
the formula to.5 to the gamma-percent operating time using the for-
mula #, = y,fs. Some results of such a calculation for
_ vy > 0.8 are given in the table for three values of the

[ = ol b a an exponent v =2/3, 1 and 3/2 and two values of the coef-

v M (l—y) ol ficient of variation of the damage parameter: 0.2
(above the line) and 0.3 (below the line).

. ] ) Using the data in the Table, we can compare the

In the case of ap = 0, expression (11) is the density  papyre of the dispersion of the operating time until the
of V. N. Treyer’s distribution. ) parameter reaches its limit value when using the nor-

For “fan” models of degradation processes, the ] distribution and the Weibull law for the density
constancy of the coefficient of variation of the value x, fi(xa/ ). If 0.8 <y < 0.95, and the variation coefficient
is characteristic with a change in the operating time. 'y 503, then the difference in the value of the transi-
This condition corresponds to the. normal dlgtrlbutlon tion coefficient ¥, between these laws is practically
of the damage parameter (11) with a(f) = £/ uw and  gpeent.

S() = oot' / w and the Weibull distribution with With a variation coefficient of 0.2, it is very insig-

() = ao +£'/ pand b = const. nificant and becomes noticeable only when y > 0.95.
If we set oy = 0, then we can calculate the value

fl(t/xd):
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The value of the coefficient of transition from the median resource to the gamma-percentage
with an increasing degradation process

Distribution v b

type 0.8 0.9 0.95 0.99 0.999 0.9999
3 0.7918 0.7100 0.6526 0.5638 0.4858 0.4343
0.7134 0.6137 0.5479 0.4520 0.3738 0.3250
Normal | 0.8559 0.7959 0.7524 0.6825 0.6180 0.5735
orma 0.7984 0.7222 0.6696 0.5890 0.5189 0.4727
3 0.9015 0.8588 0.8272 0.7752 0.7255 0.6903
0.8606 0.8050 0.7654 0.7027 0.6457 0.6068
3 0.8042 0.7331 0.6849 0.6127 0.5517 0.5122
0.7133 0.6177 0.5558 0.4678 0.3975 0.3542
Weibull | 0.8648 0.8130 0.7770 0.7214 0.6727 0.6402
crou 0.7983 0.7253 0.6760 0.6026 0.5406 0.5006
3 0.9077 0.8711 0.8452 0.8044 0.7677 0.7428
0.8606 0.8073 0.7702 0.7134 0.6636 0.6305

The data in the table also indicate that the distribu- Conclusions

tions of the operating time have a sufficiently large
lower “threshold” level, ensuring a service life reserve
with a high probability of failure-free operation
vy =0.9999, which is from 32.5 to 74.3% of the median
operating time. From the point of view of practical
application, the distribution of type (11) based on the
Weibull law has the advantage of universality, since,
unlike the normal law, it can also be used with values
of the coefficient of variation of the quantity x, that
significantly exceed 0.3.

Statistical control of mechanical reliability of re-
source-providing elements of machines can be reduced
to standard selective quality control by an alternative
feature. The possibilities of parametric control of me-
chanical reliability are shown, the use of which allows
replacing expensive control tests with current control
of technological parameters that determine the re-
source of the object. Using the data in the Table, we
can compare the nature of the dispersion of the operat-
ing time until the parameter reaches its limit value
when using the normal distribution and the Weibull
law for the density.
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