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ABSTRACT

The author considers two approaches to solving the problem of increasing the reliability of machine-
building products: on the spot, at the enterprises that operate transport vehicles, via certain modifications
of serial products, and at manufacturing sites, during production of subsequent products, via improving the
design on the basis of operation data of the analogues. In this case, data collection and processing system
should provide reliable data on failures and cases of non-serviceable condition of the machines operating
under different conditions; prompt processing of statistical data and presentation of results in the most
convenient form; registration and coordination of reliability improvement measures taken by developers,
manufacturers and operators. The author analyzes the operation of distribution laws of random variables
and the variety of their corresponding calculation systems for the determination of the product's reliability
indices in an element-by-element, unit-wise, as well as synthesized form. This approach makes it possible
to search for the least reliable elements of a system in order to align the machine's reliability indices.
Purpose. Creation of a design system for determining reliability indices in a separate form at the levels of
parts, units and for the machine as a whole for identifying its least reliable components for the purpose of
their further improvement. Methods. The methodology is based on drawing up a structural chart of
machine reliability and a consolidated list of failures that are identified during its operation. The reliability
structural scheme includes all the machine elements. A summary cumulative list is compiled further,
where data on the operating time of each object are recorded for each failure type. The data samples on the
times to failure of a group of homogeneous components are output from the summary cumulative list per
each element. Results. The methodology makes it possible to create a system with multiple ratios of
reliability indices per components, as well as reduce expenses for service impacts and improve the
effectiveness of their transportation work. The present research work contributes to the theory of
predicting the reliability of mechanical systems, making it possible to solve important tasks at
modernization and design stages.

Keywords: Distribution law; Failure; Function; Information; Object; Reliability.
RESUMEN

Aqui se consideran dos enfoques basicos a mejorar la fiabilidad de productos de construccién mecénica,
es decir, por unas mejoras de piezas seriales en las empresas que usan estos articulos y en el sitio de su
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fabricacién durante la produccion de muestras subsiguientes, asi como a través de mejorar el disefio de las
piezas sobre la base de los datos de funcionamiento de piezas similares anteriores. En este caso el sistema
de recoger y procesar datos hard posible la adquisicién de datos fiables sobre los fallos y casos de
inoperabilidad de las méaquinas usadas en condiciones de operacion diferentes; procesamiento operacional
de las estadisticas y presentacion de los resultados en una forma conveniente para analizar. Se analizan de
elemento por elemento y unidad por unidad el impacto de las leyes de distribucién de variables aleatorias
y la variedad de los sistemas de calculo correspondientes en la determinacion de los indices de fiabilidad
del producto, asi como en una forma sintetizada en la méaquina en conjunto. Este enfoque permite buscar
los elementos menos fiables en un sistema mecanico para tomar la decision acerca de ajustar los indices de
fiabilidad de los componentes respectivo de la maquina. Objetivo: crear un sistema de disefio para
determinar indices de fiabilidad de forma separada en la escala de componentes, unidades y la maquina en
conjunto para identificar sus componentes menos fiables con el objetivo de su mejoramiento ulterior. El
sistema de métodos aqui usada se base en elaborar el diagrama estructural de fiabilidad de la maquina y
una lista consolidada de fallos identificados en su operacion. Después se compila un registro cumulativo
donde se recuerdan los tiempos medios antes de fallar de cada objeto examinado para cada tipo de fallos.
Se extraen del registro los datos para cada elemento sobre los tiempos antes de fallar de un grupo de
elementos monotipicos del grupo de maquinas bajo control. La metodologia desarrollada permite disefiar
construcciones de préxima generacién y usar los datos operacionales sobre maquinas de transporte durante
este proceso para definir acciones determinadas para crear un sistema con razones proporcionales de
indices de fiabilidad por componentes, asi como emprender medidas especificas para reducir los gastos
para impactos de servicio y mejorar la eficacia de su trabajo de transporte.

Palabras claves: Ley de distribucién; Fallo; Funcion; Informacion; Objeto; Fiabilidad.
1. INTRODUCTION

At present, the consumer of engineering products is looking forward to the improvement of product
reliability by manufacturer. In the practice of machine-building industry, there exist two basic approaches
(Maslovsky, 1984) to solving this problem: on the spot, at the enterprises that operate transport vehicles,
via certain modifications of serial products, and at manufacturing sites, during production of subsequent
products, via improving the design on the basis of operation data of the previous analogues. But both in the
former and in the latter case, the manufacturer must know the weak (unreliable) spots in the design of machines
(equipment), which can be obtained as a result of data analysis on failures during operation (\Volkov, 1999). Thus, the
main purpose of information gathering is timely provision of credible data on the reliability of mechanical and
automation equipment as well as their elements in operation.

The completeness of information depends on the accuracy of description of failures and their causes,
indicating failure detection time; failure external manifestation; time for failure searching and
troubleshooting; type of a failed component, part; its place in the general structure; time between failures,
etc. (Barash, 2004).

Data collection and processing system (GOST 16468-79) should ensure the timely receipt of complete and
reliable data on the reliability of machines operating in different conditions; prompt processing of
statistical data and presentation of results in the form most convenient for analyzing the reliability of
machines; recording and coordination of reliability improvement measures taken by developers,
manufacturers and operators.

The results of data collection and processing on the machines reliability and automation facilities should
ensure the solution of the following tasks (Methodical Guidelines. Reliability in technology, 1989):

— finding the causes of failures and malfunction;
— identification of parts, assembly units and components that limit the reliability of machines;
— determining and adjustment of the specified reliability factors of machines and their components;
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— justification of spare parts consumption list, structure of repair cycle and frequency of diagnostics, as
well as maintenance and repair of machines;

— determining the influence of operating conditions and modes on the reliability of machines;

— determination of the economic effectiveness of measures regarding the improvement of the reliability
of machines and their elements.

A critical problem in the study of mechanical system reliability is the so-called unit or element-by-element
unevenness (Volkov, 1999), when separate components of such a system are characterized by a shorter
time to failure, or significantly exceeding the mean time between system failures. Units, aggregates, or a
machine as a whole can be considered as a system concept.

2. MATERIALS AND METHODS

Various sources may be applied for an overall assessment of machines reliability. The following sources
(Fig. 1) were used by the author in the course of work (Volkov, 1999).

The occurrence of failures in mechanical systems is due to combined effect of a large number of different
factors — dynamic loads, operating modes, high temperatures, mechanical characteristics of materials and
parts, humidity, environmental dust, etc. Therefore, failures are of random nature, and failure itself is
treated as a random event (Amalitsky et al, 2002).

Sources of information onthe machines reliability

Ciperation Tests Analyses
ordinary norrma under- field bench operationa strength statistical (by
I cantrol I comparisan
wwith
analogues)

Figure 1. Sources of information on the machines reliability

Random variable is a variable that, as a result of tests, may take one of the possible values unknown
beforehand. In reliability theory, such random variables as resource, time to failure, number of failures
during a certain period of operation, recovery time, etc. are used. Random variable is said to be continuous
if it can take any value within one or more specified intervals as a result of tests. Random variable is
called discrete if it can take a finite or infinite countable set of values, that is, if these values can be
numbered in some order. Discrete random variables include data of statistical (empirical) observations of
object failures, i.e. time to failure, number of failures, etc.

To fully characterize a random variable, it is necessary to specify not only its all possible values, but also
the law of its distribution.

Distribution law is a dependence that establishes a relationship between the possible values of a random

variable and their probabilities. When calculating reliability, determining the distribution law is a required
procedure for obtaining initial data in order to calculate reliability indices.
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The law of continuous random variable distribution is predetermined by the distribution function F(x),
which is also called a cumulative distribution function. It determines the probability that the random
variable X will take a value less than x as a result of the test, that is

F(X)=P(X<x).
The F(x) function is a non-decreasing x function (monotonically increasing for continuous processes and
stepwise increasing for discrete processes). It varies from 0 to 1 within the variation limits of the random
variable X.
The reliability theory uses the term “time” (time to failure, serviceable life), that is some random value z,
and failure is represented as an event consisting in the fact that ¢ <t. In this case, the F(x) function of the
running time 7 has a physical meaning of the object failure probability in a time less than t:

F(t)=P(z <t).
The derivative of distribution function per current variable (time t) is called distribution density:

() = dF(H)/dt (1)

It characterizes the repetition frequency of the given random variable value. In some cases, it is sufficient
to characterize the distribution of a random variable via some numerical values, mathematical expectation
(mean value), mode and median characterizing the position of the centers of random variables grouping
along the axis of abscissas, dispersion, mean square deviation, and a variation coefficient characterizing
the dispersion of the random variable (Pronikov, 2002).

The mathematical expectation (mean value) M is the major and simplest characteristic of random variable
t. The mathematical expectation value determined based on observation results both for discrete and
continuous quantities is called an evaluation of mathematical expectation or an evaluation of mean value
T:

Ty ort =y @

where N is the total number of observations; t; is the value of the random variable; g; is the number of
identical values t,.

It is assumed that M=T at a sufficiently large number of tests (observations).

The mathematical expectation is determined depending on the distribution density f(t) (for continuous
values) or the probability p; of value t; occurrence (for discrete quantities) in probabilistic problems:

M, = [t t)dt or M, =Y"t, - p. 3)

The variance of random variable is a mathematical expectation of this value deviation square from its
mathematical expectation. The variance estimate of a random variable is the mean value of the square of
difference between the values of random variable and its mean value (Amalitsky et al, 2002):

1 1
Dt:m'Z(tl_T)z or Dt:m'zgl'(tl_-r)z- (4)

For continuous random variables:
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D, = j_*“’(t —M,)? f (t)dt. (5)
For discrete random variables:

D, =) (t-M,)*p. 6)

Since it is more convenient to use the dispersion characteristic of a random variable having the same
dimension as a random variable, the following characteristic as a mean square deviation shall be

introduced:
S, =+/D,. Y

To estimate the dispersion using a dimensionless (relative) value, the coefficient of variation equal to the
ratio of the mean square deviation to the mathematical expectation is applied:

Vi =—-. (8)

Quantile is the value of a random variable corresponding to a specified probability.

Median is a quantile corresponding to a probability of 0.5. The median characterizes the location of the
center of a random variable grouping. The area under the density distribution function graph is divided in
half by the median.

Mode of a random variable is its most probable value, or, in other words, the value at which the
probability density is maximum.

Reliability parameters are used for state assessment in statistical interpretation and for forecasting in
probability interpretation. The first ones are expressed in digital numbers; they are called as estimates in
the probability theory and mathematical theory of reliability. They are taken as true reliability
characteristics at a sufficiently large number of tests.

Determining the serviceable life of an element or time to failure of an object, as well as other random
variables, such as recovery time, accuracy resource, overhaul life, etc. based on statistical data of
probability distribution law is one of the required operations when analyzing and calculating reliability.
Distribution laws, such as exponential, normal, and Weibull distribution law (Reshetov, 1988), are mainly
used when calculating the reliability of machinery and equipment used in the forest sector.

Exponential law is characterized by the density of the time-to-failure distribution (the density of failure
probability)

f(t)=1-exp(=At), ©)

where / is the failure rate (distribution law parameter). The probability of failure-free operation (reliability
function) (Fig. 2, b) (Amalitsky et al, 2002):

R =] 7§ (x)dx = exp(=t). (10)
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The  probability of failure occurrence shall be determined by the  following
formula:

F(t) = j; £ (x)d(x) =1— p(x). (1)

Mean time of a product to failure:

T=["P)d(x) = 1 (12)
0 X
Dispersion of a product time to failure:
D =[ (t-T) f(t)dt = —. (13)
0 yE

Mean-square deviation of the time to failure:

1
St:\/ﬁt:—. (14)

A

In terms of exponential law, failure rate is a constant value inversely proportional to the time to failure or
the mean time of failure-free operation:

A)=A= % = const. (15)

This means that the previous use of an object up to some moment in time t does not affect the residual
time of nonfailure operation. Hence, while in operation, the object is not influenced by the wear-out effect,
that is, it does not age. Therefore, this law is not applicable for the failures associated with the wear of
rubbing surfaces. The law is typical for sudden, emergency failures (for example, during running-in
period) associated with breakages and destructions of an object. It is especially important that the time-to-
failure distributions of complicated recoverable systems consisting of many elements (Amalitsky et al,
2002) correlate with the exponential law very accurately. Since at t=T, the probability P(T) = 0.37, 63% of
failures occur for the time ¢<7, and only 37% occur later. Thus, to ensure the required probability of
failure-free operation of 0.9 or 0.99, a small amount of the mean time to failure (0.1 and 0.01,
respectively) may be used only.

If the operation of an object occurs under different modes, and consequently, under different failure rates
J1 (for the time t;) and 1> (for the time ty), then the following may be obtained from the theorem of
multiplication of probabilities:

P(t) =exp[-4,-t, + 4, -L,]. (16)

With high requirements to object failure-free performance, the period of its continuous operation, that is,
its resource T, is limited to a certain value of the permissible probability of failure-free operation P(7)).
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Application of the exponential law for the objects with high failure-free performance (Pronikov, 2002) can
be considered as acceptable and justified.

The normal law describes well the distribution of the probabilities of the time to failure, the resource of
elements and other reliability indices when they depend on a large number of random factors being
uniform in their influence, the effect of each of which is insignificant compared to the totality of all the
others. This law is typical for gradual failures caused by wear and aging. Normal distribution law
determines the time to failure of many repairable and non-repairable objects, the dimensions and errors in
the measurements of parts. Normal distribution is the most universal law and is widely used for practical
calculations.

The density of normal distribution (Fig. 3, a) (Amalitsky et al, 2002]:

T)’

(t-
ex
PC 25°

f(t) = ﬁ (Ul DY (a7)

where T is the mathematical expectation of the time to failure; S is the mean square deviation of the time
to failure.
In this case, it is necessary to consider that the area under the curve f(t) is equal to

[Ttmd =1 (18)

Thus, it may be concluded that all 100% of the elements will have time to failure or a serviceable life,
ranging from — oo to + 0. If we integrate the density function within the range from (T-3S) to (T + 3S), we
will get the value of 0.9973. This is the characteristic feature of the normal distribution law: virtually, all
the dispersion (99.73%) of a random variable lies within the interval of T3S, that is, around the center of
grouping within the limits of six mean quadratic deviations. As a result, knowing T and S values, one can
practically determine the range of possible values of the random variable.

The probability of failure-free operation (reliability function) shall be determined by the following
formula:

P(t) = ) ~——2)dx. (19)

L [ew

The probability of failure occurrence shall be determined by the following formula:

F(t) = ))dx 1-P(t). (20)

s\/_I

The integration limits of the last two expressions show that at an arbitrarily taken time point t, the part of
the area under the density function curve within the limits from 0 to t will characterize the relative number
of out-of-operation (failed) components, and the part of the area within the limits from t to oo will
characterize the relative quantity of the components remaining serviceable by the time t, that is, the
probability of failure-free operation.

In order to simplify the calculations, centered and standardized normal distribution shall be used, in which
the grouping center coincides with the origin of coordinates, and the abscissa values are expressed in the
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fractions of S. The normalization consists in the change from t value to the auxiliary linear function z = (t—
T)/S.
The density of normalized distribution:

2

o(2) = L -exp(- Z—) —00 < Z < 400 (21)
- J2x 27 '
The normalized distribution function:
D(2) = 1 “ex (—Z—Z)dz 22
== [ exp )z (22)

This function is called a normalized Laplace function. We have @(-Z)=— &(Z) at negative values of Z.
To calculate the Laplace function, Table 1 was complied. The probability of failure-free operation P(t) is
expressed in terms of the Laplace function as follows

P() =o.5+q>-(%) _05+®(2). 3

Since the duration of the object trouble-free operation cannot be negative, the normal distribution in general terms
can be applied to reliability problems in case of S<<T only. If the condition is not fulfilled, then the truncated
normal law is applied. The essence of the truncation lies in the fact that all values t <0 and f(t)=0 at t <0
(Gnedenko, 1966) are excluded from the set of the random variable values.

Table 1. Values of the normalized Laplace function (Engineering methods for ensuring system reliability) &(z)

Z D(2) z D(2) z D(2) z D(2)

0.0 0.000 1.0 0.341 2.0 0.477 3.0 0.49865
0.1 0.040 1.1 0.364 2.1 0.482 3.1 0.49903
0.2 0.079 1.2 0.385 2.2 0.486 3.2 0.49931
0.3 0.118 1.3 0.403 2.3 0.489 3.3 0.49952
0.4 0.155 1.4 0.419 2.4 0.493 34 0.49966
0.5 0.191 1.5 0.433 2.5 0.493 35 0.49977
0.6 0.226 1.6 0.445 2.6 0.495 3.6 0.49984
0.7 0.258 1.7 0.455 2.7 0.4965 3.7 0.49989
0.8 0.288 1.8 0.464 2.8 0.4974 3.8 0.49993
0.9 0.316 1.9 0.471 2.9 0.4981 3.9 0.49995

Note: O(-2z)=— D(2)

The density function of the truncated normal distribution law is as follows:

2
t=T)" 4

A
f(t)=—"— exp(-
(t) S J2. p( 557
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where A is a normalizing constant factor.
The values of A shall be calculated using the following formula:

1

A= |
o.5+cz>-(;)

(25)

where @(T/S) is the Laplace function.

The truncated normal distribution describes the reliability analysis results of the complicated systems with
a good accuracy, taking into account the drift of the elements parameters (accuracy, vibration strength,
temperature, etc.) beyond the allowable limits during operation. Nevertheless, at T/S> 2, which is the case
in the majority of cases when calculating the reliability of machines under consideration with the normal
time-to-failure distribution, factor A is differs little from unity, and the truncated normal distribution is
described by the ordinary normal law quite accurately.

3. RESULTS AND DISCUSSION

The Weibull distribution is rather universal covering a wide range of probability change cases via varying
parameters. It describes well the fatigue failures resulting from the combined action of wear and impact
loads, for example, the failures of rolling bearings, objects consisting of duplicated components connected
in series. It is applied for reliability assessment of machines parts and components, in particular, vehicles,
carrying and lifting machines as well as others. It is also used for reliability assessment regarding failures
that arise during the process of aging of the product (Amalitsky et al, 2002).

The probability density of time to failure for the Weibull distribution is as follows:

f(t)=§-(t—a)b-1 exp-(1)"). 2

where a is the scale parameter (sets the scale of the distribution curve along the abscissa axis); b is the
form parameter (determines the sharpness and asymmetry of the distribution density curve).
Probability of product trouble-free operation:

P(t)=exp(—(§)b). @

Probability of failure occurrence:

F(t)=1- exp(—(é)b) —1-P(1). 8)
Rate of failures:
_f®) _b Ly
At) = P() ~ a (a) : (29)
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The probability density and the failure-free operation probability curves are shown in Fig. 3 (a, b).

The quantities a and b are always positive ones. The Weibull distribution becomes exponential at b = 1,
which is thus a special case of Weibull distribution. The failure rate A(t) becomes a decreasing function of
time at b <1, so the Weibull law with the parameter b <1 can be used for estimating the reliability of objects
during their running-in. At b >1, the Weibull distribution is characterized by the failure rate increasing
function, and it is more convenient to use it for estimating the reliability of failures caused by wear. The
Weibull distribution is close to normal distribution and the probability density function takes on a bell form
atb =3.5...4.0.

The Weibull distribution is widely used in reliability calculations, since it is possible to achieve a more
complete correspondence of the theoretical distribution law to the experimental data (Reliability of forest sector
machinery and equipment, 2002) via selecting the a and b parameters.

Taking the logarithm of the expression for calculating the probability of failure-free operation P(t), the
following can be obtained:

In{~In(l- F(t))}=b-Int—b-Ina. 30)

This equation characterizes the linear dependence of its left part on Int. Having denoted y = In{-In[-
F(t)]}, 4 = —b:Ina, B = b, x = Int, we can write the straight line equation as y = 4 + Bx.

The principle of the least square method is that the coefficients A and B that define the straight-line
equation describing the location of the experimental points x; and y; in the graph in the x and y coordinate
system in the best possible way are determined per the totality of values x; and y; calculated from the
sample data. In this case, the sum of squared deviations of the experimental points from the straight line y
= A + Bx turns to a minimum (Reshetov, 1999).

Let the variational series of times to failure t;, to, ... t, ... tn be obtained in the process of testing the objects for
reliability (in the order of increasing the numerical values).

The values of x; and y; shall be calculated based on the data of variational series. In this case

X, =Int; (31)

y, = In{=In[1- F(t)]}1=1.2..n, (32)

where t;j is the i-th value of the time to failure variation series, F (ti) is the distribution function statistical
value corresponding to t;, and n is the number of sample values.

The values F (ti) shall be calculated according to the following formula:

(t—0.5)

F(t)= (33)

where i is the consecutive number of the variational series of times to failure located in ascending order.

To find the coefficients A and B, we shall compile a table in which the values of t; of variational series are

written, and then F (), x, (Xi =X), (X =X 3, (Yi = ¥) and (X —X)«(Y; — V) shall be
calculated for each of these values, as well as added to Table 1.
The values X and Y shall be determined from the following expressions:
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K="3 %0 Y=, (34)
] N

The coefficient B shall be calculated from the following formula:

> (% =) (%~ )

B=11 _ - (35)
Z (Xi - X)2
i=1
Then the coefficient A shall be calculated from the following expression:
A=y-Bx (36)
The parameters of the Weibull law shall be found based on the values of B and A:
A
b=B,a= exp(—g (37)

Sudden failures are formed as a consequence of the effect of overloads, which are associated with the
inevitable random fluctuations of environmental conditions and inevitable fluctuations in component
interaction.

If there is a load fluctuation R(t) near the mean level R in a random stationary process, then a moment t,, when
it reaches a value exceeding the permissible limit level R,, is possible and a failure occurs then. This process is
called an instantaneous damage scheme.

The flow of sudden failures, as a rule, is described with a sufficient accuracy by the exponential
distribution law with constant intensity (A = const), and the probability of failure-free operation shall be
described by the following equation:

P(t)=e™ (38)

where A = 1/T is a failure flow parameter; T is a mean lifetime (time to failure) of the element; t is the time
for which P(t) has to be determined.

The formula (38) can be represented in the following form for the values of P(t) > 0.9 with the accuracy
sufficient for practice:

P(t):l—x-tzl—% (39)

When using the exponential distribution law, it is necessary to point out that the condition A = const remains for
a certain period of time.

Gradual failures of machine elements occur as a result of accumulative damages. The change in the initial
quality of an element is most frequently caused by wear or accumulation of fatigue damages. As a result of
these processes, a part loses its original strength, and its breakdown or plastic deformation (functional failure)
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takes place. It is possible that the change in the initial quality of an element will lead to an increase in the
processing error or will be the cause of an increased vibration, etc. (parametric failure) (Amalitsky et al, 2002).
Professor A. S. Pronikov (2002) has developed a gradual failure formation model for the most common
case when the change in the parameter x of an object is proportional to the rate y of the change process and
the operating time t (x = yt).

Accumulation of damages is characterized by a monotonous random variation of the parameter x(t) in time
due to both external factors and the progress of physical processes occurring inside the element.
Therefore, the most typical one is the case when normal distribution law determines velocity with the
following density:

(v, —7)’

.exp| —
P s

(40)

0=

where 7 is the average value (mathematical expectation) of the damaging process speed or change in the

output parameter; S, is the mean root square deviation.
The maximum permissible value of the parameter x,... determines the life time (time to failure) of the elementt =T,
which is a function of a random argument v,

X
T=0¢(y)= Ta* (41)

The mean lifetime shall be determined by the following formula:

Xmax
Y

T-

(42)

The problem consists in finding the distribution density f(t) based on the given function f{y) (Fig. 5, a).
The following formula shall be applied for the functions of the random argument in probability theory

f(t=T)=flyM)]v'(T) (43)

Xm

where y(T) is the inverse function of o(y), that is y(T) = X_I”j—ax; y'(T) =

:X is the derivative of

this function.
Substituting these values into the previous expression and making the transformations, we shall obtain the
following:

.F
(44)

where ® = —~ is the variation coefficient.

Y

525



We shall introduce the dimensionless time t in the fractions of T for convenience of calculations

Then, the design formula will take the following form:

1 1 (1-1)°
f(t)=——=-—exp| - 46
) 8v2n 1 p{ 26212} 0)

where fi=f (1) =T f(T) and T =1T.
This formula is convenient in that the probability density is a function of one single dimensionless

parameter, i.e. the variation coefficient 5.
To determine failure probability F(T), it is necessary to integrate the probability density function

F(T) =] f®)dt=[ f(x)dx=F() (47)

If we introduce the variable z=(1-7)/dz, this integral will be reduced to the Laplace function. Taking into
account the fact that the probability of failure-free operation P(7)=1-F(T), we shall obtain the following:

P(t) = P(z) =0.5+[1;—T] (48)

T

where P(t) is the normalized Laplace function, 0< P(t) <0.5. P(t) =1 att =0, and P(t) — 0 at t—
Having expressed P(T) via the parameters Amax, Y , S,, which serve as the initial data while solving the
set task, the formula can be written in the other form:

_ Ximax ~ 7_/t
P(t)=0.5+ (—tsy j (49)

The analyzed scheme is simplified, since it does not take into account the dispersion of the initial
parameters in reality, the type of implementation x(t) depends on the initial state of the element, for
example, the quality of manufacture or repair. Considering the dispersion of the initial parameters,

X=x0+yt, (50)
where Xo is the product initial parameter.

The initial parameter of the element is a random variable and is subjected to a certain distribution law.
Serviceable lifetime is a function of two independent random arguments xo and y

T :t: (Xmax_XO)
Y

(51)
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If random arguments X and vy are distributed according to the normal law, then the parameter x for each
value t = T will be distributed according to the same law with the same parameters (Amalitsky et al.,
2002).
Mathematical expectation

x =xo+ yT. (52)

Mean square deviation

S, =[S+ (ST) (53)

where Xo is the mathematical expectation; So is the root-mean-square deviation of the random parameter xo.
The probability of failure-free operation:

P(t) = 0.5+ | Xme %o~/ (54)
JSE+8% 17

The same formula can also be used in the nonlinear progress of parameter change process, that is, when
there is mathematical expectation y(t) and the dispersion S*(t) is the function of time in some cases.
Thus, the change in the output parameter can be written for any regularity in the general form.

P(t) = 0.5+ | Xne =% —7(Ut (55)
JSE+S3(t) 12

The formula (54) makes it possible to solve the so-called "direct" problem, i.e. to determine the
probability of failure-free operation P(t) at a specified life.

To solve the "inverse" problem, i.e. the determination of the serviceable lifetime T at the given
level P(t), the value t = T, which is included into the argument of the Laplace function, is the desired
guantity in the formula (54). This argument will serve as a quantile u, of the normal distribution, that is, it
will be the value that corresponds to the given probability P(t).

Having equated the value of the argument of function @ to xp from the formula (54), we shall obtain the
guadratic equation for determination of T :

X,A/Sq +S) t* =X, — X —1t (56)

The calculation procedure lies in the fact that we shall find the corresponding value x, for the given value
of P(t) based on the tables for quantiles of the normal distribution, and we shall find the serviceable
lifetime t = T from the equation (56).

The failure occurrence scheme as a result of effect of several causes, for example, the load R(t) of a
stationary random process with the maximum permissible load level Ry(t) decreasing due to wear is the
most typical for machine real elements. Determining the physical nature of such failures is difficult, so
they are mistakenly referred to usual gradual or (which is more often) to sudden failures.
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The strength decreases with time at any system subject to wear, aging, corrosion, etc. The system retains
the original properties at t << to. The maximum permissible load R,(0) is large, and the probability of
failure is small. R, decreases to a level of Ri,, which is more likely to be lower than the workload at a time
close to toand especially after it.

The service life of the elements, whose failures arise as a result of the implementation of several causes
action scheme, can often be described via the Weibull distribution with an adequate degree of accuracy.
The experimental determination of reliability is based on the registration of times to failure occurrence.
Such events are accidental, since inevitable changes in production factors and operating conditions lead to
dispersion of indices characterizing the technical condition of a vehicle. In this regard, such indices reach
the limit values at different values of operating time (running), that is why the group reliability factor, i.e.
the time to failure can be considered as a set of probabilistic static characteristics obtained while
processing the databank samples based on the probability theory and mathematical statistics.

The parameters of the time to failure distribution law are the initial data for determining the mean time to
failure of controllable products. The calculation of the time to failure consists in constructing variational
series to be determined by the following indices: Inax i the maximum time to failure or suspended time to
failure; Al is the value of the variational series interval; K is the number of intervals; n; is the number of
products with this failure included in the i-th interval; D is the number of products with suspended time to
failure included in the i-th interval.

The cumulative frequency my; shall be determined for each interval.

If there are no suspended lifelengths within the interval preceding the i-th one, then the cumulative
frequency shall be determined by the following formula:

m, = Zi:ni (57)
1

If there are suspended lifelengths within the interval preceding the i-th one, then the cumulative frequency
shall be determined by the following formula:

My =M,y + Al (58)

n

where my.1y is the cumulative frequency referred to the upper boundary of the interval preceding the one
under consideration; Ai is the failure weight within the interval,

Ai = —
N+1-) (n+1)
1

(59)

where N is the sample size.
The time to failure of a single element of the mechanical system structural scheme of a product shall be
determined by the following formula:

L, =— (60)

where | is the time of a restorable product to the first failure; T is the mathematical expectation of the
number of failures.
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Time to failure depends on the running interval at which it is being determined. It is reasonable to define
the vehicles reliability factors via the time to failure L, not depending on the random value of the time to
the first failure, but on the fixed interval Al. In this regard, the problem of finding the value of time to
failure is reduced to determining the value of the mathematical expectation of the number of failures T,
which can be determined from the following expression:

T:Fi(l)+'1[H(I—x)-dFi(x) (61)

or according to the following formula:

H() =Y F() ©)

where Fi(l) is the distribution function of the time to the i-th failure to be determined from the relation:
1
F (1) = [ Fy(1=x)dF (x) (63
0

wherein F(l) = Fi(l) is the distribution function up to the first failure, while | varies from 2 to co.
f(x) is the differential distribution function,

dF(x) = f(x)dx (64)

The general formula for the approximate definition of Fi(t) for any I can be represented in the following
form (Trikozyuk, 1980):

F(0) = AX[0.5-F (T=%0) - T(%o) + Fiy (1 =%,) - T O6) + Ry (=) - T0¢) +

FF(1=%) - 106) 4t Fp(1=%,5)- F (%) )

where n is the number of intervals into which the entire integration range from xo to x, is divided; dx is the
fixed value of a single interval assumed equal to 5000 km in these calculations; xo and x, are the initial and
final points of the integration range, respectively.

Xo =0; X, =AX,; n:AL.
X

As it was established (Cline, 1968), the failure flow of the elements operating under linear deformation conditions
shall be distributed according to the Weibull law.
Consequently, the integral redistribution function has the following form:
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b
F(x) =1—exp —G) : (66)

where a and b are the Weibull distribution parameters.
The differential function of this distribution has the following form:

b (x\* x )’
f(x)=—-(—j -exp —(—j : (67)
a\a a

The properties of the Weibull distribution function are as follows:

F(0)=0; f,=0;
| (68)
F 0)= I Fi—l(x_ )- f(x)dx=0;

It is possible to simplify the formulas of determining the distribution function of the time to the Ist failure
of the object of research for any value of | = 1; 2; 3 .., which acquires the following form of trapezoid
formula (more convenient for numerical integration) after appropriate transformation:

F ) =ax- ) Fo(—x,)- f(x,) (69)

|
where X, =AX; n:&.

In order to determine the value of Fi(l) according to the specified trapezoid formula, it is necessary to
predetermine the value of the function Fi.1(I-Xm) at n points, that is, at | — xm = 4x, 2 Ax, 34x... (n — 1) Ax, n
Ax.

The specified formula for determining the value of F, at each point of the integration range separation will
have the following form:

F.(AX,) = AX- kz_ll F_[AX-(k—m)]- f (AX.). (70)

m=1

Fi(4x) = 0 is obtained at k = 1 taking into account (Stal Group OOO). In this regard, the previous formula
(Zayats, 2013) is valid at k = 2, 3 ... The value of Fi(x) for each particular value of running time t is
calculated until the time when the value of Fy(l) becomes less than some small, predetermined positive
number, for example 0.001 at a certain | = k. The calculated times to failure end in this case. The relative
error from the replacement of the sum of infinite series with the sum of a finite number of first terms does
not exceed 1% according to practical calculations of determining the time to failure of automobile
semitrailer units.
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According to the results of experimental studies, the time to failure of certain elements, pivots and support
plates of semitrailers in particular, is distributed according to the normal law. The times to failure shall be
determined by the following formula (Stal Group OOO) for such elements

where ai & d; are the normal distribution parameters of the i-th element time to failure; Fo(x) is a normal
distribution function.

After determining the time to failure of each element of the design diagram of the product according to the
formulas (Barash et al.., 2004) and (Kuznetsov, 2001), the time to failure of each assembly unit of the
product component parts shall be determined:

-1

L) = ZT—’} (72)
0

=

where n; is the number of the j-th type elements in the given assembly unit; L; is the time to failure of the
j-th element of the assembly unit; N is the total number of the elements to be calculated in the given
product assembly unit.

Similarly, the time to failure of the entire product is as follows:

M nj -1
L=\ 277 | (73

=L %o
where n; is the number of assemblies of the j-th type in the product structural scheme; T; is the time to
failure of the j-th assembly in the product structural scheme; M is the total number of assemblies to be
calculated in the given product.
The results of the present paper were used while determining the reliability of KZAP-9370 and KZAP-9385 semi-
trailers produced by the Krasnoyarsk automobile trailer plant and operating with KAMAZ-54102 semi-tractors.
The semitrailer structural scheme was conveniently divided into a specific number of components, according to
which the type of failure was formed. Both the least reliable structural components of the semitrailer and the
components with a sufficiently large time to failure were determined as a result of data collection on the life
lengths of road trains at the time of the beginning of failures and cases of unserviceable condition with subsequent
analytical processing using the presented method. The following results of unit-wise time to failure of KZAP-
9370 semi-trailer have been obtained on the run of 350 thousand kilometers.

Table 2. Data on the time to failure of KZAP-9370 semi-trailer components on a run of 350 thousand kilometers

No. Failure type Mean time to failure, km
1 Destruction of sides and their fixation elements 12700
2 Demolition of frame with a floor plate 61 900
3 Destruction of a support plate with pivot 241100
4 Support device failure 219 100
5 Destruction of an equalizing beam suspension 61 800
6 Destruction of axle beams 345000
7 Destruction of wheeled braking mechanisms 82 600
8 Failure of brake pneumatic drive elements 82 500
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9 Electrical equipment failure 331300
10 Spare wheel holder failure 203 200
Time to failure of a semitrailer as a whole 6 450

As Table 2 shows, the time to failure of the semitrailer components is characterized by considerable spread in
values, as a result of which, the total time to failure of the whole semitrailer, to be determined by the formula (73),
is reduced to 6450 km. In practice, this means that there will be a single failure pertaining to any of the listed ten
systems on the specified run with 90% probability. It is possible to point out to the manufacturer the necessity of
further development of a certain type of a mechanical system composite element using the obtained data.

4. CONCLUSIONS

As a result of the present work, the theoretical provisions regarding calculating the reliability of vehicles
on the unit-wise and assembly-wise levels concerning specific failure type have been obtained. It is
possible to perform calculations of the time to failure and between failures according to operational
observations over a group of objects under control, in particular, transport vehicles according to the
compiled formulas.

RECOMMENDATIONS. The materials of the article can be used when it is necessary to estimate the reliability
of a mechanical transport system operating under specific conditions, forming particular conditions for the load
modes of parts about which the manufacturer can have rough ideas only. Reliability assessment of components
and the machine as a whole can point out to the manufacturer the aspects of work on improving specific parts or
components with the view of improving the reliability of the product as a whole.

The article has been written with the support of the agreement on creative cooperation between Voronezh State
Forest Engineering University and KAMAZ, PJSC.
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