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Abstract

Purpose. The research purpose is to develop and adapt the existing scientific-methodological, as well as software and in-
formation base for managing the geotechnological complexes to implement the process approach at the level of design and
operation of mining-and-transport complexes during opencast mining. The development is associated with the coverage of
more and more relevant options for excavating-conveying, as well as excavating-automobile-conveying mining-and-
transport systems used in quarries.

Methods. The methodology for managing the geotechnological complexes involves an adequate step-by-step accounting
and appropriate operational regulation of all the main factors in specific mining-engineering, mining-geometrical, mining-
and-geological, economic and organizational conditions. The method of simulation logical-statistical modelling of mining-
and-transport processes is used as the main method.

Findings. The results indicate that simplified analytical approaches and inadequately considered factors that have a signifi-
cant impact on the efficiency of mining operations lead to significant errors (10-20% or more) that determine the real practi-
cal profitability of the mineral deposits development.

Originality. Scientific novelty is an integrated approach to a single research object, which is a geotechnological complex, a
unique simulation logical-statistical modelling of mining-and-transport processes, the economics of process management, as
well as integrated and corporate process management.

Practical implications. The obtained results of an integrated technical and technological audit of a project for mining the
coal deposit, with sufficient accuracy for practical application, will ensure the methodological base development for the
designing, planning and management of mining and mining-transport operations, as well as an increase in the efficiency of
scientific and scientific-practical research in this direction when solving the practical tasks of mining sector.
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1. Introduction With respect to the processes of design and planning min-
ing operations, the enlarged calculations without adequate
consideration of detailing make an influence on the quality of
design decisions [3], [4]. This causes significant technical and
technological, as well as technical and economic system-level
inconsistencies, which cannot be negated at the organizational
level at the stage of operating the designed mining-and-
transport and geotechnological complexes [5]-[7]. Otherwise,
they require significant additional capital investments that
significantly reduce the profitability level during the mineral
deposits development.

When the industrialization stage reaches the “Industry
4.0” level, it is fundamentally important to use a unified

The process of digitalization, automation and development
of information technologies is extremely relevant in the
framework of the world’s economies transition to the stage of
industrialization “Industry 4.0”, where all these directions are
the main drivers [1], [2]. The methodological support, which
allows, on a broader information basis, to carry out a qualita-
tive analysis of the effectiveness of the complex technological
processes functioning is insufficiently developed. At the pre-
sent stage of industrial development, this is one of the main and
systemic problems leading to the low efficiency of digitaliza-
tion processes and the information technologies development.
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methodological base both at the design and planning stages,
and at the stages of operating the geotechnological comp-
lexes. High-quality digitalization and the corresponding ad-
vanced analytics are a prerequisite for an effective, timely and
sustainable process of technological modernization, which, in
turn, ensures the proper competitiveness of mining enterprises
and the profitability in the development of the country’s min-
eral resource base [8]. In the conditions of Kazakhstan’s
economy, this relevance is enhanced by the fact that the min-
ing industry is a basic and decisive in the course of industrial-
innovative development of the country [9]-[10].

At the new stage of industrialization, when an adequate
consideration of the multifactorial and dynamic natural
manifestations is becoming increasingly relevant, a para-
digm shift in the development of the methodology for
understanding the world is an important peculiarity [11].
Under these conditions, the mathematical description,
presentation of direct and curvilinear dependences and
patterns is insufficient. Adequate detailing and reproduc-
tion of the studied events is required corresponding to
logic and sequence, which is associated with the specific
analytics development of the studied processes. In this
regard, the writing team for about 40 years has been devel-
oping a methodology for step-by-step research, analysis
and optimization of technological processes in the field of
opencast mining of mineral deposits.

This direction is the basis of the process management of
the geotechnological complexes operation, as well as the
corresponding economics of process management, which is
fundamentally and qualitatively new and requires appropri-
ate scientific support. This direction covers all the main
functions of management — accounting, control, organiza-
tion, planning, normalizing, stimulating and regulation. A
unified methodology in interrelation and interaction should
take into account the nature, principles and content of the
listed management functions, which is a fundamental scien-
tific and practical novelty of the approach.

The research purpose is to assess the effectiveness of
digitalization tools and advanced analytics methodology,
based on the design process of mining-and-transport opera-
tions, developed as part of research work performed under
the program of state program-targeted financing of funda-
mental and applied research for 2018-2020 and improved for
the existing specifics [12]-[15].

At the first stage, the research objective is to analyse the
directions for improving the methodology of advanced
analytics based on the step-by-step digitalization of produc-
tion processes.

The second objective is to determine the real potential
for increasing its efficiency from their practical applica-
tion [16]-[20]. For this purpose, a comprehensive technical
and technological audit of a number of specific projects for
mineral deposits development has been fulfilled on the
example of one of which the main conclusions and findings
are substantiated.

The third objective of the conducted research involves
the experimental-industrial testing of a unified methodolog-
ical base for conducting comprehensive technical and tech-
nological audits of functioning the mining enterprises
geotechnological complexes, assessing its application both
at the design and planning stage, and at the stage of mining
fields exploitation.
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2. Methods

2.1. Research approach methodology

During the research, within the framework of a systema-
tic approach to the studied object and on the basis of a pro-
cess approach to the management of geotechnological com-
plexes, as complex and scaled systems, the method of simu-
lation logical-statistical modelling of mining-and-transport
processes is used as the main method, which ensures an ade-
quate step-by-step accounting of mining-engineering, min-
ing-geometrical, mining-and-geological, economic and or-
ganizational conditions of their functioning. The research is
performed by the method of options using a comparative
technical and economic analysis. Within the framework of
the adopted approach, the tasks are consistently solved of
adequate in terms of reliability simulation modelling of the
geotechnological complexes functioning of quarries, as-
sessing their qualitative correspondence to real objects of
research, conducting a multivariate and multi-criteria analy-
sis of the effectiveness of the geotechnological complexes
functioning, identifying the potential for increasing efficien-
cy and the directions of its implementation.

The project for the coal industrial development in the
open-cut colliery No. 3 of the Kushmurun field provides for
the total period of the field development — 45 years, of which
5 years is the preparatory period. By 2025, it is planned to
reach the production capacity of the field with the production of
6.4 million tons of coal and 30 million m® of overburden rock.

The surface plan of the open-cut colliery and dumps loca-
tion is shown in Figure 1. The project provides for the use of
combined technological equipment in overburden and min-
ing operations: for mining — Hitachi EX1900-6 excavators
(10 m® bucket volume) and Hitachi EH1700 coal hauler
trucks with a body volume of 100 m3; for overburden opera-
tions — Hitachi EX5600-6 excavators with a bucket volume
of 35 m?® and Hitachi EH3500 dump trucks with a lifting
capacity of 185 tons. The number of simultaneously mined
horizons in the quarry is taken according to the project
4 overburden and 2 — production.

The project determines the average technical speed of
dump trucks in compliance with the Rules of ensuring indus-
trial safety for the hazardous production facilities conducting
mining and exploration works. Taking into account the traffic
rules and dump trucks technical capabilities, the motion speeds
on certain route sections are taken in the following values:
along the horizons — 15 km/h with cargo and empty direction;
on access tracks — 16 and 30 km/h, respectively; along the
surface — 30 km/h; on dumps and in warehouses — 15 km/h.

The distance of the useful component transportation from
the face areas to the coal transfer warehouse at the time of
reaching the production capacity, according to the project, is
4.2-4.83 km. The distance of the overburden rock mass
transportation is 7 km.

The highway models taken for research fully correspond
to the design geometry of the open-cut colliery and the loca-
tion of loading and unloading points (faces, warehouses,
dumps, shift change point), as follows from Figure 2.

The highway parameters correspond to the dump truck
dimensions adopted by the project for operation, as well as to
the specific mining-engineering and mining-geometrical
parameters of the modelled geotechnological complexes.
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Figure 1. Surface plan of the Kushmurun open-cut colliery: WFSL — warehouse of the fertile soil layer

The spatial geometry of the quarry space is fairly reflect-
ed by the highways geometry shown in Figure 2. This is a
matter of principle for adequate consideration of speed
modes and traffic management when calculating energy
consumption both for dump trucks and for road sections.
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Figure 2. Schemes of highway models of the mining-and-
transport system at: (a) single-flank mining; (b) double-
flank mining of the Kushmurun field

The project provides for the type of surfacing as rolled
earth surface. The speed limits in the dynamic simulation
model are adopted according to the project for each type of
route section. The dynamic simulation model includes a
2-shift and 12-hour work shift of 4 teams, as is the case on
real objects. The basic option is the simulation model option
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that is the most appropriate for the project at the moment of
field development.

In the process of research, the options of single-flank and
double-flank field development are consistently studied.
Different options are modelled in turn, taking into account
the principal factors step by step. The description of each of
the studied options makes possible to reveal the specifics of
the new research methodology and the search algorithm for
ways to increase the efficiency and reduce the cost of min-
ing-and-transport operations.

3. Results and discussion

As noted in the previous section, it is fundamentally im-
portant in the research process to adequately consider the
general organizational and economic conditions of the
studied geotechnological complexes exploitation, which are
set in the design process. For example, the expected period of
field exploitation and adopted performance can significantly
predetermine the economic effect of certain management
decisions developed on the basis of the new methodology.

Option 1 — fully reproduces the situation according to the
design data. By option 1 modelling, it is evident that one of
the main applied approach disadvantages is the lack of ac-
counting for the costs on tires, as well as the influence of the
technical state of vehicles on their efficiency and the perfor-
mance of mining-and-transport complex as a whole. It is
known that tires account for a significant share of the total
costs of mining-and-transport operations. The specific
volume of costs for tires in the overall balance of operation
costs ranges from 10 to 25%, depending on the motor vehicle
category. The lack of such accounting leads to underestima-
tion of the real cost of mining-and-transport operations
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during the design and, thereby, to an incorrect determination
of the profitability of the field development.

Option 2 is a method of calculations according to the
mining-and-transport complex project of the Kushmurun
open-cut colliery, implemented as part of an automated de-
sign approach based on the application of the simulation
modelling method [21]-[23]. The data obtained in the first
calculation option are taken as the initial data for it.

The difference of the options in terms of the shift time
duration of the mining-and-transport complex operation is
conditioned by the differences in approaches and capabilities
when performing design calculations. The shift time for the
project, equal to 660 minutes, is determined by the existing
standards with account of such factors as climatic conditions
per year, technical readiness of equipment, as well as the
presence of technical interruptions in the mining-and-
transport complex operation. It is taken on the model that the
shift time, as on a real object, is 720 minutes. Then, accord-
ing to the accepted methodology for simulation modelling of
the mining-and-transport complex operation, in order to
proceed to the modelling results for the period, the decrease
in the performance of the mining-and-transport complex
during day shifts is taken into account caused by interference
with the auxiliary equipment operation, repair and mainte-
nance work performed — 0.6-0.65 and also the days of blas-
ting operations — 03-0.35.

A significant difference between the two basic options —
design and simulation — is observed in the values of the dis-
tances for transporting overburden rock from the face to the
dump, as well as coal to the unloading point (coal ware-
house). For overburden rock, the deviation is 5.8%, for coal —
7.4%. This is due to the difference in approaches to setting
this parameter. In the first case, it is determined purely geo-
metrically from one centre of mass to another, without taking
into account the mining-and-transport complex operation. In
the case of simulation modelling [24]-[27], this figure is
summed up from the actual distance travelled by the dump
trucks from the three points of loading overburden rock,
taking into account the number of travels in each direction,
which, in turn, also depends on the models of loading and
transport equipment [28]-[30].

The deviations in the motion speed of dump trucks trans-
porting overburden rock and coal of 4.4 and 31.8%, respec-
tively, are also natural. According to the project, for both
models of dump trucks, this speed is taken equal to 25 km/h.
This parameter is taken directly from the design methodolo-
gy, based on the safety conditions of the vehicles movement.
When constructing the model, the following parameters
should be considered, which are significant in their influence
on the dump trucks mation speed. These are the coefficient of
performance (efficiency) and engine power, the payload
weight of the dump truck (the weight of the loaded rock
mass), movement in the cargo and empty directions, the hum-
ber of vehicles in the travel (the factor of mutual interference
and expectations is taken into account), the quality of the road
surface [31]. When designing, the speed is traditionally taken
as single-valued in directions, but in reality it differs by 30-
40%. On the model, the difference in the speeds for overbur-
den (23.9 km/h) and coal (17.04 km/h) is more than 6 km/h,
which is explained by the different density of these rocks, as
well as the specifics of the used transport models.

In accordance with the change in speed, the travel time of
dump trucks has also changed, amounting to 0.95 and
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37.8 percent, respectively. Depending on the motion speed of
vehicles, there are similar deviations in the travel time. In
addition to the movement time, the travel time is also affect-
ed by the difference in the procedure for downtime account-
ing of mining-and-transport equipment. If in the first case
downtime is not taken into account in the calculations, then
in the second case, they are formed based on the actual
downtime, which, in turn, depends on a large number of
factors. Among them are the motion speed and the number of
vehicles, the organization of transportation and the interac-
tion of dump trucks with loading and unloading equipment,
the structure of the highway, etc.

In the design option, within the framework of simulation
modelling, it is assumed that the dump trucks are new. Ac-
cordingly, their transmission and engine efficiency is taken at
the level of 0.88. In this case, the age of dump trucks is not
taken into account, as it is assumed that over the years they
do not change their state and their performance remains the
same. In the modelled option 2, the costs of mining-and-
transport operations, with 100% fulfilment of annual vol-
umes, amount to 1.13 $/m3. Since the depreciation period of
dump trucks is really existing, then when substantiating the
designed mining-and-transport complex, it is expedient to
take into account the age and state of the vehicles.

Option 3 provides for modelling the mining-and-transport
complex operation in completely similar operating condi-
tions, but, with account of the vehicle state, as well as the
stages of introducing new equipment in the eighth year of the
field development. As a result, the volume of overburden
rock has decreased by 33.47%, and coal production — 5.04%,
which ensures an increase in the costs of mining-and-
transport operations to 1.90 $/m?, or by 68.25%.

The results of modelling the mining-and-transport com-
plex operation during the double-flank mining of the field,
presented in Table 1, have revealed that the project provides
for a certain speed mode and different quality of road surface
in the open-cut colliery on temporary and permanent sections
of the highway. However, the presented calculations, made in
the traditional way, do not take into account these factors,
except for the average speed of dump trucks movement
25 km/h with the same road surface — rolled earth surface,
which, according to the accepted design standards, corre-
sponds to the category Il quarry roads. As the modelling
results evidence, all other things being equal, namely mining-
engineering,  mining-geometrical, mining-and-geological,
economic and organizational conditions of the mining-and-
transport complex proposed by the project, there are also sig-
nificant deviations in some of the main technical and econom-
ic indicators. These include the average time of dump trucks
movement in the travel and the average travel time, the num-
ber of travels and the number of vehicles required, and, conse-
quently, the shift performance of dump trucks and the mining-
and-transport complex of the open-cut colliery as a whole.

One of the research options, in the case of using a double-
flank mining scheme, is associated with determining the influ-
ence of the speed limiting factor, which exists in practice and
is partially prescribed in the explanatory note to the project.
However, there is no mechanism for their adequate accounting
in the calculations. In option 3, in maneuver areas of load-
ing/unloading points, the ground rolled surface is replaced
with a temporary one and speed limits of 5 km/h are intro-
duced, as it is in the case of practice within the framework of
the safety system for mining-and-transport operations.
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Table 1. Comparing the calculation results of the traditional method and with dynamic modelling

. Traditional Modelling
Indicator name Rock Coal Rock Coal Comments and notes
Dumb truck models Hitachi Hitachi Hitachi Hitachi
p EH3500ACII  EH1700 EH3500ACII  EH1700 Adopted according to the project
Excavator models Hitachi Hitachi Hitachi Hitachi before optimization
EX5600-6 EX1900 EX5600-6 EX1900
Nex — number of excavators, pcs 4 2 4 2 Positioned in space
Transportation direction dum ware- dum ware- Control over loading and qualit
P P house P house g quality
gn—nominal load capacity On = Vb'q / Kioos
of a dump truck, t 185/168 100/96 185/168 100/96 Vb — body capacity;
ga — adopted load capacity, t q — bulk density of rock, t/m?
Vo — volume of ﬂ;e platform 115 100 115 100 Capacity control on the model
with a header, m
o . With account of the conversion
Tsh — one shift time, min 660 660 720 720 factor 0.85 = 612 min
Lir.d — transportation distance, km 7.267 7.24 7.30 7.20 Geometric/weighted average
Vav — average travel speed, km/h 25 25 25.11 24.80 Regulated by accepted norms
Tmov — time of the dump truck Based on the dump truck
movement during the travel, min 34.88 34.75 3741 4240 traction performance
Taown — total time of downtime, min — — 931.00 316.72 Formed based on the conditions
. In fact and according
_ 3
q — bulk density of rock, t/m 2.2 1.25 2.2 1.25 to the project
. - In fact and according
Kioos — loosening coefficient 1.35 1.3 1.35 1.3 to the project
T — travel time, min 38.68 39.522 41.4 47.6 Tir = Tmov + Ti.m. + Tioad + Tunl.m + Tunl
Ti.m. — load manoeuvre time, min 0.5 0.5 0.64 0.56 Calculated with account
of manoeuvres
S . Adopted according to the
Tioad — dump truck loading time, min 2.13 4.826 1.60 4.67 project/calculation
Tun.m — unload manoeuvre time, min 0.5 0.5 0.64 0.56 Calculated with account
of manoeuvres
Tunt — dl_Jmp truck unloading 047 047 050 0.45 Adopte_d accordlng_ to the
time, min project/calculation
Qsh = Qperr-N/with account
Qsh — shift performance of enlargement
of the dump truck, m3/t 1603.55 1478.91 130025 1344.00 Qperf — One-hour performance;
N/sh — shift duration, h
Ntr — number of dump truck _
travels per shift, travel 15.77 15.43 17.03 14.00 N = (Tsh — (Tsh.ch + Thuelt + Tp.n)/(Ttr)
. . . Plus time at the end of the shift
Tsh.ch — shift change time, min 30 30 50 50 to return to the park
Tiuen — time for fuelling 10 10
the dump truck, min Included in the shift change, at the beginning and end of the shift
To.n — time for personal needs, min 10 10
dear = Qsh'Nsh'Keng.rep'Ktech.read/lOOO
Nsh — number of shifts per year;
Keng.rep — coefficient of accounting
Qyear — dump truck annual3 967.74 800.00 785.57 833.95 the time of repair and replacement
performance, thousand m S
of engines;
Kiech.read — technical readiness
coefficient
Planned performance/ 30 000 6400  20851.60 667162  Acceptediby results of modelling
actual, thousand m3/t
Csp — specific current costs, $/m3 - 2.63 The result of integrated calculations
Na.tr — dump truck fleet, pcs 30.57 =31 7.15=8 37 8 Accepted/by results of modelling

The option modelling has shown that if in option 2 the
degree of fulfillment of the plan for rock mass is 99.92%,
then in the case of speed limits introduction only in the areas
of dump truck maneuvers at loading/unloading points, this
indicator decreases to 99.33% or 0.59%. This leads to an
increase in the specific current costs for rock mass by
0.287% or 0.007 $/m3. With the project's annual performance
of 35120 thousand m?, the negative economic effect only in
terms of costs is 265.54 thousand $/year.
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On a separate basis, the influence of speed limits on the
vehicles” movement along the quarry horizons is studied in
option 4. The project prescribes a speed limit when moving
along the horizons of the open-cut colliery and over the
dumps at the level of 15 km/h both in the cargo and in the
empty directions. On the access tracks, the movement of
dump trucks in the cargo direction is not more than 16 km/h,
and in the empty direction up to 30 km/h.
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When driving on the surface, the speed limit is 30 km/h.
In this case, the performance of the mining-and-transport
complex in terms of rock mass is already 88.96%, or the
decrease is another 10.37% from the previous option. The
indicator of a unit costs of rock mass in this option is
2.92 $/m?3, which, compared to the previous option, increases
by 0.18 $, which, given the annual volumes, leads to a nega-
tive economic effect of 6405.54 thousand $/year.

In option 5, such a fundamental factor in opencast mining
with vehicles as a speed limit of the dump trucks movement at
intersections is assessed, which influences on the general tech-
nical and economic indicators. With traditional approaches to
calculating the transport operations, this cannot be done ade-
quately. The limit set is 10 km/h. In this option, the perfor-
mance of the mining-and-transport complex decreases to
87.03%, which in terms of volume amounts to 1224 m3/cm or
759.76 thousand m/year. The increase in the costs of mining-
and-transport operations in the specific indicator amounts to
0.046 $/m®. The negative economic effect for a given volume
of rock mass in this case is 1600.95 thousand $/year.

Another important issue in the calculations when desig-
ning the mining-and-transport complexes is the qualitative
accounting of the age and technical state of vehicles. Tradi-
tionally, in calculations, as in the project for the Kushmurun
coal field development, dump trucks are taken as new with
the appropriate transmission efficiency.

In option 6, this indicator is taken equal to 0.85, although
for foreign-made dump trucks it can be 0.9-0.92. With a
depreciation period of about 7-8 years at the accepted stan-
dards, the average indicator of transmission efficiency for
dump trucks with a service life of 3-4 years, taking into ac-
count scheduled repairs and replacement of engines, is taken
equal to 0.65. For such a technical state of the dump truck
fleet, under all other conditions, the performance of the min-
ing-and-transport complex decreases to 79.77%, which in the
market volume amounts to 4282.02 m%cm or 2656.99 thou-
sand m3/year. At the same time, the indicator of unit costs for
mining-and-transport operations increases to 3.46 $/m?®,
which is by 0.59 $ more than the same indicator in the pre-
vious option. The negative economic effect in this case is
20784.15 thousand $/year.

With regard to option 6, it should be noted that in real
life, the age of dump trucks for each vehicle or for their
groups is usually different. Vehicles with a transmission
efficiency range from 0.4 to 0.85-0.9 run in the fleet. This
differs from the previous option, first of all, in that dump
trucks with low transmission efficiency suppress the opera-
tion of dump trucks with a high value of this indicator, which
leads, in conditions of a large number of vehicles, to even
greater negative effects.

Option 7 studies just such a kind of state of the dump
trucks nominal list. In this case, performance decreases to
68.64% or by 6266.41 m®cm, for coal it is 67.945%, and for
overburden rock — 68.76%; the costs for coal production
increase to 3.70 $/m3; the negative economic effect is
8361.98 $ thousand/year.

Option 8 reveals the real amount of transport required to
ensure the implementation of the planned volumes of coal
production and recoverable overburden rock mass in the
projected and close to reality mining-engineering, mining-
geometrical, mining-and-geological, economic and organiza-
tional conditions. As evidenced by the results, ensuring the
specified volumes of rock mass at the level of 100.05% will
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require 72 dump trucks in the working fleet and 79 vehicles
in the nominal list. Among them 56 dump trucks of the Hita-
chi EH3500ACII model operate on the removal of overbur-
den mass and 16 dump trucks of the Hitachi EH1700 model
are involved in the transportation of coal. This is by 27 vehi-
cles more than in the option corresponding to the calculated
ones under the conditions that allow taking into account the
standard approach. In this case, the costs of mining-and-
transport operations increase to 3.77 $, which is by 1.14 $.
exceeds the same indicator in the basic option. Thus, the total
negative economic effect is 39199.93 thousand $/year.

When comparing the two options of the Kushmurun coal
field development, it can be seen that double-flank simulta-
neous mining of the deposit is a bit more economically effec-
tive, despite a significant increase in the length of roads and
the costs for its maintenance [32]-[35]. Despite the increase
in mileage and travel time, slightly higher travel speeds,
lower specific fuel consumption cover these costs and disad-
vantages, and the mining-and-transport complex fulfils the
planned volumes due to a smaller amount of vehicles. The
resulting difference in costs of 0.032 $/m® provides a total
annual effect of 1122.20 $ thousand/year.

According to the most economically viable option, the
possibility of increasing the efficiency of mining-and-
transport complex operation is studied by using dry soil and
crushed stone surfacing treated with black binder on perma-
nent road sections and with the subsequent introduction of a
speed limit in both directions to 40 km/h and reducing the
depreciation period of dump trucks to 6 years (transmission
efficiency is not lower than 0.6). As a result, an option has
been obtained with 100% fulfilment of planned indicators
using 10 Hitachi EH1700 dump trucks for coal and 45 Hita-
chi EH3500ACII dump trucks for overburden rock (61 vehi-
cles in the nominal list) in the working fleet. At the same
time, the unit cost is reduced to 3.26 $/m3, which is lower by
0.51$. In this case, the economic effect only due to the re-
duction in the costs of mining-and-transport operations will
amount to 17896.63 thousand $/year. It should be noted that
the accelerated dump trucks depreciation, when the share of
depreciation deductions for one dump truck increases, leads
to a decrease in the depreciation fund for them, due to a de-
crease in their number, which is ensured by the increased
efficiency of a less aged fleet of vehicles [36]-[39].

A general idea of the potential for improving the efficien-
cy of design processes using methods and tools with ad-
vanced analytics is presented in Figure 3.

30
20
10

Bw
I~

0

[N}

-10 Option

I~

-20
-30

Economic effect, thnd. US $

-40

-50

Figure 3. Comparative economic effect for eight options (thnd. US $)
based on the main costs when designing the mining-
and-transport geotechnological complex
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Based upon the results, for the most part, the traditionally
applied design methodology, in terms of the main technical —
technological and economic indicators, leads to an underesti-
mation of labour and energy costs. A significant part of the
error is conditioned by the lack of proper adjustability to
changes in parameters, which reduces the optimization
measures effectiveness. The largest error is caused by the
enlarged approach when determining the modes and operating
conditions of mining-and-transport equipment, the inability to
take into account its quality state during the entire service life.

Thus, an integrated technical and technological audit of a
project for mining the Kushmurun field, performed on the
basis of advanced analytics, has revealed that the proposed
new methodological approach to the processes of designing
and planning of mining-and-transport operations makes it
possible to more adequately take into account in calculations
a wide range of fundamentally important factors and pro-
vides for a significant overall economic effect during the
field exploitation in the specified volumes. As the main con-
clusions on this stage of research performed within the
framework of an integrated technical and technological audit
of projects for mining the Abail and Kushmurun fields, the
following can be noted.

4, Conclusions

Advanced digitalization and automation of design pro-
cesses with appropriate methodological support of analytics
can significantly increase the efficiency of designing the
geotechnological complexes. On this information basis, it is
possible to develop a unified methodology for calculations
and assessing the effectiveness of technological processes,
which can be used both at the designing and planning stages,
and at the stage of geotechnological complexes exploitation.

When calculating vehicles, a significant potential is rea-
lized through high-quality accounting of such factors and
parameters as: speed limits at intersections, at points of load-
ing and unloading, road slope, number and influence of vehi-
cles on each other, quality of road surface, age (service life)
of vehicles, mutual influence of crisscross traffic flows, actu-
al traction performance. The cumulative influence of these
factors is more than 30%, which is reflected in the number of
required vehicles and associated with an increase in the total
costs of mining-and-transport operations.

Due to the fact that the issue of updating the nominal list of
vehicles at the stage of mineral deposits exploitation is practi-
cally inevitable, but, at the same time, there is also a factor of a
significant decrease in the efficiency of the mining-and-
transport complex when using jointly the vehicles with a sig-
nificant difference in their technical state, one of the promising
directions of increasing the efficiency of mining-and-transport
operations in quarries using the road transport is the organiza-
tion and regulation of the appropriate traffic flows.

When implementing an integrated technical and techno-
logical audit of projects for the mineral deposits development
using simulation modelling, the necessity has been revealed
to adjust the methodological and software support in order to
create the possibility of adequate reproduction of the vehicles
operation in various traffic flows based on the need to differ-
entiate the vehicles with respect to different technical state.

With respect to a number of points (graphic display of the
highway, corrected calculations for assessing the economic
efficiency of the designed options, accounting of the traction
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performance of vehicles, etc.), the simulation modelling
software has been improved in the process of research, which
make it possible to eliminate the existing shortcomings and
improve the quality of research.

In conditions of a long distance of rock mass haulage, the
influence of the old transport used increases significantly and
the economic damage grows in proportion to the increase in
the haulage distance. Thus, the level of profitable age of the
working fleet of vehicles increases. At the same time, the age
range of the involved vehicle fleet is of great importance.
The smaller it is, the more possible it is to reduce the average
value of the profitable age of vehicles.

Research has shown that when designing mining-and-
transport complexes, it is fundamentally important to de-
termine both the economically feasible average age of vehi-
cles and the threshold value of the oldest of them, beyond
which their use leads to a significant decrease in the overall
efficiency and profitability of the mining-and-transport
complex operation. Accelerated depreciation of dump
trucks, accompanied by an increase in depreciation deduc-
tions for one vehicle, leads to a decrease in the total depre-
ciation fund and, ultimately, to a decrease in the costs of
mining-and-transport operations, due to the greater effi-
ciency of a less aged fleet of vehicles.
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MeTtoauKka ynpaBiIiHHSI F€OTEXHOJOTTYHUMH KOMIUICKCAaMH TOJISITa€ B aIeKBAaTHOMY IicisionepaniiHoMy o0JiKy Ta BiANOBIZHOMY oOIe-
paTHBHOMY DEryJIIOBaHHI BCIX OCHOBHUX (haKTOPiB y KOHKPETHHUX TIPHUYOTEXHIYHHX, TIPHHUYO-T€OMETPUYHUX, TiPHUUO-TEONOTIYHNX, EKO-
HOMIYHHUX 1 OpraHi3alifHuX yMoBax. B sIKOCTI OCHOBHOTO METOJy 3aCTOCOBYBABCS METOJ IMITaLlIHOTO JIOT1IKO-CTATUCTUYHOT'O MOJICTIOBAaH-
HSl TipHUYOTPAHCIIOPTHUX MPOLECIB.

Pe3yabTaTH noxasany, o CIpoIeHi aHaJITHYHI MAXOAN 1 He aJIeKBaTHO BpaxoBYBaHi (akTopy, 10 YUHATH iICTOTHHH BIUIMB Ha e(ek-
THUBHICTh BUIOOYBHHUX POOIT, IPU3BOAATH A0 iCTOTHUX morpinmHocTel (10-20% i Guibine), 110 BU3HAYAE pealibHy NPaKTUIHY peHTa0eIbHICTh
OCBOEHHSI POJIOBHUII KOPUCHUX KOITAJIUH.

HaykoBa HOBHU3HA MOJISrae B KOMIUIEKCHOMY MiAXO1 A0 €IUHOTO 00’ €KTY JOCTIHKEHHS, IKUM € T€OTEXHOJOTTYHIH KOMIUIEKC, YHIKa-
JbHE IMiTaliiiHe JOTIKO-CTAaTUCTUYHE MOJCIIOBAHHS TIPHUYOTPAHCIOPTHUX IPOIIECiB, EKOHOMIKa IPOLECHOTO YNPABIIHHA, & TAKOXK KOM-
IUIEKCHE 1 KOPIIOPAaTHBHE MPOLECHE YIPaBIiHHSA.

MpakTnyHa 3HayuMicTs. OTpUMaHi pe3yabTaTH KOMIUIEKCHOTO T€XHIKO-TEXHOJIOTTYHOTO ayAUTy IPOEKTY OCBOEHHS BYTLIHHOTO POJO-
BHINA, 3 JOCTATHBOIO JJIsI IPAKTUYHOTO 3aCTOCYBAaHHS TOYHICTIO, 3a0e3MevYaTh PO3BUTOK METONOJIOTIYHOI 6a3y NMpOEKTYBaHH, IIaHYBaHHS
Ta YNpPaBIIiHHSA TIPHAYAMH 1 TipHHYOTPAHCIIOPTHUMH POOOTaMH, a TAKOX IJBHINEHHS €(eKTUBHOCTI IPOBEICHHS HAYKOBHX i HAyKOBO-
MPaKTHYHUX JOCIIIKEHb B JAHOMY HAIpPSAMKY, [IPH BUPILICHH] NPAKTHYHHX 3aBIaHb TiPHAYOTO BUPOOHHUIITBA.

Knrwuosi cnosa: xopucna konanuna, imimayitine MOOEIO8AHHS, 20MEXHON0IUHUL KOMNILEKC, NPOYeC, YNPAGIIHHSL

INoTenunasn nopeimenus 3pGeKTHBHOCTH NPOLECCOB NPOEKTHPOBAHNS
OCBOCHHS MECTOPOKICHHI TBepAbIX M0JIe3HbIX HCKOMaeMbIX
Ha OcHOBe MG POBH3aANMH U YIJIy0JeHHON aHATUTHKH

J. l'anues, C. I'anues, . Hayprizbacra, K. PricOekos, E. Yremior

Ieab paboThl 3aKIOYaeTCs B Pa3sBUTHH U afalTallid MMEIOIIEHCs Hay4YHO-METOAMYECKOl U IpOrpaMMHO-HH(OPMAIIMOHHON Ga3bl
YIPaBICHUS T€OTEXHOIOTHYECKUMH KOMIUIEKCAaMU JUIS PeaM3allii MPOLECCHOTO IOJXO0Aa Ha YpPOBHE MPOCKTHPOBAHMS M SKCIUTyaTalliy
TOPHOTPAHCIIOPTHBIX KOMIUICKCOB Ha OTKPBITBHIX pa3paboTKax. Pa3BuTHE CBSA3aHO ¢ 0XBAaTOM Bce 0oJee aKTyallbHBIX BAPUAHTOB IKCKaBaTOP-
HO-KOHBEHEpHBIX M 9KCKaBaTOPHO-aBTOMOOMIEHO-KOHBEHEPHBIX TOPHOTPAHCIOPTHBIX CHCTEM KapbepoB.

MeToanka ynpaBlIeHHUs FE€OTEXHOJIOTHISCKMMHI KOMIDIEKCAMH 3aKII0YaeTcsl B aJeKBaTHOM IOOIEPALIOHHOM Y4eTe U COOTBETCTBYIO-
IIEM OIIEPATHBHOM pETYJIMPOBAaHUM BCEX OCHOBHBIX (DaKTOPOB B KOHKPETHBIX T'OPHOTEXHHYECKHX, T'OPHO-TEOMETPHYECKUX, T'OPHO-
TeOJIOTHYECKHX, ’KOHOMUUECKNX ¥ OPTaHU3AIMOHHBIX YCIOBHAX. B KauecTBe OCHOBHOTO METOa IIPUMEHSUICS METOJ] IMUTAllMOHHOTO JIOTH-
KO-CTaTHCTHYECKOTO MOJICINPOBAHHS TOPHOTPAHCIIOPTHAIX MPOLIECCOB.

Pe3yabTaThl 10KA3aIM, YTO YIPOLICHHBIC aHAIUTHYECKHE IOJXOABI M HE aJICKBaTHO yYHTHIBacMble (HaKkTOpBI, OKAa3bIBAIOIINE CYIIE-
CTBEHHOE BIMsSHHE Ha 3(P(YEKTHUBHOCTH JOOBIMHBIX PaboT, MPUBOAAT K CymIecTBEHHBIM morpemrHocTsaM (10-20% u Gornee), onpenemnsommum
PEabHYIO IPAaKTHYECKYI0 PEHTa0CIbHOCTh OCBOCHHUS MECTOPOXKICHHIT OJIE3HBIX HCKOMAEMBIX.

Hay4ynasi HOBH3HA 3aKIIIOYaeTCsl B KOMIUIEKCHOM IOAXOJE K €IMHOMY OOBEKTY HMCCIEIOBAHHS, KaKOBBIM SBISIETCS T'€OTEXHOJOTHYe-
CKMH KOMIUIEKC, YHHUKIPHOC UMHTALIOHHOE JIOTHKO-CTaTHCTHYECKOE MOJIEIMPOBAHIE TOPHOTPAHCIOPTHBIX IPOIECCOB, YKOHOMHKA IIPO-
LIECCHOTO YIPABIICHHs, a TAK)KE KOMIUIEKCHOE U KOPIIOPATUBHOE MPOLIECCHOE YIPaBICHHUE.

IIpakTHyeckas 3HaYUMOCTD. [loTyueHHBIE pe3yNbTaThl KOMITIEKCHOTO TEXHHKO-TEXHOJIOTUYECKOTO ay/UTa MPOSKTa OCBOCHUS YTOJb-
HOTO MECTOPOXKIEHHS, C JTOCTATOYHOM IS MPAaKTHIECKOT0 PHMEHEHHS] TOYHOCTBI0, 00ecredaT pa3BUTHE METOI0IOTHYECKON 0a3bl MPOeK-
THPOBAHHS, NIAHUPOBAHUS U YIPABICHHUS TOPHBIMH U TOPHOTPAHCIIOPTHBIMH PAabOTaMH, a TAK)Ke MOBBIIICHHE (G ()EKTUBHOCTH MTPOBEICHHS
Hay4YHBIX 1 HAYYHO-NPAKTHYECKUX MCCIICIOBAHMII B JAHHOM HAIPaBJICHUH, IPU PELICHUH MIPAKTHYECKHX 3a]1a4 TOPHOTO MPOU3BO/ICTRA.

Kntouesvie cnosa: nonesnoe uckonaemoe, UMUMayuOHHOE MOOEIUPOBAHUE, 2E0MEXHOIOSUNECK UL KOMNIEKC, NPOYece, YnpasieHue

110



