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Abstract

The article presents a theoretical and analytical review of the probabilistic approach to assessing the
tribotechnical reliability of mechanical systems, in particular friction units. The influence of the random nature of
loads and wear on the reliability of machine elements is considered. The feasibility of using distribution functions
and probability density functions to describe the wear process is substantiated. Mathematical models are described
in detail that allow determining the probability of element failure for given statistical characteristics of the load
and permissible wear. Both constant and block load conditions are taken into account. The results of the study can
be used in the design and operation of highly reliable tribotechnical systems, as well as for predicting their resource
under conditions of operational uncertainty.

Keywords: tribotechnics, wear, probabilistic approach, reliability, failure function, coefficient of variation,
block load.

Introduction

Ensuring the reliability of technical systems is one of the main tasks of modern mechanical engineering, in
particular in conditions of intensive operation and high loads. Friction units are one of the most vulnerable parts
of mechanisms, and their premature failure can cause significant economic losses or even accidents. The traditional
approach to reliability assessment often ignores the stochastic features of the operation of tribotechnical elements,
which leads to an underestimation of the accuracy of predictions.

Given that the wear process is complex, non-uniform and largely random, there is a need to switch to
probabilistic analysis methods. This approach allows us to take into account not only the average values of loads
and wear, but also their variations, dispersions and other statistical characteristics. In particular, the use of
probability density distribution functions allows us to estimate the probability of failure, construct reliability
functions and optimize design parameters.

This article highlights the basic concepts and mathematical tools underlying the probabilistic approach to
tribotechnical reliability. This research has practical implications for designers of mechanisms operating under
conditions of significant and variable loads.

Purpose and objectives of the study

The aim of the work is to develop a probabilistic model for assessing the reliability of friction units taking
into account the random nature of wear and load. To achieve the set goal of the research, the following tasks were
solved: to build mathematical models of wear and load distribution; to determine distribution and density functions
for key parameters; to propose a methodology for assessing reliability under constant and block loading; to
calculate reliability based on statistical characteristics.

Research methods

The work uses methods of mathematical statistics, probability theory, as well as approximate analytical

Copyright © 2025 M.O. Dykha, V.O. Dytyniuk, A.L. Staryi. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
£ properly cited.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2025-116-2-27-33
https://orcid.org/0000-0002-6075-1549
https://orcid.org/0000-0001-6377-524X
https://orcid.org/0000-0001-7668-606X

28 Problems of Tribology

methods (linearization of functions) to estimate the distribution characteristics. Both normal and arbitrary
probability density distributions were used to model wear. The analysis was carried out by constructing reliability
functions and failure functions for different load modes.

Literature review

Tribological reliability issues in engineering have been widely discussed in the scientific literature. In [1],
the main focus is on identifying failure modes and mechanisms. This is especially true for the emerging technology
of microelectromechanical systems (MEMS). The focus here is on the mechanism of wear failure and how the
methodology was used to create a predictive model. The MEMS device that was emphasized in these studies was
a Sandia-developed micromotor with orthogonal electrostatic linear actuators connected to a gear on a hub. The
dominant failure mechanism was wear in the sliding/contact zones. A sliding beam-on-post test structure was also
used to measure friction coefficients and wear morphology for different surface coatings and environments. The
results show that a predictive model of failure time as a function of drive frequency based on wear fits the
functional form of the reliability data quite well and demonstrates the benefits of a fundamental understanding of
wear. In [2], it is stated that tribological experimental studies have improved significantly in recent years, leading
to a significant number of results and, as a result, an increasing number of papers are appearing. The scatter found
in the data is often explained by many variables involved in the experiments, namely: the environment (especially
humidity), layers of contaminants, differences in test conditions, uncertainty in the evaluation of the results and
rarely - the response of the experimental equipment. This work aims to discuss several sources of inaccuracies that
lead to the scatter of experimental tribology results. A reliability method is proposed to characterize friction and
wear data. Experimental results obtained by unidirectional sliding and microabrasion will be used to support the
discussion. In [3], it is stated that system reliability is an extremely important issue, especially in multi-core
systems, which tend to have high power density and, consequently, temperature. Existing reliability-based methods
are either slow and non-adaptive, or do not use task assignment and scheduling to compensate for the uneven wear
state of the core. This paper presents a dynamically activated task assignment and scheduling algorithm based on
theoretical results, which clearly optimizes the system lifetime. In the study [4], the effects of the coupling between
linear guide wear and vibration of a machine table system are studied based on the infinitesimal method. A
nonlinear dynamic model is developed to analyze the wear and vibration failure mechanisms under parameter
uncertainty. To assess the dynamic reliability of a machine table system under multiple failure modes, a time-
dependent and conditional reliability approach based on the Kriging model with active learning and Monte Carlo
simulation is proposed.The approach eliminates the need to recalculate the real values of the limit state function,
and the calculation efficiency is significantly increased. The document [5] describes methods for formulating and
assessing the reliability of the system in conditions where failure is the result of wear of system parts reaching a
critical threshold. A model is proposed related to the stochastic behavior of wear, in which a continuous, right-
hand non-decreasing wear process consists of a “continuous” and a “jump” part. Several properties of the model
we have proposed are presented. Also, a number of applied problems on wear and reliability are highlighted in the
works [6-9]. At the same time, it should be noted a small proportion of works that analyze numerical dependencies
for calculating tribotechnical reliability parameters.

Main material.
Wear and tear as a random variable.

The dependence of wear on the friction path even under constant load is random (Fig. 1). At each given
friction path, wear at pressureCis a random variable. Like any random variable, wear is characterized by a

probability distribution p(uw) the appearance of this wear.
p(uw) is the density of the wear probability distribution or wear probability uw;

O(u,, ) is the probability distribution function of wear uw, or the probability of wear occurring from zero

to the value uw; this function is called the failure function:
O(u,)= [ p(u,)du,, (1)

P(u,) is a reliability function or probability of failure-free operation, i.e. the probability that wear u,, will

not be achieved:

P(u,)=1-0(u,). (2)
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Fig. 1. Random distribution of wear and friction . Lo .
Fig. 2. Reliability functions
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The probability distribution density is characterized by:
1) the mean or mathematical expectation

_ 1 %
uw = mu = uwi; (3)
Y Nia
2) dispersion
1 2
D, == (u,—u,); @)
=Sl
3) standard deviation
Su, = Du, 4 (5)
4) coefficient of variation
Su
V== (6)
v

According to the above formulas, the characteristics of the distributions are determined from experimental
data u, and S, .

Depending on the wear pressure and the friction path, the random nature of the wear is reflected in the
value of the wear coefficient &, :

N
u, =k, Y c"As,
i=1
Or in integral form:
u,=k,c"s. (7)
In this dependence (7), in addition to the random variable kw , there is, as a rule, the value of the acting
pressures O . Let the system be subjected to a random pressure G . Random variable G, as well as kw , 1s described

by the density distribution P(G) with characteristics: average value G, pressure dispersion D, , the standard

deviation S and the coefficient of variation of pressures V_ .

It should be emphasized that the random nature of a constantly acting load applies only to the set (set) of
friction pairs operating under all other equal conditions, except for the load, the random nature of which is
manifested in the random selection of the load at the beginning of the operation of the unit.

The task of constructing the density of the wear distribution for given wear coefficient distributions kW
and pressure G in formula (7) can practically only be solved approximately. The average wear value U, is

calculated by the formula for the average values of the arguments of random k. w and G :
i, =k c"s. (8)

To calculate the variance D, we will use the approximate method of linearization of functions, according

to which for the independent variables kw and G :
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or taking into account (7):
D, =(5"s) D, +(k,m5"'s) D,. (10)

It is obvious that the constant value s can be placed outside the brackets:

D, =5’ [(6’” )2 D, +(k,mc"" )2 DG} . (11

u,

Reliability assessment from wear under constant load.

The problem is posed as follows: there is a random variable of current wear (), for example, (7) and

the random variable of permissible wear u;, it is necessary to find the probability that the current wear does not

exceed the permissible one, that is:

P:P(uw <u;)

or
PzP[(uW—u;)>O] (12)

From probability theory it is known that if the density of the distribution of quantities is given f, (u,,)

and f, (u*w) , then the distribution density P(z =u, — ”:v) is calculated using the integral:

P(z)= Iﬁ(%)ﬁfz(u;)duilduw L(13)

This integral is taken only for certain types of density distributions f, (uw) and fz (u*w) .

In the case where the distribution of effective and limit stresses obeys the normal law for determining
P(s), taking the integral (13) is not required in this case.

Fig. 3. Normal law of wear distribution

The function P(s)also obeys the normal law:

P(s)=——e (14)
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where:
* - = —_—k
Z=u,—u D:=Duw+Du:,sZ=./Dz,Z—uw—u .

w w

The value of the random variable z corresponding to a certain probability P(s) is determined from the
expression:
Z,=z+u,s,. (15)
where U » is the quantile corresponding to the probability P.
Value z=1u,, —u:; = delimits the regions of negative and positive values of z so that the probability
of destruction is determined by the condition:
Z,=Z+uU,ys, =0,

from which the expression for the desired quantile follows:

z u —u
U, =——=— (16)
S, D% +D
Entering the depreciation reserve factor:
n —1 u
U =———=— n, =—*, (17)
P 202 142 Yoo
nWVu:’ VuW w
expression (16) is reduced to the form:
n, —1
U = (18)
P 22 442
I/leu* V“w

where V. and Vv, are the coefficients of variation:

W

—x%
Ve =5, lu,, v, =s,/u,.

w

According to formula (18), the probability quantile P is determined, and then any of the quantities p(s),
P(s) and O(s).
Calculation of wear reliability under random block loading.

Randomness in block loading can manifest itself in:

1) in the random choice of pressure in the stage; 2) in the random choice of interval in the stage; 3) in the
random alternation of stages; 4) in the given probability of stages.

Let us consider for example the case where the choice of pressure in a stage is random. Let us assume
that in each ith stage:

o, :6i(1+upvc)=6i8. (19)

The size €, which reflects the random nature of the load, we will assume the same for all stages.
Substituting expression (19) into the equation for wear (7), we obtain the statistical expression for wear:

u, =k,g"Y cl'As,, -(20)

Similarly, substituting expression (19) for the number of blocks before reaching the limit of wear, we
obtain:
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Average number of blocks before reaching wear limit:

—

A= _N—W . (21 a)
k w ; Gi ASI'I
Average resource of the friction unit:
s=As;. (22)

It is necessary to find the probability density function of exceeding the wear limit above the current one.
Solving this problem in the case of a normal distribution for u; and u,,, is given by expression (18), which can

be used to construct the reliability function P(s). In this case, it is necessary to know the wear dispersion Duw,

which we find taking into account (20):
ou, ) ou,, )
u u
D, = =~ D, + =~ | D,, (23)
<ok, ) e

D, =(X&'as,) D, +(k,X5"as, ) D,. (23 a)

Resource distribution taking into account the average value (22):

S:§(1+upvk), (24)

where Vv, =5, /'S .

Taking into account (21):

2 _ [ 2 _ —
$, =D, D,=D, +D. Vv, = Ve TV, Yy, = JD.. i, (25)

The most common is the random load, given in the form of the probability P of the load action at each
stage. In the case of a continuous load application, this is the pressure distribution density problem P(G). With a

discrete load assignment, this is P(G,) ,s0 ZR =1

Conclusions

The probabilistic approach allows for more accurate modeling of the behavior of friction units in real-
world conditions. The constructed models take into account the variability of loads and wear, which is crucial for
predicting reliability. In particular, when applying the models to block loading, significant differences in reliability
functions were found compared to constant loading. The proposed methods can be used to design more reliable
machines and mechanisms.
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Juxa M.O., Jurunwok B.O., Crapumii A.JL. VIMOBIpHICHHI MiAXiA 10 OIIHKA MOKAa3HHUKIB
TPUOOTEXHIYHOT HaIIITHOCTI BY3JIiB TEPTS

Y crarTi NpencTaBiieHO TEOPETUKO-aHAIITHYHUE OIJIsaA HWMOBIPHICHOTO MigXOAy [0 OI[HKH
TPUOOTEXHIYHOI HAJIMHOCTI MEXaHIYHUX CHCTEM, 30KpeMa BY3IiB TepTs. PO3IIsaeThesl BIUIMB BHIAIKOBOTO
XapakTepy HaBaHTAXKCHb 1 3HOIIYBAaHHA Ha HAIIMHICTH elleMeHTiB MamuH. OOIpyHTOBAaHO MOIIBHICTH
BUKOPHCTAaHHS (QYHKIIH PO3MOJITY Ta IIIEHOCTI HMOBIPHOCTEH JUIsl OMHKCY IpoLecy 3Hocy. [leTallbHO OIicaHo
MaTeMaTHYHi MOJIETi, IO JIO3BOJITIOTh BU3HAYUTH HMOBIPHICTH BIIMOBH €JIEeMEHTa IPH 3aJlaHUX CTAaTHUCTHYHUX
XapaKTepUCTUKaX HAaBaHTAKEHHs M JIOMYCTHMOTrO 3HOCY. BpaxoBaHO SIK yMOBH IOCTIHHOTO, Tak i OJIOYHOTO
HaBaHTAXEHHs. Pe3ynbTaTH AOCHIDKEHHS MOXXYTh OyTH BHMKOPHMCTaHI NPH KOHCTPYIOBaHHI Ta eKcIuTyaTamii
BHCOKOHA/IiIHHUX TPHOOTEXHIYHNX CHUCTEM, a TAKOX JJIsI IIPOTHO3YBaHHS iX pecypcy B yMOBax eKCILTyaTaliiHOi
HEBU3HAYEHOCTI.

KuiouoBi cjioBa: TpuboTexHika, 3HOC, UMOBIPHICHUN TMiJIX11, HATIHHICTh, QYHKIIS BiTIMOB, KOE(IIiEHT
Bapiarlii, 6JJ0YHe HaBaHTaXECHHSI.



