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Abstract 

The article describes the problem of reducing the competitiveness of mining enterprises due to the rising costs for 

transporting the rock mass due to the emergence of a mutual discrepancy between the transport system and the mining 

and technical system of the open-pit mine. The approach to the design of the mining and technical systems of deep 

open-pit mines is described being based on the consideration of the reliability of the technical subsystem that ensures 

the cargo turnover of rock mass. The formation of stable cargo turnover of rock mass is an urgent scientific and practical 

task to ensure the competitiveness of a mining enterprise. The parameters and indicators of subsystems of the mining 

and technical system have a large number of interrelations and change during the life of the open-pit mine, their for-

mation is considered as a set of mining and transport equipment that comprise geotechnical complexes – drilling-and-

blasting, excavator-and-vehicle, crushing-and-conveyor, crushing-and-reloading, etc., which are the main link for the 

extraction and delivery of minerals to the daylight surface. The mathematical models of the reliability of cargo flows 

formed by the technical subsystem of the mining and technical system of open-pit mine are presented, taking into 

account the relationship between the reliability of the system and the operational reliability of its constituent mining 

and transport equipment (vehicle, railway and conveyor transport, drilling rigs, excavators) under various interaction 

schemes. These relationships can be used for modeling both in the process of designing the mining and technical sys-

tems of open-pit mines, and in analyzing the reliability of individual schemes for transporting the rock mass and the 

entire transport system. The purpose of the research is to develop schemes and mathematical models for determining 

the reliability of cargo turnover provided by the technical subsystem of the open-pit mine (a combination of geotech-

nical complexes that have a significant impact on the technological subsystem, cargo turnover and productivity of the 

open-pit mine). 
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Introduction  

Open-pit mines for the development of solid mineral deposits are usually designed for  

25-30 years, sometimes for 50 years or more. During this period, the equipment provided by the 

project becomes physically and morally obsolete, and the performance of geotechnical complexes 

deteriorates as the open-pit mine deepens, which, taken together, leads to higher mining costs and 

lower profitability in the mining industry [1-3]. At most large mining enterprises in Russia, cargo 

flows from deep open-pit mines are characterized by a high transportation concentration, instability 

of the main parameters and heterogeneity of the transported rock mass. This is also confirmed at 

foreign enterprises [4-6]. 
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According to the definition of Corresponding Member of the RAS D.R.Kaplunov the mining and 

technical system (MTS) is a set of mining structures and technological subsystems in interaction with 

their inclosing subsurface areas. Developing this direction in order to increase the objectivity of the 

study of the accumulation of technical, technological and other discrepancies of the transport system 

with the conditions of its functioning as the open-pit mine becomes deeper, which naturally leads to 

increased costs, the authors of this article have identified two interrelated subsystems of the MTS – 

technological and technical. 

The technological subsystem of the MTS is a set of elements of advance, overburden and mining 

workings that ensure the placement of geotechnical complexes and access to mineral resources for 

the purpose of their mining. 

The technical subsystem of the MTS is a chain of interconnected geotechnical complexes that 

carry out the human-controlled and human-operated process of moving the rock mass in time and 

space. In this study, the technical subsystem of the MTS is vehicle-and-conveyor transport.  

The geotechnical complex is a chain of interconnected vehicles and mechanisms that provide  

a fully mechanized, automated or robotic process in all its links and at all its stages (loading, transpor-

tation, crushing, grading). 

Both Russian [11] and foreign specialists [12, 13] pay attention to the issues of assessing the quality 

of operation [7] and determining the rational structure [8-10] of the fleet of mining and transport equip-

ment, using, among other things, a multi-criteria approach [14]. Much attention is paid to the issues of 

reliability [15, 16], evaluation of performance indicators of the equipment operation system of the tech-

nological complex of mining enterprises with various interactions of its subsystems [17]. 

The reliability problem of cargo flows in deep open-pit mines is to ensure the excavation, loading, 

and delivery of rock mass to dumps, reloading and homogenizing warehouses, processing plants 

(CGP, concentrating mills, etc.), corresponding in volume and time to the most efficient mining 

operations with minimal operating costs. At the current stage of mining production development and 

the achieved technical level of mining and transport equipment, the primary tasks of solving this 

problem are: 

– development of methods for taking into account the reliability of the functioning of geotechnical 

complexes for open-pit mines in the design, operational, current and future planning of mining opera-

tions, the formation of a vehicle fleet, the determination of labor and material resources; 

– determination of rational redundancy levels in the processes of preparing the rock mass for 

excavation, loading, transportation, reloading and primary processing, depending on the reliability of 

the mining and transport equipment, the cargo flow characteristics and the development of a technical 

service system; 

– development of effective management systems for time and space coordination of the mining 

and transport equipment, distribution of the cargo flows in accordance with the specified criteria (the 

qualitative composition of ore, the restrictions on the capacity of reloading warehouses or the capacity 

of transport communications, etc.); 

– development of modern automated methods and tools for diagnosing the current condition of 

vehicles. 

To solve the cargo flow reliability tasks the probabilistic estimates of equipment [18] or pro-

cesses are used, such as the probability for functioning the cargo flows [19] with the set intensity 

during the specified period, the probability for performing the specified volumes of mining and trans-

porting the rock mass per shift, day, month, year, the probability of maintaining the ore quality over 

the specified period of time, etc.  

When designing the mining and technical systems, the carrying capacity of transport communi-

cations is limited by the volume of rock mass and minerals extracted from the open-pit mine, and the 

number of transport communications and their location depend on many interrelated factors. Increasing 

the efficiency of mining production is aimed at improving the operational performance of equipment  
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of geotechnical complexes: drilling-and-blasting (DBO), excavator-and-vehicle (EVC) [20-22], 

crushing-and-conveyor (CCC) [23, 24], crushing-and-reloading (CRP) [25] and others, which are 

the main link in the extraction of minerals in the open-pit mine and delivering it to the daylight 

surface.  

The efficiency and stability of the process of transporting the rock mass [26-28] in open-pit mines 

is determined by not only the reliability of vehicles and the actual transport scheme, but also by the 

reliability and clarity of operation of all vehicles in adjacent links of the technological chain [29-31]. 

In terms of reliability, it is necessary to consider the joint operation of all mining and transport equip-

ment and assess the reliability of each geotechnical complex (EVC, CCC, etc.), as well as the relia-

bility of their joint operation as a technical subsystem (TS) of the mining and technical system in the 

open-pit mine.  

In order to achieve this research goal, the task of developing the methods for the comprehensive 

assessment of the reliability of mining and transport equipment and its combinations in geotechnical com-

plexes in the design of the mining and technical system in the open-pit mine is being solved. 

Methods 

The technical subsystem of the mining and technical system in the open-pit mine must be stable 

in order to achieve its goals – the formation of stable cargo turnover of rock mass from the mine face 

to the end points (CM, warehouses, dumps) in order to ensure the specified productivity under certain 

operating conditions. The reliability of the technical subsystem is determined by the formula  

   ТS 1
  ,

n
i ii

W Q P P tG


  

where Q(Pi) = qi/qm is the efficiency of the i-th state of the TS; Pi(tG) is the probability of the i-th 

state of the TS under specified operating conditions; n is the number of possible TS states; t is the 

selected time interval, h (shift, month, year); qi is the productivity of the TS in the i-th state, m3/unit 

of time t; qm is the maximum productivity of the TS, m3/unit of time t. 

Technical subsystems are divided into simple and integrated ones. The simple ones include 

geotechnical complexes with the presence of rigid connection between the elements specific for the 

vehicle-and-conveyor, vehicle-and-skip, and vehicle-and-railway transport using the ramp-and-hopper 

reloading points. The integrated geotechnical complexes are characterized by the absence of rigid  

connection between the elements. The open-pit mines operate simultaneously up to 10 or more mine 

faces and from two to eight reloading points forming many routes of various lengths, herewith the 

mining and technical systems of open-pit mines can combine ore flows with and without homogeni-

zation of ores, independent and mixed ore cargo flows and overburdens. The cargo flows are provided 

by various schemes for interaction of the mining and transport equipment – series (monotransport), 

combined or parallel.  

To describe the TS reliability Bernoulli's binomial distribution law is used [32, 33] based 

on the fact that each element of the mining and transport equipment of any geotechnical system 

can be in two states: operable (normal functioning) and faulted. Thus the state of the geotech-

nical system, consisting of several independent elements operating in paral lel, is described by 

the binomial distribution law.  

Discussion of results 

For the purpose of modeling [34, 35] the process of transporting the rock mass in open-pit mines, 

it is proposed to use the schemes for the interaction of the mining and transport equipment, taking 

into account modern requirements for the design of the mining and technical systems: 

 The series scheme provides for the series connection of the geotechnical complex elements:  

E – excavator in the mine face, C – conveyor, UP – unloading point (dump, ore warehouse, hopper, 

etc.). This option is most common when using continuous transport. 
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The series scheme is characterized by the fact that if one of the elements fails, the entire geotech-

nical system becomes inoperable, and the reliability of such a scheme has the form: 

ТS а ta1
/ ,

n
i ii

W k k


  

where n is the number of vehicles in the geotechnical complex; kai is the availability rate of the i-th 

element of the equipment complex; ktai is the technical availability rate of the i-th element of the 

equipment complex. 

 The partial redundancy scheme is used in the development of loose and hard rocks and the 

combination of operating extraction-and-loading and transport vehicles, most often with cyclical-

and-continuous method (Fig.1). In this scheme, the CCC and UP elements operate in the series 

scheme, the EVC consists of technological links with elements operating in parallel, which ensures 

reliable operation while operating a varying number of excavators and dump trucks to maintain a 

certain technical efficiency of the TS.  

In this case, the reliability of the TS will take the form: 

ТS а ta ае ае ad adad ad1 1 1 β 1
/ (1 ) (1 ) (1 ) ,

n m i si i m i j j s j j j s j
l l m s j s il i j j i

W k k N k k N k k Q N k k Q
  

    
     
      

where n is the number of transport links in the TS; l is the number of the CCC equipment; m, s are 

the numbers of excavators and dump trucks (or railway trains) that comprise the EVC; kal is the  

availability rate of the l-th element (equipment) of the CCC; kae, kad are the availability rates of exca-

vators and dump trucks that comprise EVC; β is the coefficient that determines the ratio between the 

elements in the processes (complexes), in this case β = s/m; Qi, Qj are the efficiencies of individual 

states of the system when i and j are the operable elements of loading and transport processes; i
mN , 

j
sN  are the numbers of combinations, respectively m for i and s for j. 

As operational experience shows, the stability of the cargo flow organized by vehicle-and-conveyor 

transport largely depends on sudden failures of the CCC, which destabilize the operation of gathering 

vehicles and reduce the reliability of the TS. Increasing the reliability of the TS and reducing the downtime 

of the dump trucks is possible by organizing the operation of gathering vehicles according to the main 

scheme. This makes it possible to reserve the entire TS, but organizational decision-making in this case 

should be based on a technical and economic assessment. 

 The redundant scheme of the mining and transport equipment interaction requires a certain number 

of vehicles on each section of the cargo flow. In existing and projected open-pit mines, this option 

is most common with the use of the vehicle (V) and railway (R) transport operating both in parallel and 

in combination with each other (in case of direct reloading of rock mass from dump trucks  

to dumpcars) (Fig.2). 

Fig.1. An extensive scheme for interaction of the geotechnical complex elements of the TS  

with partial redundancy 

1 – main equipment; 2 – reserve equipment; DT – dump truck 
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This cargo flow organization scheme in the open-pit mine makes it possible to ensure the relia-

bility of the TS in case of failure of some of the vehicles involved in the process. However, when the 

vehicles fail in various links, the technical efficiency does not remain constant and is determined by 

the amount of equipment that operates at this period of time. 

Using the example of the EVC operation on the delivery of the rock mass from the open-pit mine 

to the external dump and/or the ore warehouse on the surface, the TS reliability model will take the 

following form: 





ТS ае ае ad ab abad1 1 1

ab ab ad ab abad1 1 1

ab ab1

(1 ) (1 ) (1 )

(1 ) (1 ) (1 )

(1 ) ,

m i ji i m i j j s j t t z t
m s z ti j t

z s jt t z t j j s j t t z t
z j s z tt j j i t

z t t z t
z jt j

W N k k N k k N k k Q

N k k Q N k k N k k Q

N k k Q

   
  

  
    


 

    


      
 

 


  

  



 

where m, s, z are the numbers of excavators, dump trucks, and bulldozers in the extraction-and- 
loading, transportation, and dumping (warehousing) processes; kae, kad, kab are the availability rates 
of excavators, dump trucks, and bulldozers in the extraction-and-loading, transportation, and dumping 

(warehousing) processes; , β are the coefficients which determine the relationship between the  
elements in adjacent processes (excavation, transportation and dumping (warehousing), in this case 

β = s/m,  = z/s; Qt is the efficiency of individual states of the system when t elements of the extrac-

tion-and-loading, transportation and dumping processes are operable; t
zN  is the number of combina-

tions of z for t. 
 The accumulating scheme of the mining and transport equipment interaction provides for the 

accumulating elements (warehouses, equipment, structures) as a special type of relationship between 
individual technological processes (preparation of rock mass for extraction, extraction-and-loading 
operations, transportation, dumping, and warehousing). The scheme is used for vehicle, railway, con-
veyor and other types of transport, mainly in their various combinations. The stockpile of blasted rock 
mass in the mine face, the in-pit rock and ore depots, the storage hoppers, etc. serve as accumulating 
warehouses, equipment and structures.  

Let us consider this scheme using the example of railway transport, where the shotpile (SP) in 
the mine face, prepared for excavation by drilling-and-blasting method, serves as an accumulating 
element (Fig.3). 

 

 

 

 

 

 

 

 

 
Fig.3. Accumulating scheme of mining and transport equipment interaction of geotechnical  

complexes of the mining and technical system 
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Fig.2. The scheme of interaction of the TS elements with full redundancy 
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In this scheme, the accumulating elements serve as connecting links in the technological chain 

for the extraction and delivery of ore to the ore warehouse and overburden to the dumps. With suffi-

cient capacity of the accumulating elements, the insufficient reliability of geotechnical systems 

operating before them may not have any impact on the reliability of cargo flow as a whole. The  

relationship between the previous processes (drilling and blasting of rock mass) and their supporting 

geotechnical complexes with subsequent ones consists in constantly providing them with the neces-

sary work front. If we denote the probability of providing the required work front for geotechnical 

complexes operating after accumulating elements as , then the TS reliability model will take the 

following form: 





2

2

ТS ае ае ad ab abad1 1 1

ab ab ad ab abad1 1 1

ab ab1

(1 ) (1 ) (1 )

(1 ) (1 ) (1 )

(1 ) .

m i ji i m i j j s j t t z t
m s z ti j t

z s jt t z t j j s j t t z t
z j s z tt j j i t

z t t z t
z jt j

W N k k N k k N k k Q

N k k Q N k k N k k Q

N k k Q

   
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  
    


 

      


      
 

 


  

  



 

 Combined schemes of the TS mining and transport equipment interaction represent various com-

binations of the considered schemes. They often involve two, three or more types of transport along with 

several extraction-and-loading vehicles and many unloading-and-receiving points, for example, a com-

bined vehicle – conveyor – railway transport – dump scheme (Fig.4). The combinations of the considered 

cargo flow schemes and their reliability models are very different and unstable, so modeling is necessary 

in each specific case. 

The scheme (Fig.4) implies the following option for organizing the cargo flows in the open-pit 

mine. From the upper horizons of the open-pit mine, the rock mass is transported directly from the 

mine faces to the unloading point by railway, and from the lower horizons the rock mass is delivered 

to the receiving and unloading points through reloading in-pit warehouses. The technological pro-

cesses involve the following equipment: drilling, extraction-and-loading, vehicle, railway transport, 

receiving-and-unloading. The stockpile of blasted rock mass in the mine faces and its accumulation 

in reloading warehouses divide the cargo flow into three parts and serve as the accumulating  

equipment. 

In the system under consideration, the common link for both cases is railway transport and un-

loading points. In this case, the railway transport is used with excavators at the reloading point, as 

well as with those operating in the upper horizons of the open-pit mine. However, the operation of 

mine face and reloading excavators has significant differences. 

The operation of excavators at the reloading point is affected by the operation of previous links 

in the technological chain. The excavators in the upper horizons of the open-pit mine are not con-

nected with the operation of the previous links of the system and, when provided with blasted rock 

mass, operate independently. This fundamental difference causes some special aspects in the compi-

lation of the TS reliability model organized according to the combined scheme. 
 

 

 

 

 

 

 

 

 

 

 

Fig.4. Combined scheme of mining and transport equipment interaction  

of geotechnical complexes of mining and technical system of open-pit mine 

Emf – excavator in the mine face; Ewh – excavator in the warehouse; RP – reloading point (warehouse) 
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The mathematical reliability model in this case has the following form: 

 ( )
ТS af ае ае adaf ad1 1 1

(1 ) ( ) (1 ) (1 )
f m i gg g f g i j i m i j j s j

m sfi i j
W N k k N k k N k k

   
  

          

2ab ab ab ab adad1 1 1
(1 ) (1 ) (1 )

j z st t z t t t z t j j s j
z z j st t j j i

N k k N k k Q N k k
   
    

       
     

ab ab ab ab1 1
(1 ) (1 ) ,

j zt t z t t t z t
z t z it t j

N k k Q N k k Q
  
  

    
    

where m, s, z, f are the numbers of excavators, dump trucks, and vehicles at unloading points and 
operating in the upper horizons; g is the number of operable excavators in the upper horizons; kaf is 
the availability rate of excavators operating in the upper horizons. 

Conclusion 
The mathematical models of the reliability of cargo flows formed by the TS of the mining and 

technical system in the open-pit mine take into account the relationship between the reliability of the 
system and the operational reliability of its constituent mining and transport equipment under various 
interaction schemes. These relationships can be used for modeling both in the process of designing 
the mining and technical systems in the open-pit mines, and in the process of analyzing the reliability 
of the individual rock mass transportation schemes and the entire TS. 

With the help of the developed reliability models, the following main tasks can be solved: 
– assessing and comparing the reliability of various transport schemes in the design of the open-

pit mine and selecting the technical solution option that best meets the reliability requirements; 
– studying the influence of the reliability of individual vehicles with their various interactions 

on the reliability of the transport scheme or the entire TS. 
The results of the study make it possible, using the simulation modeling, to assess the feasibility 

of various measures to improve the reliability of vehicles and determine their optimal reliability, in-
cluding: 

– the optimal amount of mining and transport equipment in the TS, ensuring the cargo flow of 
rock mass in the open-pit mine, starting from the preparation process to the unloading points on the 
daylight surface; 

– the influence of the capacity of accumulating elements on the reliability of the entire transport 
scheme and the TS, which can result in identifying the optimal capacity of reloading points and  
homogenizing warehouses. 
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