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Abstract. Open-pit truck technical operation determines mined bulk transportation effectiveness increasing 
equipment’s commercial operation duration based on a robust strategy of vehicle’s maintenance, early and 
high-quality diagnostics, upkeep and recovery. Developed mathematical model of BelAZ open-pit truck 
operation for various levels of organization of servicing replicates a Markov process in the system of 
technological automotive transport considering possibilities of vehicle states with time and steady-state 
condition. The performance of open-pit trucks was consistently evaluated and the model of the technological 
automotive transport system was synthesized. The validation analysis of the obtained model showed its 
suitability for optimization of open-pit truck performance. The calculated optimal controlling actions on the 
open-pit truck allow developing an algorithm and technique for dynamic adjustment of parameters of 
maintenance, diagnostics and repair of BELAZ open-pit trucks that will become the basis for a sustainable 
future of industrial transport technical operation. 

1 Introduction 
A status of open-pit mining is growing; the percentage of 
technological automobile transport that is a part of the 
transport and handling equipment of an open pit is 
increasing. The modern deep open pit is an enormous 
power-intensive enterprise that includes large truck fleet 
aimed to appropriate mined bulk transportation. 
Processing of large mineral resources volumes from open-
pit mining causes the side effects related especially to its 
transportation [1-3]. Due to the deep depth (more than 300 
meters) and the possibility of further advance at the lowest 
level of open pits in Ukraine as well as in the world, bulk 
transportation becomes increasingly difficult. From this, 
it follows that the problem of developing reliable and cost-
effective systems for mined bulk transportation is 
especially acute. 

Of more than two thousand BELAZ open-pit trucks 
works at Ukrainian enterprises representing above 90 % 
from the overall number of open-pit trucks of all 
manufactures introduced to our market. The largest 
business entities for BELAZ equipment operation are iron 
ore mining and processing enterprises of the city of 
Kryvyi Rih where about two-thirds of the overall number 
of Ukrainian open pit truck’s fleet are accumulated 
including above 200 vehicles with electromechanical 
transmission and payload capacity of 120-220 tones that 
arrange for base quantity of mined bulk transportation. In 
2018 the enterprises of Kryvyi Rih iron ore basin 
purchased 52 vehicles of BELAZ whereof 31 pit truck 
BELAZ-75131 with payload capacity of 130 tones [4]. 

The feature of the system of technological automotive 
transport (STAT) is the fact that it consists of an open-pit 
truck fleet and operates compatibly certain cycles, which 
are determined following a haulage roads design. The 

analytical review of the basic works, which are focused 
on technological automotive transport maintenance 
system evolution, has allowed establishing the too low 
level of its organization concerning open-pit trucks 
especially with the huge payload capacity [5-7]. 

Despite a considerable body of theoretical work 
existed in the technical literature [8], integrated 
mathematical models are currently absent that can be used 
to describe vehicle operations taking into consideration all 
engineering and resources conditions of equipment, state 
transition, loss of function, field maintenance and at the 
same time an industrial transport service costs 
minimization. 

Multipronged implementation, system approach to 
open-pit truck maintenance improvement is evident as 
synchronous evolution of diagnostic and monitoring 
systems within the framework of an actual state service 
development considering all the advantages of scheduled 
preventive maintenance. 

The reliability of the system of open pit’s 
technological automotive transport is the main indicator 
for the cost-effective management of the pit trucks 
operation as well as for the production as a whole. 

Long-term and reliable operation of open-pit trucks 
becomes possible provided timely, systematic and high-
quality maintenance and repair; therefore, validation of 
operating parameters of technological vehicles in deep 
open pits is a crucial task. 

2 Formulation of the problem 
The goal of the research is an enhancement of operating 
efficiency of technological automotive transport of deep 
open pits via a solid approach to its maintenance 
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parameters. The problem of a maintenance system 
improvement is qualified as the planning and design of 
vehicle’s maintenance management technique, 
minimization of unit transportation costs. The study 
subject is a deep open pit technological automotive 
transport technical maintenance. The research also 
focuses on synergies between maintenance parameters 
and technical and economic features of deep open pit 
technological automotive transport. 

3 Materials and methods 
The technological states of open-pit trucks change over 
time randomly and unexpectedly. Importantly it would be 
safe to assume that there is the relationship of the BELAZ 
open-pit truck technological state in the future on its 
current state and regardless of how and when that state 
was reached at this point. With the view to the 
mathematical treatment of such technological states of the 
open-pit truck, it is considered appropriate to use a 
mathematical apparatus known as “Markov random 
processes”. Besides, having regard to the three 
technological state subsystems of the open-pit truck are 
considered, mathematical modelling using the “Markov 
process with discrete states and continuous-time” pattern 
can be applied. 

Figure 1 shows a marked graph of the subsystems of 
technological states of BELAZ open-pit truck during 
mining positing that the probability of being each of them 
is described by the Kolmogorov differential equation set: 

              

⎩
⎪
⎨

⎪
⎧
ௗబ
ௗ௧

= ߣ)− + ߱ଵ) ܲ + ଵߤ ଵܲ + ଶߤ ଶܲ;
ௗభ
ௗ௧

= ߣ ܲ − ଵߤ) + ߱ଶ) ଵܲ;
ௗమ
ௗ௧

= ߱ଵ ܲ + ߱ଶ ଵܲ − ଶߤ ଶܲ,

 (1) 

where P0=P0(t) – is the possibility of machine operation, 
P1=P1(t) – is the possibility of scheduled maintenance, 
P2=P2(t) – is the possibility of unscheduled operating 
repair. 

At the initial time, it is expected that the open-pit truck 
is in working order: 

    ܲ(ݐ = 0) = 1; ଵܲ(ݐ = 0) = 0;  ଶܲ(ݐ = 0) = 0. (2) 

While the requirement of completeness of the STAT 
must also be fulfilled: 

                  ܲ(ݐ) + ଵܲ(ݐ) + ଶܲ(ݐ) = 1 (3) 

Equations (1) and initial conditions (2) determine the 
Cauchy problem. In the furtherance of this goal, it is 
required to ensure the general solution of the differential 
equation system (1) and then, according to the initial 
conditions (2), determine the partial solution. 

The solution of system (1) can be presented as follows: 

                   ܲ(ݐ) = ܺ ⋅ ݁ఏ⋅௧; (i = 0, 1, 2) (4) 

Substituting equation (4) into the system of 
differential equations (1), a homogeneous system of linear 
equations is depicted: 

       ቐ
ߣ)− + ߱ଵ + ܺ(ߠ + ଵߤ ଵܺ   + ଶܺଶߤ = 0;

ܺߣ   − ଵߤ) + ߱ଶ + (ߠ ଵܺ  = 0;
߱ଵܺ + ߱ଶ ଵܺ − ଶߤ) + ଶܺ(ߠ = 0.

 (5) 

 

Fig. 1. The marked graphic chart of technological states of 
BelAZ open-pit truck: λ – is the open-pit truck transition rate 
from functional condition to state of scheduled maintenance 
and repairs; ω1 – is the open-pit truck transition rate from 
functional condition to state of unscheduled operating repairs; 
ω2 – is the open-pit truck transition rate from state of 
maintenance and repair to operating repair; μ1, μ2 –  are the 
transition rates of open-pit trucks restoration to functional 
condition from states of maintenance and operating repair 
respectively. 

For a homogeneous system of linear equations (5) its 
determinant must be zero to have a non-trivial solution: 

ቮ
ߣ)− + ߱ଵ + (ߠ ଵߤ    ଶߤ    

ߣ  ଵߤ)− + ߱ଶ + (ߠ    0
 ߱ଵ    ߱ଶ ଶߤ)− + (ߠ

ቮ = 0.

 (6) 

Removing determinant (6), an equation for 
eigenvalues estimation is specified: 

ଷߠ + ߣ)ଶߠ + ߱ଵ + ߱ଶ + ଵߤ + (ଶߤ + 
ଶߤߣ)ߠ+ + ߱ଶߤଶ + ଶߤଵߤ + ଶ߱ߣ + ߱ଵߤଵ + ߱ଵ߱ଶ) = 0.
 (7) 

The solution of this equation is as follows 

ଵߠ = 0; 

ଶߠ                         = ି(ఒାఠభାఠమାఓభାఓమ)ି√
ଶ

;  (8) 

ଷߠ = ି(ఒାఠభାఠమାఓభାఓమ)ା√
ଶ

, 

where ܦ = ߣ) + ߱ଵ + ߱ଶ + ଵߤ + ଶ)ଶߤ − ଵߤߣ)4 + 
+߱ଶߤଶ + ଶߤଵߤ + ଶ߱ߣ + ߱ଵߤଵ + ߱ଵ߱ଶ). 

Сonversely eigenvectors are estimated corresponding 
to the determined eigenvalues (8) by substituting these 
values into a system of linear equations (5). 

The system of two equations is obtained for the values 
θ=θi: 

   ൜−(ߣ + ߱ଵ + )Хߠ + ଵХଵߤ + ଶХଶߤ = 0;
Хߣ − ଵߤ) + ߱ଵ + )Хଵߠ  = 0; .(i=1,2,3)  (9) 
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Considering X0=1, by solving equation (9) the 
coordinates of the eigenvector corresponding to the 
eigenvalue are found: 

ଵݔ
() = 1; 

ଶݔ                           
() = ఒ

ఓభାఠభାఏ
; (i=1,2,3) (10) 

ଷݔ
() = ఏ

మାఏ(ఒାఓభାଶఠభ)ାఠభ(ఒାఓభାఠభ)
ఓమ(ఓభାఠభାఏ)

. 

Taking into account equation (10), a complementary 
solution of differential equation system (1) is written: 

Р(ݐ) = Сଵ + Сଶ݁ఏమ௧ + Сଷ݁ఏయ௧; 

Рଵ(ݐ) =
ߣ

ଵߤ + ߱ଵ
Сଵ +

ߣ
ଵߤ + ߱ଵ + ଶߠ

Сଶ݁ఏమ௧ + 

                             + ఒ
ఓభାఠభାఏయ

Сଷ݁ఏయ௧; (11) 

Рଶ(ݐ) =
߱ଵ(ߣ + ଵߤ + ߱ଵ)
ଵߤ)ଶߤ + ߱ଵ) Сଵ + 

+
ଶଶߠ + ߣ)ଶߠ + ଵߤ + 2߱ଵ) + ߱ଵ(ߣ + ଵߤ + ߱ଵ)

ଵߤ)ଶߤ + ߱ଵ + (ଶߠ
Сଶ݁ఏమ௧ + 

 +
ଷଶߠ + ߣ)ଷߠ + ଵߤ + 2߱ଵ) + ߱ଵ(ߣ + ଵߤ + ߱ଵ)

ଵߤ)ଶߤ + ߱ଵ + (ଷߠ
Сଷ݁ఏయ௧ , 

where C1, C2, C3 – are the arbitrary constants. 
To find arbitrary constants, initial condition is used 

(2), which gives a system of linear equations: 

⎩
⎪⎪
⎨

⎪⎪
⎧
ଵܥ + ଶܥ + ଷܥ = 1;

ଵ
ఓభାఠభ

ଵܥ + ଵ
ఓభାఠభାఏమ

ଶܥ + ଵ
ఓభାఠభାఏయ

ଷܥ = 0;
ఠభ(ఒାఓభାఠభ)
ఓమ(ఓభାఠభ)

Сଵ + ఏమమାఏమ(ఒାఓభାଶఠభ)ାఠభ(ఒାఓభାఠభ)
ఓమ(ఓభାఠభାఏమ)

Сଶ +

+ ఏయమାఏయ(ఒାఓభାଶఠభ)ାఠభ(ఒାఓభାఠభ)
ఓమ(ఓభାఠభାఏయ)

Сଷ = 0.
 (12) 

Solving system (12), we find 

⎩
⎪
⎨

⎪
⎧Сଵ = (ఠమାఓభ)ఓమ

ఒఓమାఠమఓమାఓభఓమାఒఠమାఠభఓభାఠభఠమ
;

Сଶ = (ఠభାఓభାఏమ)(ఒାଶఠభାఓభାఏయ)
ఏమ(ఏమିఏయ)

;

Сଷ = (ఠభାఓభାఏయ)(ఒାଶఠభାఓభାఏమ)
ఏయ(ఏయିఏమ)

.

 (13) 

Substituting equation (13) into complementary 
solution (11), handling the Cauchy problem is as follows: 

Р(ݐ) =
(߱ଶ + ଶߤ(ଵߤ

ଶߤߣ + ߱ଶߤଶ + ଶߤଵߤ + ଶ߱ߣ + ߱ଵߤଵ + ߱ଵ߱ଶ
+ 

+
(߱ଵ + ଵߤ + ߣ)(ଶߠ + 2߱ଵ + ଵߤ + (ଷߠ

ଶߠ)ଶߠ − (ଷߠ ݁ఏమ௧ + 

+
(߱ଵ + ଵߤ + ߣ)(ଷߠ + 2߱ଵ + ଵߤ + (ଶߠ

ଷߠ)ଷߠ − (ଶߠ
݁ఏయ௧; 

Рଵ(ݐ) =
ଶߤߣ

ଶߤߣ + ߱ଶߤଶ + ଶߤଵߤ + ଶ߱ߣ + ߱ଵߤଵ + ߱ଵ߱ଶ
+ 

+
ଵ߱)ߣ + ଵߤ + ߣ)(ଶߠ + 2߱ଵ + ଵߤ + (ଷߠ

(߱ଵ + ଵߤ + ଶߠ)ଶߠ(ଶߠ − (ଷߠ ݁ఏమ௧ + 

+
ଵ߱)ߣ + ଵߤ + ߣ)(ଷߠ + 2߱ଵ + ଵߤ + (ଶߠ

(߱ଵ + ଵߤ + ଷߠ)ଷߠ(ଷߠ − (ଶߠ
݁ఏయ௧; 

 Рଶ(ݐ) = ఒఠమାఠభఠమାఠభఓభ
ఒఓమାఠమఓమାఓభఓమାఒఠమାఠభఓభାఠభఠమ

+ 

 + ఏమమାఏమ(ఒାଶఠభାఓభ)ାఠభ(ఒାఠభାఓభ)(ఒାଶఠభାఓభାఏయ)
ఓమఏమ(ఏమିఏయ)

݁ఏమ௧ + 

+ ఏయమାఏయ(ఒାଶఠభାఓభ)ାఠభ(ఒାఠభାఓభ)(ఒାଶఠభାఓభାఏమ)
ఓమఏయ(ఏయିఏమ)

݁ఏయ௧ .   (14) 

The mathematical model, which is described by 
functions (14), allows us to determine the probabilities of 
BELAZ open-pit truck being in each of the subsystems of 
technological state. 

However, the study of the operation of open-pit truck 
based on the derived mathematical model is some difficult 
which is due to the probabilities dependence on time. 

Thus, it seems advisable to consider edge steady-state 
operating conditions wherein the system that describes the 
open-pit truck operation changes their states randomly but 
the probability each of them is no longer dependent on 
time. In this case, the probability characterizes the average 
relative residence time of open-pit truck in this state. To 
calculate these probabilities, it is sufficient to equate the 
derivatives to zeros in formulas (1), which gives three 
simultaneous linear equations in three variables: 

             ൝
ߣ)− + ߱ଵ)Р + ଵРଵߤ + ଶРଶߤ = 0;

Рߣ   − ଵߤ) + ߱ଶ)Рଵ  = 0;
߱ଵР + ߱ଶРଵ − ଶРଶߤ = 0.

 (15) 

The resulting set of equations (15) is linearly 
dependent because its determinant is zero accordingly 
equation (6). Therefore, determining an appropriate 
solution is coming from the rejection of one equation and 
supplementing condition (2): 

                ൝
ߣ)− + ߱ଵ)Р + ଵРଵߤ + ଶРଶߤ = 0;
Рߣ − ଵߤ) + ߱ଶ)Рଵ  = 0;
Р + Рଵ + Рଶ = 1.

 (16) 

The linear system solving (16) is as follows 

              Р = (ఠమାఓభ)ఓమ
(ఒାఠమାఓభ)ఓమା(ఒାఠభ)ఠమାఠభఓభ

; (17) 

               Рଵ = ఒఓమ
(ఒାఠమାఓభ)ఓమା(ఒାఠభ)ఠమାఠభఓభ

; (18) 

               Рଶ = (ఒାఠభ)ఠమାఠభఓభ
(ఒାఠమାఓభ)ఓమା(ఒାఠభ)ఠమାఠభఓభ

. (19) 

Formulas (17), (18), (19) determine the probabilities 
of open-pit being in stationary subsystems of 
technological states which are operation, scheduled 
maintenance and unscheduled operating repairs 
respectively. 

The developed mathematical model of BELAZ open-
pit truck operation (17-19) for the various management 
levels of maintenance, diagnostic and repair reproduces 
the Markov process occurring at the STAT and allows 
calculating machine state probability with time as well as 
without reference to time [4]. The open-pit trucks 
operation is consistently studied. Modelling machine 
states and transitions allowed calculating time-dependent 
system state probabilities, empowered to formulate the 
purpose and the function of the income from operating 
surplus described by the three basic states of open-pit 
trucks. By varying the parameters of the function, the 
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rational costs of the transportation system operation can 
be found [9]. 

As the part of developed mathematical model of 
transportation system of iron ore open pit that introduces 
technological states of the fleet of BELAZ open-pit trucks 
via calculation of statistically distributed numerical 
characteristics of these states, the management of the 
maintenance system is designed on the basis of economic 
criterion as an extremum problem subject to the 
constraints related to technological states of the system 
[10]. 

The analysis of the STAT of the deep open pit has 
allowed establishing that its control parameter, which 
characterizes and determines the intensity of scheduled 
preventive maintenance λ (Fig. 1), especially bears on its 
efficiency [11]. Therefore, it seems appropriate to 
investigate the relationship of this parameter with other 
parameters that characterize the operating of 
technological transport of mining and processing plants of 
the Kryvyi Rih iron ore basin. In this regard, it is 
necessary to confirm the ability to control the 
performance of the STAT by adjustment of the governing 
parameter based on the regulation of the control 
parameters. The substantiation of maintenance intervals is 
one of the main procedures of open-pit trucks reliability-
assurance program and the quality policy of OJSC 
“BELAZ”. 

The technological automotive transport system took 
an assessment as exemplified by Central Iron Ore 
Enrichment Works (PJSC “Сentral GOK”) where 5 new 
warranty and 44 non-warranty open-pit trucks BELAZ-
75131 operated during 2015 (in 22 vehicles on mining 
workshops with number one and two). 

Non-warranty BELAZ open-pit trucks are those for 
which one of three events have occurred since the 
beginning of operation namely a calendar time of 12 
months or 6,000 running hours or 60,000 km. 

The above-mentioned vehicles truck about 700 m3 of 
mined rock per shift and up to 1,500 m3 per day. The 
analysis of the performance of BELAZ trucks at the open 
pit of PJSC “Central GOK” indicates the STAT 
parametric identification applicability which will allow, 
drawing from relevant statistical material, determining the 
values of the STAT mathematical model parameters as a 
consequence of structural identification. 

The optimality criterion is the minimum of a man-hour 
expenditure of the maintenance 

ܥ         = ܿଵ ⋅ ଵܰ ⋅ ଵܶ + ܿଶ ⋅ ଶܰ ⋅ ଶܶ → ݉݅݊
ఒ, ఠభ, ఠమ, ఓభ, ఓమ

 (20) 

where c1 and c2 – are the average expenditures of 
maintenance and unscheduled operating repairs, man-
hour; Nk – is the number of trucks in k-th state, (k=1,2); 
Tk – is the time when the trucks are in k-th state, (k=1,2). 

Table 1. BELAZ open-pit trucks fleet configuration at PJSC “Central GOK” in 2015. 

Make of vehicle, model, 
loading capacity 

The number of vehicles, 
gross loading capacity 

Make of vehicle, model, 
loading capacity 

The number of vehicles, 
gross loading capacity 

 

 

 
 

 

BELAZ-7548 42 t × 4 = 168 tones 

 
 

BELAZ-75145 120 t × 11 = 1320 tones 

BELAZ-7555 55 t × 2 = 110 tones 

 

 

  
BELAZ-7519 110 t × 1 = 110 tones 

 

 
BELAZ-7512 120 t × 2 = 240 tones BELAZ-75131 130 t × 49 = 6370 

tones 
Gross 8318 

tones 
Average 8318 / 69 ≈ 

120 tones 
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The criterion allows realizing the optimal control 
problem from the perspective of the developed 
mathematical model, which reproduces the Markov 
process occurring at the STAT [11]. 

However, it has to be previously demonstrated that it 
is possible for the mathematical model of STAT operation 
implementation to be used in the form of a Markov 
process. In order to get that done consider an 
identification problem with the composite function [11], 
which is minimized by the same parameters as the 
optimality criterion of the STAT (20): 

∑ ݐ)) − ܶ ⋅ ܲ)ଶ + ଵݐ) − ܶ ⋅ ଵܲ)ଶ + ݐ) − ܶ ⋅ ܲ) ⋅ே
ୀଵ

⋅ ଵݐ) − ܶ ⋅ ଵܲ)) → ݉݅݊
ఒ, ఠభ, ఠమ, ఓభ, ఓమ

, (21) 

where Ti – is the observation time over technological 
states of i-th truck, running hours; t0i, t1i, t2i – is the total 
actual time of i-th truck being in each of above 
technological states throughout Ti, running hours; 
P0=P0(λ, ω1, ω2, μ1, μ2), P1=P1(λ, ω1, ω2, μ1, μ2), 
P2=P2(λ, ω1, ω2, μ1, μ2) – are probabilities of truck being 
in each of three technological states. 

Finding the values of the parameters rather a solution 
to the problem of STAT parametric identification was 
carried out by minimizing the composite function 
discrepancy (21). For the convenience of further 
calculations, this function can be written 

ܳ( ܲ,  ଵܲ) = ∑ ܶ
ଶ ⋅ ቆቀ௧బ

்
− ܲቁ

ଶ
+ ቀ௧భ

்
− ଵܲቁ

ଶ
+ே

ୀଵ

+ ቀ௧బ
்
− ܲቁ ⋅ ቀ

௧భ
்
− ଵܲቁቇ → ݉݅݊

ఒ, ఠభ, ఠమ, ఓభ, ఓమ
 (22) 

and apply the corresponding probabilities P0, P1 as the 
parameters where P1=P1(λ, ω1, ω2, μ1, μ2), 
P0=P0(λ, ω1, ω2, μ1, μ2). 

By minimizing the function (22), the optimal values 
were founded from certain parameters in response to 
parametric identification of the STAT 

Given the rather short formula for the function (22), 
the problem of minimization is solved analytically. 
According to the necessary condition for the existence of 
an extremum, let us set partial derivatives by parameters 
P0 and P1 to zero. 

⎩
⎪
⎨

⎪
⎧∂ܳ( ܲ,  ଵܲ)

∂ ܲ
=  ܶ

ଶ ൭−2 ൬
ݐ
ܶ
− ܲ൰ − ൬

ଵݐ
ܶ
− ଵܲ൰൱

ே

ୀଵ

= 0;

∂ܳ( ܲ,  ଵܲ)
∂ ଵܲ

=  ܶ
ଶ ൭−2 ൬

ଵݐ
ܶ
− ଵܲ൰ − ൬

ݐ
ܶ
− ܲ൰൱

ே

ୀଵ

= 0.

 

ቊ2 ⋅ ܲ ⋅ ܶଶ + ଵܲ ⋅ ܶଶ = 2 ⋅ ܶ ⋅ ݐ + ܶ ⋅ ;ଵݐ

ܲ ⋅ ܶଶ + 2 ⋅ ଵܲ ⋅ ܶଶ = 2 ⋅ ܶ ⋅ ଵݐ + ܶ ⋅ .ݐ
 

As a result, the system of two linear equations can be 
obtained 

⎩
⎪
⎨

⎪
⎧2 ⋅ ܲ + ଵܲ =

1

ܶଶ
⋅ ൫2 ⋅ ܶ ⋅ ݐ + ܶ ⋅ ;ଵ൯ݐ

ܲ + 2 ⋅ ଵܲ =
1

ܶଶ
⋅ (ܶ ⋅ ݐ + 2 ⋅ ܶ ⋅ .(ଵݐ

 

We solve this system by Cramer formulas according 
to which a system of two simultaneous equations in two 
variables P0 and P1, matrix determinant that is not equal 
to zero 

Δ = ቚ2 1
1 2ቚ = 3 ≠ 0 

and determinants 

Δ = ተ
ተ
2 ⋅ ܶ ⋅ ݐ + ܶ ⋅ ଵݐ

ܶଶ
 1

ܶ ⋅ ݐ + 2 ⋅ ܶ ⋅ ଵݐ
ܶଶ

 2
ተ
ተ = 

=
4 ⋅ ܶ ⋅ ݐ + 2 ⋅ ܶ ⋅ ଵݐ − ܶ ⋅ ݐ − 2 ⋅ ܶ ⋅ ଵݐ

ܶଶ
=

3 ⋅ ܶ ⋅ ݐ
ܶଶ

 

Δଵ = ተ
ተ
2  

2 ⋅ ܶ ⋅ ݐ + ܶ ⋅ ଵݐ
ܶଶ

1  
ܶ ⋅ ݐ + 2 ⋅ ܶ ⋅ ଵݐ

ܶଶ

ተ
ተ = 

=
2 ⋅ ܶ ⋅ ݐ + 4 ⋅ ܶ ⋅ ଵݐ − 2 ⋅ ܶ ⋅ ݐ − ܶ ⋅ ଵݐ

ܶଶ
=

3 ⋅ ܶ ⋅ ଵݐ
ܶଶ

 

have closed-form solution 

ܲ = Δబ
Δ

= ଷ⋅்⋅௧బ
ଷ⋅்మ

= ்⋅௧బ
்మ

, ଵܲ = Δభ
Δ

= ଷ⋅்⋅௧భ
ଷ⋅்మ

= ்⋅௧భ
்మ

 (23) 

                          ଶܲ = 1 − ்⋅௧బା்⋅௧భ
்మ

. (24) 

4 Results 
Table 2 provides statistics on the work of accountable 
BELAZ open-pit trucks in PJSC “Central GOK” open pit 
in 2015 (from the first mining workshop four trucks with 
utility numbers of 324, 325, 326, 327 were selected to 
facilitate parametric identification). 

Given the average values of the parameters in table 2 
which were determined with the aid of formulas (23) and 
(24), we obtain the probability values of an open-pit truck 
being in the state of operation, scheduled maintenance and 
unscheduled operating repairs respectively. 

ܲ = ்⋅௧బ
்మ

= ଶଶ଼
ଷ

= 0,808; 

ଵܲ = ்⋅௧భ
்మ

= ଼ଵ଼
ଷ

= 0,106; 

ଶܲ = 1 − ܲ − ଵܲ = 1 − 0,808 − 0,106 = 0,086.   (25) 

Following the indication on the technical manual [12] 
for BELAZ open-pit trucks, specified values of 
probabilities of vehicles being in the state of operation, 
scheduled maintenance and unscheduled operating repairs 
have the form respectively 
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Р = ଶ
଼

= 0,822; Рଵ = ଽ
଼

= 0,103; 

Рଶ = 
଼

= 0,075,  (26) 

which are sufficiently close to the corresponding values 
of parametric identification (25). 

The obtained values of probabilities (25) allow for the 
conclusion that the mathematical model of the system of 
technological automotive transport is sufficient. The 
analysis of the function (22) indicates its nonlinear 
dependence on the parameters whose values are 

optimized. As a result, it was decided to apply a numerical 
approach [13] to solve the problem of minimizing the 
function (21) which involves minimizing discordances 
λ*=0,00003015; μ1

*=0,0002289; μ2
*=0,057; ω1

*=0,006; 
ω2

*=0. 
Besides appropriate possibilities 

ܲ = ܲ(ߣ*,  ߱ଵ* ,  ߱ଶ
* *ଵߤ  , *ଶߤ  , ) = 0,808, 

ଵܲ = ଵܲ(ߣ*,  ߱ଵ* ,  ߱ଶ
* *ଵߤ  , *ଶߤ  , ) = 0,106  (27) 

align with parametric identification results (25). 

Table 2. Data for the operation of accountable BELAZ open-pit trucks at PJSC “Central GOK” to parametric identification 

Truck 
N0, i 

Truck utility 
number 

Technological state 
observation time for i-

th truck, Ti, running 
hours 

Total actual time tki when i-th 
truck is in each of the three 
technological states during 

period Ti, running hours 
ܶ
ଶ Ti∙t0i Ti∙t1i 

t0i t1i t2i 

1 
 

8760 6950 940 870 76737600 60882000 8234400 

2 
 

8760 7100 880 780 76737600 62196000 7708800 

3 
 

8760 7120 930 710 76737600 62371200 8146800 

4 
 

8760 7150 980 630 76737600 62634000 8584800 

Average 
values 

 
8760 7080 932,5 747,5 ܶଶതതതത=76737600 ܶ ∙ ܶ തതതതതതത=62020800ݐ ∙  ଵതതതതതതത=8168700ݐ

 

5 Conclusion 
Consider the obtained convergence of specified (26) and 
numerically calculated values of the STAT parameters 
(25) and (27), it may be deduced that an adequate 
mathematical model of the system of technological 
vehicles is synthesized, which is quite possible to apply 
for open-pit trucks operation optimization. 

The calculated optimal controlling actions in the form 
of the intensity of planned measures towards open-pit 
trucks allow developing a technique for dynamic 
adjustment of maintenance parameters, diagnostics and 
repair of BELAZ open-pit trucks, which will become the 
foundation for a sustainable future of industrial transport 
operation. 
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