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Abstract
The article presents results of researches in the field of ensuring operational capability of complex technical objects 

using the example of construction machines. Methods of determining the replacement interval of elements in accord-
ance with the accepted at the present time progressive operating strategy — by technical condition, in accordance with 
the current reliability level, determined by statistical or parametric characteristics of replaced units — are considered. 
Replacement is performed before reaching of limiting values of characteristics. Parametric characteristics are meas-
ured in the process of unit condition diagnostics, and statistical characteristics are determined on the basis of opera-
tional information. 
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Introduction
Provision of operational capability of complex technical 

objects, which include transport-technological machines 
(TTM), in particular, excavators, is carried out through main-
tenance and repair (M&R). Since the machine life general-
ly exceeds manifold the life of its constituent components, 
replacement of elements, which spent their resource, is 
performed during M&R. Replacement is performed in ac-
cordance with the progressive operating strategy accepted 
at the present time — by technical condition (TC). TC as-
sessment is performed based on the current reliability level 
which is determined by statistical or parametric character-
istics of replaced units. Replacement is performed before 
reaching of limiting values of characteristics.

Parametric characteristics are measured in the process 
of unit condition diagnostics (for example, volumetric effi-
ciency of the pump). However, not all units have measur-
able parameters (for example, high-pressure hoses of the 
hydraulic system). Such elements are replaced on the basis 
of statistical characteristics.

Limit values of reliability level indices and TC parame-
ters of elements are selected taking into account the object 
type, its use, structural scheme of its reliability, and pattern 
(or determination method) of the limit state. A transportation 
vehicle can serve as an object type example. Let us con-
sider two types of transportation vehicles, i.e. passenger 

aircraft and agricultural tractor. Failure of an important 
element of the aircraft in flight will lead to disaster and 
in the tractor — to halt in a field. Consequences of 
the failure differ significantly, therefore, patterns of the 
limit state will be different too. For the aircraft, the lim-
it state is the probability value of the failure in flight, 
conditioned by safety requirements. For the tractor, 
the probability value of the failure is conditioned by re-
quirements of the economic practicability of its use. 
The structural diagram is determined by the availability 
of element redundancy. In the aircraft, most systems 
are reserved; in the tractor – only the braking system 
is reserved.

Dynamics of the current values of TC parameters 
of elements in operation is traced through carrying 
out the periodic diagnostics according to the schedule 
of carrying out M&R activities or through continuous 
diagnostics with special devices built into the operat-
ed object, and observations of the staff. Dynamics of 
current values of reliability level indices is assessed 
based on the collection of statistical information on el-
ement failures.

Planning activities on maintenance, repair and re-
placement of elements is carried out taking into ac-
count the operation specifics of objects. For example, 
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for transport construction machines (gas pipelines) used 
seasonally in places, which are hard-to-reach to carry out 
maintenance and repair, the interval between repairs will 
be long. Therefore, the resource stock of machine ele-
ments prior to repair or replacement shall be increased. 
The scope of repair and replacement works also increas-
es before the operation season. Such method of M&R by 
the condition can be called preventive.

Subject, problems and methods
The study subject is TTM as a complex technical sys-

tem consisting of elements, replacement interval of which 
determines the reliability of the machine as a whole.

The problem, solved in the article, is development of 
methods for the substantiation of the unit replacement in-
terval. Methods of statistical analysis and forecasting are 
used. 

Assessment of machine elements reliability using 
the queuing theory

Many researchers (Bujaczek, 2013; Repin and Evtju-
kov, 2015; Protasov and Nikolaychuk, 2011; Chernyavsky 
and Shadchin, 2010) propose to assess the reliability of 
machines with the help of the queuing theory (QT). A 
scheme of change in states of elements replaced by the 
time to failure, drawn up according to QT methods, is pre-
sented in Figure 1.

Intensities of transitions between states are determined 
by the following equation:
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where Tfi — time to i-th failure (i = 1 — scheduled main-
tenance, i = 2 — unscheduled maintenance); Tri — resto-
ration time after i-th failure.

The total failure rate:

2.01.0 λλλ += 				                     (2)

Kolmogorov equations for the described case have the 
following form:
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Example. 
Let the replacement interval (time between repairs — 

Tsm (life of a node for scheduled maintenance)) of the high 
pressure hose (HPH) of the bucket hydraulic cylinder be 
5,000 machine hours. (Tsm  =Tf1= 5,000 machine hours), re-
placement duration time — 0.5 h (Tr1 = 0,5 h). Mean time to 

failure Tf2 = 
fT  = 6,500 machine hours. Mean restoration 

time after the HPH sudden failure — 5 h (Tr2 = 5 h). It is 
required to determine probabilities of states and the actual 
need for replacements.

The example solution is given in Appendix G. As a re-
sult of the calculation by equations (1-3), state probabilities 
are obtained:

P0 = 0.999, P1 = 9.991·10–5, P2 = 7.686·10–5, showing 
a very high reliability of HPH. This method is suitable for 
assessing the reliability of the machine as a system of ele-
ments, and that makes it possible to calculate such impor-
tant indices of the machine as the availability factor and 
percentage of uptime, but does not give a proper idea of 
the operational reliability of elements and does not allow 
determination of the actual need for their replacement. For 
example, the operation experience shows that one of six 
HPHs stops operating until the scheduled date of replace-
ment. To assess the probability of failure-free operation of 
the element prior to the date of its replacement, it is more 
preferable to use methods of the probability theory.

Determination of parameters of time-before-fail-
ure distribution laws

Deadlines of scheduled replacements are fixed ac-
cording to the known resource of components. Naturally, 
the period of the scheduled time before component failure 
till the time of its replacement shall not exceed the mean 
time before failure (MTBF). The statistical distribution of 
HPH resource, as well as of the most of non-repairable 
components, is subject to the normal law. The normal law 
describes well the distribution of random variables at sig-
nificant effect of equivalent factors. Characteristics of the 
normal distribution law of random variable T (for example, 

Figure 1. Marked out graph of states of the element replaced by 
time to failure: S — element states (S0 — operable, S1 — sched-

uled replacement, S2 — unscheduled replacement); λ — fail-
ure rates; μ — repair rates; Р — probabilities of states
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time to failure of a machine, node) are determined by the 
following expressions:

- probability distribution function:
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- probability of failure-free operation:
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- root mean square deviation:
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where fT  — mathematical expectation of a random val-
ue (mean time to failure, average service life, etc.).

In interpretation for the considered case of HPH reliabil-
ity analysis, probability distribution function F (T) shows the 
probability of element failure before the date of its sched-
uled replacement.

Figure 2. Graph of failure-free operation probability (line 1) and functions of HPH time-to-failure prob-
ability distribution (lines 2 and 3): Тsm — life of a node for scheduled maintenance; Р0, Рf — probabili-

ty of failure-free operation or failure of a node before the time of the scheduled repair, respectively

Figure 3. Graph of HPH time-before-failure probability distribu-
tion density (designations are the same as in Figure 2)
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The use of Mathcad mathematical environment signifi-
cantly facilitates the work on the analysis of the operational 
information. Therefore, for the statistical analysis of data 
on time to failure, which are subject to the normal law, the 
Mathcad software was developed (Repin et al., 2012; Repin 
et al., 2016). The following statistical characteristics should 
be defined to determine parameters of the distribution law 
and construct a histogram: sample volume; minimum, maxi-
mum and mean arithmetic (mathematical expectation) sam-
ple values; root mean square deviation (Figure 2).

In Figure 3, graphs of HPH time-before-failure probabili-

ty distribution density f (T, fT , σ) are presented. Marked ar-
eas of graphs to the left of Tsm line (figures ABD and ACD in-
dicated with numbers 3 and 4) correspond to probabilities of 
HPH failure before the date of the scheduled replacement.

Development of an optimization model of the num-
ber of replacements by unit costs and reliability of re-
placeable elements

As the basis of probabilistic models for determination of 
time to failure before preventive maintenance, the idea of 
minimizing the weighted-average costs for repairs was laid, 
proposed by prof. Ye.I. Zaitsev. As weighting factors for two 
alternatives (emergency repair, caused by a sudden failure, 
and preventive repair), the risk of missing failure (Repin et 
al., 2012) (corresponds to F (Tsm)).
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are used, correspondingly, where f (Т) — time-to-failure 

distribution density with the mathematical expectation fT ; 
Tsm — life of a node for preventive maintenance.

Costs, which are subject to minimization, are determined 
by the following equation:

Z=Zsm∙Rsm+Zpm∙Rpm=Zsm[1-P(Tsm)]+Zpm∙P(Tsm)→min      (10)

where Zsm - total costs for emergency maintenance, 
Zpm - total costs for preventive maintenance.

If we express cost components through average costs of 
emergency Csm (taking into account damage D - direct dam-
age, for example, from working liquid losses and collateral 
to stop of works)) and preventive Cpm maintenance, then we 
will obtain:

(9)
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where Toverhaul /Tsm is the number of operational (repair) 
cycles at the specified finite time to failure Toverhaul  (for exam-
ple, before the overhaul).

For a considered example, the Mathcad software is 
also developed. In Figure 6, results of calculating optimal 
element replacement intervals are presented by minimum 
costs in a repair cycle for various D damage values.

The calculation is carried out for two types of replacea-
ble elements of single-bucket excavators (SBE): high-pres-
sure hoses (HPH) and bucket teeth. 

Mean time to failure ( fT ) of HPH is commensurable 
with time to failure before the overhaul (6,500 and 8,000 
machine hours, respectively), therefore, the number of re-
placements in the period between repairs does not exceed 
two, and that reduces the demonstrative ability of some di-
agrams. However, for HPH, the impact of damage, related 
to the sudden failure, is significant (D — up to 10,000 RUB), 
since in case of HPH collapse, a large amount of expensive 
working fluid outflows. 

For bucket teeth, fT  400–500 machine hours, therefore, 
the number of replacements for elements with different reli-
ability indices differs significantly. Figure 4 shows the effect 
of reliability characteristics of replaceable elements on the 
value of optimal element replacement intervals, calculated 
by minimum costs in a repair cycle. The use of this analysis 
method makes it possible to approach the spare parts pro-
curement optimization from the viewpoint of "price–quality".

Elements replaced according to their condition with 
reliability level control

Features of operation and replacement of units:
- main reliability characteristics of elements replaced 

according to their condition with reliability level control are 
resource values of a new Tnew and replaced Trep units as a 
result of repair, characterized by time to failure in machine 
hours;

- the resource of the replaced (repaired) element is relat-
ed to the resource of a new element through the resource 
restoration factor Кr. i.e. Trep = Tnew·Кr (for hydraulic actuator 
units, Кr = 0.3–0.8);

- realization of the resource by time to failure is subject to 
the normal distribution law;

- dynamics of the time before failure by time is described 
by the exponential law Тf (t) = Т(1) ∙ exp(-βt ∙ t);

- distribution of the planned annual time to failure of a 
machine is subject to the uniform law.

(8)
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Figure 4. Results of calculating optimal element (HPH) replacement intervals by minimum 
costs in a repair cycle for various D damage values (RUB). 1 — 1000, 2 — 5000, 3 — 10000

Figure 5. Effect of reliability of replaceable elements (bucket teeth) 
on the value of optimal element replacement intervals, calculated by 

minimum costs in a repair cycle (see characteristics in Table 1)

Figure 6. Effect of the damage value from sudden failures of the 
equipment element (tooth) and its characteristics on the value of 

optimal replacement intervals (using excavator tooth as an example)

Figure 7. Graphs of the dependence on the ordinal number of the i-th replacement:
a — intervals of the element replacement; b — probability of the element failure af-

ter the i-th replacement before the expiry of the machine mean life Tres.av.
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Table 1. Characteristics of the replaced element (using excavator 
tooth as an example)

Element fT , 
machine 

hours

σ, machine 
hours

Сpm, 
RUB

Csm, 
RUB

D, RUB

No. 1 550 100 500 800 1,000
No. 2 450 120 400 700 1,000

Determination of the replacement number of el-
ements for the machine life taking into account the 
scattering of replaced element resource values

Let the average machine resource be Tres.av.. Without 
taking into account scattering of the element resource, 
the total number of necessary spare parts n per one ma-
chine before writing-off will be determined by the following 
relation:
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Taking into account the probable resource deviation 
for the normal law of its distribution, the number of spare 
elements is determined as follows. Let us specify the av-
erage resource before the first replacement of a particular 
element Tnew, root mean square deviation of the resource 
for both new and replaced elements, σ and resource res-
toration factor Кr. By the time of the first replacement the 
average resource will be T1=Tnew, by the time of the second 
replacement T2=Tnew + Trep=Tnew (1 + Кr), by the time of the 
i-th replacement:

Ti = Tnew [ 1 + Кr (i - 1)]			           (13)

Let us assume that the root mean square deviation 
of the resource at all replacements of elements does not 
change: σ1 = σ2 = σ.

However, considering the graph of the density distribu-
tion, it is possible to note that scattering of resource values 
along the axis of time to failure will increase with each re-
placement by the value of 4σ (Figure 11, curves 2 and 4).

To avoid increase in the uncertainty of the resource 
value after the i-th replacement, it is proposed (Repin and 

Evtjukov, 2015) to calculate the root mean square deviation 
of the resource according to the following equation:

ii σσ =

The distribution density of the new element resource Tnew  
and the total resource of the new and replaced elements 
(Tnew  + Trep ) are represented by curves 1 and 3. Therefore, 
the element failure probability at each replacement:

iiKTTTTF rnewnewvares σφ /])1(({)( .. −⋅−−=

where F {…} —Laplace's function, which is determined 
by the table of normal distribution function values.

The total number of element replacements required 
for a single machine taking into account scattering of the 
resource:

∑
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Example. The life of a hydraulic actuator Tres = 4,000 
hours,  the resource of a safety valve Tnew = 1,500 hours, the 
root mean square deviation of the resource σ = 300 hours, 
restoration factor Kr="0,3." 

The task is to determine the required number of safety 
valves to ensure the service life of the hydraulic actuator. 
The solution, fulfilled in the Mathcad program, is shown in 
Figure 11 and 12.

Based on the solution, shown in Figure 7b, the number of 
spare safety valves taking into account resource scattering:

∑
=

≅=
8

1
6

i
iFz

(15)

(16)

Figure 8. Graphs of the dependence of the element replace-
ment number on the resource restoration factor Кr: n — without 
taking into account resource scattering (equation 12); z — with 

taking into account resource scattering (equation 16)

(12)

(14)
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Table 2. Data on the change in the pump volumetric 
efficiency with time to failure

Pump Time to failure Т, thous. h
0.0 0.4 0.8 1.2 1.4

1 2 3 4 5 6
No. 1 0.932 0.929 0.889 0.864 0.859
No. 2 0.945 0.945 0.925 0.896 0.866
No. 3 0.925 0.914 0.894 0.860 0.825
No. 4 0.959 0.966 0.946 0.921 0.895
No. 5 0.946 0.946 0.926 0.898 0.869
No. 6 0.941 0.938 0.918 0.888 0.858
No. 7 0.934 0.928 0.908 0.877 0.845
No. 8 0.972 0.968 0.958 0.934 0.910
No. 9 0.971 0.968 0.948 0.922 0.897
No. 10 0.955 0.960 0.940 0.913 0.887
No. 11 0.923 0.922 0.892 0.857 0.822
No. 12 0.964 0.962 0.952 0.928 0.903
No. 13 0.953 0.957 0.937 0.909 0.882
No. 14 0.943 0.941 0.921 0.891 0.861
No. 15 0.932 0.925 0.905 0.872 0.839

No. 16 0.939 0.925 0.855 0.814 0.773
No. 17 0.915 0.900 0.880 0.843 0.807
No. 18 0.935 0.930 0.910 0.878 0.846
No. 19 0.921 0.939 0.889 0.853 0.818
No. 20 0.923 0.921 0.891 0.856 0.821
Stand. dev. — σ 0.016 0.019 0.027 0.031 0.035
Coef. of variation 0.017 0.020 0.030 0.035 0.041
Upper level of 
efficiency values: 
U1 = η + σ

0.958 0.958 0.941 0.915 0.889

Average value of 
the volumetric 
efficiency: η

0.941 0.939 0.914 0.884 0.854

Lower level of 
efficiency values: 
U2 = η - σ

0.925 0.920 0.887 0.853 0.819

Distribution of pump efficiency values at the same time 
to failure is subject to the normal law (Figure 9 and 10).

It should be noted that the number of element replace-
ments essentially depends on the resource restoration 
factor Kr. The dependence of the number of replacements 
n and z on the resource restoration factor Kr is presented 
graphically in Figure 8.

To increase the value of the failure-free operation prob-
ability, it is needed to reduce the intervals of the element 
replacements.

Elements, replaced according to their condition 
with control of parameters of the technical condition

In dynamics of technical condition parameters of the 
machine elements, it is possible to distinguish certain fea-
tures of operation and replacement of units (elements) ac-
cording to their condition with control of parameters:

- in the operation process, their main parameter Xi 
characterizing the element operational capability changes;

- limit state is determined by the limiting value of the 
parameter Xlim;

- to predict the time to replace the element, the law of 
variation X (T), and the limit parameter value should be 
known.

Predicting the residual resource
In the theory of recognition and forecasting, there 

are two main approaches to the problem of forecasting: 
probabilistic and deterministic (Repin et al., 2011; Jiang et 
al., 2014; Makhutov and Reznikov, 2015; Makhutov et al., 
2013; Trukhanov, 2014).

Prediction of deterministic (functional) processes is 
carried out by interpolating (searching of the intermedi-
ate value of the function in the interval) or extrapolating 
(searching of the value of the function beyond the inter-
val). In this case, at first, the analytical expression of the 
function under study is revealed, and then the prediction is 
carried out. When predicting deterministic processes with 
little prediction time, the Lagrange interpolating polynomi-
al is used. When there is little information about the con-
trolled function, the least squares method is used. Empiri-
cal formulas are used in the form of functions: fractionally 
linear, power, exponential, logarithmic, and others.

Example. Predicting the residual resource of the gear-
type pump NSh-46U based on materials of volumetric ef-
ficiency change of 20 pumps Data on the change in volu-
metric efficiency with time to failure are shown in Table 2.
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Figure 9.  Histogram of the efficiency values distribution with regard to 
the new pump (T = 0) and graph of the normal distribution law density

Figure 10. Graphs of the dependence on time to failure:
where а — probabilities of entering pump efficiency values within the in-

terval not lower than predetermined by the curve Р(η); 
b — densities of the normal distribution law with regard to efficiency values (in designa-

tion of probability and density, figures show time to failure in hundreds of hours)
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Figure 11. Results of the analysis and predicting the pump efficiency dynamics in Excel

For all 20 pumps, the averaged curve (characteristic) 
of the change in volumetric efficiency with time to failure 
T is constructed by finding the mathematical expectation 
in the middle of time-to-failure intervals (Figure 10).

Approximation of the obtained curve is made by find-
ing parameters with the use of the least squares method 
and has the following form:

cTbTa ++= 2η

By means of this curve, prediction of efficiency values 
— the average value (expressions for η) with an interval 
of scattering ±σ (expressions for U1, U2) is performed.

(17)
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