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Abstract.

This article examines the importance of optimizing the planning of
excavation, loading, and transportation processes in open-pit mining
operations with a goal of increasing productivity and reducing costs. It
highlights the characteristics of the time distribution for loading of blasted
rock by various excavators under real conditions at a mining operations site.
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trucks waiting in line at an excavator) were mitigated using the developed
model. This made it possible to make several management decisions: either
to increase the site’s rock-handling capacity or to balance the load on the
excavators without reducing the site’s existing capacity — all without
changing the existing fleet of dump trucks. The proposed solutions also
made it possible to balance the overall load on the dump truck fleet by
reducing the average queue length at the excavators.
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Introduction

Although the mineral resource base is a natural competitive advantage for the national economy
and the industrial sector of the Russian Federation — and serves as a driving force for the Russian
economy due to the large volume and diversity of its mineral reserves, which support its development
and transition to a new technological paradigm — there has recently been a decline in coal reserves: from
275.1 billion metric tons in 2020 to 272.4 billion metric tons in 2024 [1].

For Kuzbass, whose share of coal production accounts for 44.7% of the national total [2], a key
challenge is reducing mining costs. This strategy was chosen to preserve jobs and alleviate social
tensions amid the current difficult economic situation. Given that excavation and loading operations
account for 15-40% of the total, depending on the properties of the rock mass, and that transportation
accounts for 40-50% of the production cost (and more for deep surface mines) [3, 4], reducing costs in
these open pit mining processes is a pressing priority.
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Materials and Methods

Changes in the parameters of the mining block, the height of the layer being mined, and the order
in which coal is extracted from complex faces play a major role in excavator productivity [5—8], but
overall, these changes cannot be considered in isolation from the organization of mining, loading, and
transportation operations.

To analyze the operation of an excavator-truck complex (ETC) engaged in the loading and
transportation of blasted rock, let us examine its structure using the example of one of the coal mining
enterprises in the Kemerovo Region — Kuzbass. To extract the mineral resource at this enterprise,
modern hydraulic and electric excavators of both domestic and foreign manufacture are currently used,
ensuring high efficiency and safety in coal mining. Excavators with large bucket capacities are used for
overburden removal: EKG-8U, EKG-18M, EKG-20, and P&H 2800, as well as BELAZ-7513 series
dump trucks with a load capacity of 130 metric tons and BELAZ-7530 series dump trucks with a load
capacity of 220 metric tons.

The main design parameters of the excavation and loading equipment used are presented in Tables
1 and 2.

Table 1. Technical characteristics of excavators
Tabnuua 1. TexHHUECKHE XapaKTEPUCTHKH YKCKABATOPOB

Technical parameter Unit| Value Figure
EKG-8U

Bucket capacity m? 8.0 f"
Maximum dumping radius m 32.0 oy
Operating weight with bucket ton 800 7
Maximum dumping radius m 10.0

Maximum dumping height m 24.5

Maximum digging height m 30.0

Tail section swing radius of the rotating platform m 10.0

Digging radius at ground level m 20.2

EKG-18M

Bucket capacity m? 18.0

Maximum dumping radius m 19.6

Operating weight with bucket ton 710

Maximum digging radius m 22.2

Maximum digging height m 16.6

Maximum dumping height m 10.7

Tail section swing radius of the rotating platform m 10.6

Digging radius at ground level m 15.6

EKG-20

Bucket capacity m? 20.0

Maximum dumping radius m 20.9

Operating weight with bucket ton 1050

Maximum digging radius m 23.4

Maximum digging height m 17.0

Maximum dumping height m 11.5

Tail section swing radius of the rotating platform m 10.0

Digging radius at ground level m 15.2
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Technical parameter Unit| Value Figure
P&H-2800
Bucket capacity m? 30
Maximum dumping radius m 21.0
Operating weight with bucket ton 1020
Maximum dumping radius m 9.9
Maximum dumping height m 9.1
Maximum digging height m 16.6
Tail section rotation radius of the swing platform m 9.9
Digging radius at ground level m 16.4
Table 2. Technical characteristics of dump trucks
Tabmmma 2. Texandeckne XapaKTepUCTHKH aBTOCAMOCBAJIOB
Technical parameter Unit Value Figure
BELAZ 75131 (7513D, 75137, 7513P)
Load Capacity ton 130
Engine Power kW 1194
Body Volume (Geometric) m? 50.1
Maximum Speed km/h |48
Turning Radius (measured m 13
from the front outer wheel)
Dimensions (Length) m 11.5
Dimensions (Width) m 6.4
Dimensions (Height) m 5.9
'Wheel Diameter m 3.1
BELAZ 7530 (7530G, 75306, 75302)
Load Capacity ton 220
Engine Power kW 1715
Body Volume (Geometric) m? 92
Maximum Speed km/h |43
Turning Radius (measured m 15
from the front outer wheel)
Dimensions (Length) m 13.4
Dimensions (Width) m 7.8
Dimensions (Height) m 6.7
'Wheel Diameter m 3.6

The operating parameters of the excavators used at the mining site are shown in Table 3.

The purpose of the study was to simulate the operation of the excavators at an active coal open-
pit mine in order to identify and eliminate bottlenecks in equipment deployment.

The following actual time metrics for dump truck operations, provided by the company, were
used as input data: waiting time for dump trucks during loading; time required for excavators to load
dump trucks; travel time for loaded dump trucks to the spoil piles; unloading time; time spent by dump
trucks traveling empty from the dump sites; lunch break time; downtime of excavation and transport
equipment.

These timing indicators are presented in Table 4.
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Table 3. The operating parameters of the excavators with corresponding dump trucks
Ta6smma 3. [TapameTpbl paboThI 3KCKaBaTOPOB

, EKG-8U | EKG-18M | EKG-20 | P&H-2800
Parameters Unit BELAZ-75131 BELAZ -7530
Bucket capacity m’ 8.0 180 | 200 | 340
Rock category based on excavation i v
difficulty
Bulk density ton/m? 2.6 2.6 2.6 2.6
Rock loosening factor - 1.5 1.5 1.5 1.5
Bucket fill factor - 1.02 1.02 1.02 1.02
Excavation factor - 0.68 0.68 0.68 0.68
'Volume of excavated material in the dum
ruck bed (“heaped”) Pl 71.2 130 130 130
Volume of excavated material in the dump
truck bed, taking into account its payload —m’ 75.0 126.9 126.9 126.9
capacity and bulk density
Operational time per loading cycle S 33.0 37.0 37.0 38.0
Number of excavator cycles during unit 90 70 70 40
loading
Time to load a transport unit min 5.0 4.3 4.3 2.5
Tlmg to position the dump truck for min 11 11 11 11
loading
Dump truck waiting time min 0.15 0.15 0.15 0.15
Shift working time:
- shift duration min 720 720 720 720
- time for preparatory and wrap-up work | min 35 35 35 35
- time for rest and meals min 60 60 60 60
- time to clear the access road to the min 10 10 10 10
excavator
- excavator’s net working time min 615 615 615 615
Number of shifts per day shift/day 2 2 2 2
INumber of transport units loaded unit/day 100 113 113 170
Adjustment factor accounting for: - 0.89 0.89 0.89 0.89
- excavation of sticky and frozen rock - 1.0 1.0 1.0 1.0
- re-excavation - 1.0 1.0 1.0 1.0
- blasting operations during the shift - 0.97 0.97 0.97 0.97
- face watering during the shift - 0.92 0.92 0.92 0.92
- work on unstable ground - 1.0 1.0 1.0 1.0
Number of days per year:
- mining operations day 364 364 364 364
- downtime for repairs day 30 30 30 30
- downtime due to weather conditions day 7 7 7 7
- excavator travel time day 10 10 10 10
- net excavator operating time day 317 317 317 317
I;Ielzrrnber of excavator operating hours per hour 6499 6499 6499 6499
Hourly productivity m3/h 406 814 545 1205
Shift productivity m?/shift 4160 8340 5590 12350
Daily productivity m?3/day 8320 16680 11180 24700
Average annual productivity thous. 2640 5290 3550 7830
m?/year
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Results and Discussion

The loading times of dump trucks are not uniformly distributed over the range from the minimum
to the maximum value. Statistical analysis of the dispatching data revealed a log-normal distribution of
dump truck loading times.

For each specific “excavator — dump truck” pair, the values of the parameters p and ¢ of the
probability density function for dump truck loading at time t differ and are calculated using methods of
statistical analysis of real data. For example, for one of the time series of the EKG-8U excavator
operating in conjunction with BELAZ 75130 and BELAZ 75131 dump trucks, the following values
were obtained: p =~ 1.685; 6 = 0.272. The selected distribution law quite accurately describes the actual
distribution of the loading time for blasted rock by the EKG 8U excavator into the BELAZ 75130 and
BELAZ 75131 dump trucks (Fig. 1). The hypothesis that the loading time follows a log-normal
distribution — selected from among similar distributions (e.g., the gamma distribution) based on the
principle of maximum entropy [9, 10] —is confirmed by testing using the > (Pearson) and Kolmogorov—
Smirnov criteria.

The loading time of dump truck t can be calculated using the probability density function of the
“occurrence” of such a time within a specific (for example, weekly, but no longer) time sample of
dispatch data. In our case, the probability density function can be expressed as:

—In(t-p)? —In(t-1,685)2
202 0,15
e
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Fig. 1. Frequency (distribution density) of loading times for the BELAZ-75131 and BELAZ-7513D
dump trucks loaded by an EKG-8U excavator: wide columns represent dispatch data; narrow columns
represent the model
Puc. 1. Yacmoma (niomnocms pacnpedenenus) apemenu nocpysku asmocamoceanra bEJIA3-75131,
BEJIA3-7513D axckasamopom SKI-8Y: wupoxue kononku — 0annsie oucnemuepuzayuu, y3Kue —
MoOenbHoe npedcmasieHue

For other models of excavators and dump trucks, the values of p and ¢ for the log-normal
distribution will be different. For example, for the P&H-2800, the parameters of the log-normal
distribution that best fits its operation are p = 0.62 and ¢ = 0.2 (Fig. 2).
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Fig. 2. Frequency (distribution density) of the actual loading time of a BELAZ-75230 dump truck by a
P&H-2800 excavator

Puc. 2. Yacmoma (nnomnocms pacnpeoenenus) peaibHo20 epemMery nozpy3Ki democamoceand
BEJIA3-75230 sxckasamopom P&H-2800

For the EKG-18M and EKG-20 excavators (Fig. 3-5), the distribution law for loading time
density changes to a gamma distribution:

Sf(x)=

BT(@) @)
Ia)=|[ (Ve ar.

ta—l

=~

Presumably, this may be due to the design features of the excavators themselves or to the quality
of the preparation of the blasted rock mass. The ratio of the excavator bucket’s capacity to the dump
truck’s body capacity affects only the distribution parameter o, but has no effect on the law governing
the distribution of loading time density — for example, the EKG-18M excavator maintains a gamma
distribution when used with both 180-metric-ton and 220-metric-ton dump trucks (Fig. 3 and 4).
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Fig. 3. Loading time frequency of the EKG-18M for BELAZ-75131 dump trucks (gamma distribution
parameters: o, = 16.25; § = 0.139)
Puc. 3. Yacmoma spemenu noepysxu IKI-18M aemocamoceanoe BEJIA3-75131 (napamempol camma-
pacnpeoenenus: o = 16,25; = 0,139)
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Fig. 4. Loading frequency of the EKG-18M on BELAZ-7530 dump trucks (gamma distribution
parameters: o.= 26.79; f = 0.137)
Puc. 4. Yacmoma epemernu noepysxu IKI-18M asmocamocseanroe BEJIA3-7530 (napamempol camma-
pacnpedenenusi o, = 26,79, §=0,137)
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Fig. 5. Loading frequency of the ECG-20 for BELAZ-7530 dump trucks (gamma distribution
parameters: o= 17.06; §=0.218)
Puc. 5. Yacmoma spemernu noepysxu IKI-20 aemocamoceanos bBEJIA3-7530 (napamempuwr camma-
pacnpedenerus o. = 17,06, = 0,218)
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Fig. 6. Bimodal distribution of dump truck loading times
Puc. 6. Bumooanvhas ¢popma pacnpedenenus epemenu nopy3Kiu asmocamoceand

It is possible to account for fluctuations in these distribution parameters over short time intervals
(shifts or days) — that is, in the operational planning of mining operations — using the neural network
solutions currently being developed by the authors.
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An analysis of the enterprise’s ETC operations and dispatch data revealed another distinctive
feature. Given the presence of cyclical, sharply varying operating conditions for the ETC during each
shift, for example, either when a trainee works for 3-4 hours, or when the quality of crushing (average
rock particle size) is highly variable, or when there are issues with the surface of the work area across
the excavator’s pass through the blasted rock mass, a multimodal distribution of loading time emerges
(Fig. 6). However, even in this case, the distribution density of loading time for each mode follows a
log-normal (or gamma) distribution.

To evaluate the performance of individual ETC operating in a closed-loop dump truck feeding
cycle, simulation models were developed in MATLAB Simulink [11-17], based on the principles of
queueing theory and service-arrival theory [18-32] (Fig. 7).

WT > o INT
Dump Truck (capacity130 ton)
Q@JT s N IN2
Dump Truck (capacity130 ton)
@yrp s Loading time, travel
3 3 nh
Dump Truck (capacity130 ton) - tume In l(.’adefi i , ) wp 7]
NP empty directions, P " oo ' g
@yrp (I downtime, ] < e vl
. . OUTp o IN ouTp
Piopip Trodk (oapegirTa0:Ecn) and unloading time Queue at the
£ # excavator EKG-8U Moving
M INS
- - (FIFO)
Time attribute fo dump
b assignment block - -
Dumping
o IN 2 ouTp
Moving
from dump
|:" IN =2 ouTp
.. Downtimes
Return to the beginning of the next cycle

Fig. 7. A simplified example of a simulation model of a single ETC based on the EKG-8U
Puc. 7. Ynpowennwviii npumep umumayuonnot mooeau omoenvno2o IAK na baze IKI-8Y

This simulation model allows you to simulate the operation of a single ETC using the following
input time data: loading time, travel time in the loaded and empty directions, unloading time, downtime,
shift handover time, and lunch break (which are not considered downtime, even though no work is
performed during these periods), all of which are specified based on real-world dispatching data.

In this model, the order of the blocks corresponds to the sequence of events that occur at the mining
site in real time:

1) At the start of the shift, entities — dump trucks — are generated. Each dump truck is assigned a
vehicle number, under which it enters the “Concentrator” block. From this block, the dump trucks
proceed to the “Time Attribute Assignment Block,” which models the start of a dump truck’s trip;

2) While in the “Time Attribute Assignment Block,” each dump truck receives updated weighted-
average time attributes, namely: the time spent being loaded by the excavator, the time spent traveling
with a load to the dump, the time spent unloading at the dump, the time spent traveling from the dump
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without a load, respectively, the downtime during the trip, and the start time and duration of the lunch
break;

3) once the dump trucks have been assigned time metrics, they enter the “Waiting at the Excavator”
block (on a “First In — First Out” basis) and each is loaded by the corresponding excavator in the order
they were queued;

4) Next, the loaded dump truck travels to the dump site within the time assigned to it in the “Time
Attribute Assignment Block,” unloads (block with the “Unloading” time set), drives back from the dump
site (the block with the “Return from Dump Site” time set); at the same time, the downtime for each trip
is simulated and fed into the “Hub” block, which simulates a single dump truck trip;

5) afterward, the dump truck is reassigned new time parameters, and the next trip begins.

This model runs for 720 minutes of simulation time, which corresponds to a 12-hour work shift.

After constructing the model and running it a sufficient number of times, dependency graphs (by
shift time) were obtained, based on which an analysis of the current operational status of the mining site
was conducted:

- the utilization rate of each excavator;

- the current length of the dump truck queue at each excavator;

- the number of dump trucks loaded by each excavator during a shift,

and a comparison of these values with actual data to validate the model.

These dependency graphs are shown in Fig. 8-10.
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Fig. 8. Utilization rate Ku; of the EKG-8U, EKG-18M, EKG-20, and P&H-2800
Puc. 8. Kosgppuyuenm ucnonvzosanus IKI-8Y, DKI-18M, DKI-20 u P&H-2800

A model utilization coefficient of K, = 1 for the excavator at the start of the shift indicates that all
dump trucks immediately line up to be loaded and the excavator is operating at 100% capacity. In reality,
this rarely happens, since dump trucks do not arrive at the excavator simultaneously at the start of the
shift. Therefore, the results from the first 80—110 minutes of the simulation should not be included in
the calculations. A horizontal segment for each excavator in the middle of a shift (approx. at 400 min)
indicates lunch time.

The graphs shown in Fig.9 indirectly confirm this.
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Fig. 9. Current length of the dump truck queue
Puc. 9. Texywas onuna ouepeou asmocamoceanos

N Number of dump trucks loaded by the EKG-8U

N Number of dump trucks loaded by the EKG-18M

45t ;! ¢
N=45 — 35 N=38 i

40 ; :

35 30 iy

301 — i 25

25 =t 2 .

20 - ‘ i —

15 p ‘ —

10} ; — 1 10 J

5| . i N §5

ol \t A :

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
N Number of dump trucks loaded by the EKG-20 N Number of dump trucks loaded by the P&H-2800

30 ‘ ‘ j 120 ‘ !
N=30 N=116 o

25 100 i

20 80

15 60

10 40
. i

5|/ '

00100 200 300 400 500 600 700" 0 100 200 300 400 500 600 700"
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Here, too, there is a localized accumulation of dump trucks in the loading queue at the start of the
shift and at the start of lunch, although in reality it is not at all necessary for all dump trucks to arrive at
the excavator at that time. Nevertheless, such localized “disturbances” do not have any significant
impact on the ETC model’s performance metrics during the rest of the shift.

The graphs shown in Fig.8—10 present the results of one of the model simulations. To average out
the stochastically varying results, the necessary number of model simulations was performed, followed
by averaging of the corresponding metrics. This is due to the law of large numbers and the central limit
theorem: increasing the sample size reduces the variance of the estimates [33].

The required number of runs was calculated, and the maximum of the resulting values was selected,
using the formula [34, 35]:

n=-—-=%, 3)

where # is the required number of model’ runs; o is the confidence level (a = 0.95); t, is the value of the
Laplace function (for o = 0.95, t, = 1.96); o, is the variance of a specific parameter (the number of dump
trucks in the queue, the number of dump truck trips, etc.); € is the required accuracy (¢ = 0.05 was
assumed).

Model calibration and validation were performed using the GEH statistic (the Heavers criterion),
whose value did not exceed 2.65 in 85% of the model runs when compared to dispatch data.

For example, according to data from the dispatch department, the number of dump trucks loaded
by excavators was as follows: EKG-8U — 45 units, EKG-18M — 37 units, EKG-20 — 29 units, P&H-2800
— 116 units. After comparing the actual and averaged model data, it was concluded that the simulation
model was implemented correctly, its operational logic corresponds to the specified requirements, and
it is ready for use in real-world conditions.

The input data also included the number of times a queue of a given length occurred during a shift
for each excavator, as shown in Fig. 11-14 (based on dispatching data).

Number of times

during a shift
50 4 i
40
30
20

10
10 5
2 1
0 > Queue
1 2 3 4 length
Fig. 11. The formation of a queue of a certain length for loading during a work shift for
EKG-8U
Puc. 11. Bosnuxnosenue ouepeou coomeemcmeayioujeli OIUnbl 8 0HCUOAHUU ROO NOSPY3KY 8 medeHue
cmenvl 013 IKT-8Y
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Based on the data from these graphs, “shortcomings” in equipment performance at the analyzed
mining site were identified. By averaging the results of the equipment performance simulations at the
site, the following values of the utilization coefficients K, were obtained for the excavators used at the
mining site: for the EKG-8U, K, = 0.55; for the EKG-18M, K, = 0.49; for the EKG-20, K, = 0.40; for
the P&H-2800, K, = 0.49. Based on this, it can be seen that the mining site’s excavation equipment is
used unevenly, leading to underutilization of some excavators and their downtime (EKG-20) and the
relative overloading of others (EKG-8U), which could operate with the same fleet of BELAZ-7513
dump trucks used with other excavators (EKG-18M).

The excavator utilization rate indicates how heavily the equipment is used and how efficiently its
capacity is being utilized. Based on the graphs obtained (Fig. 8-10), measures were taken to organize
operations at the mining site so that the load on the equipment would be evenly distributed. As a result,
the utilization rates of the excavators were balanced, the number of dump trucks waiting in line for
loading decreased, and the total number of dump trucks loaded per shift increased. These results were
achieved by reassigning dump trucks from one excavator to another within the same mining site.

For example, one BELAZ-7513 dump truck was removed from the ETC based on the EKG-8U and
reassigned to the EKG-20 (Fig. 15). Several similar reassignments were made involving other dump
trucks and excavators.

%JT > o INT
Dump Truck (capacity130 ton)

@yTh 3 ING Loading time, travel
i i nh
Dump Truck (capacity130 ton) - g m 1(_)ade(.i and | wh =
TP empty directions, D N o - ;
@pTp 3 ING downtime, ouTp L wil
. . OUTp IN out
Dump Truck (capacity130 ton) and unloadmg time Queue at the
d d excavator EKG-8U Moving
M INS
. g (FIFO)
Time attribute to dump
i " assignment block . -
Dumping
o IN 2 ouTp
Moving
from dump
|:" N outh
-y Downtimes
Return to the beginning of the next cycle

Fig. 15. A simplified simulation model of the operation of one of the excavators (EKG-8U) in the
mining section after optimization
Puc. 15. Ynpowennas umumayuonnas mooenv pabomsl 001020 u3 skckasamopos (OKI-8Y) zopnozo
YUaACmKa nocie nposeoeHUs: ONMUMU3AYUY

After implementing optimization measures at the site, the following results were obtained: the
utilization rate of the EKG-8U excavators used at the mining site was 0.46 (a 9% decrease); EKG-18M
—0.49 (no change); EKG-20 — 0.49 (an increase of 9%); P&H-2800 — 0.48 (a decrease of 1%), as shown
in Fig. 16.
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Fig. 16. Utilization rate Ku; of the EKG-8U, EKG-18M, EKG-20, and P&H-2800

( Ku1 — currently median value, Ku1 — after optimization)

Puc. 16. Koagpguyuenm ucnonvzoganusn IKI-8Y, DKI-18M, IKI-20 u P&H-2800 nocne npogedenus
onmumuzayuu

Despite a slight overall decrease in the excavator utilization rate at the site (by 1%), the current
length of the queue waiting to be loaded also decreased (by 3 dump trucks across the entire site), and
the total number of loaded dump trucks increased (by 5 across the site) during the shift (Fig. 17, 18).

The number of times a queue of a certain length occurred during a shift for each excavator also
changed; the data (compared to the previous, non-optimized values) are shown in Fig. 19-22.

Conclusions

A comparative analysis of the initial data and the data obtained from simulation modeling shows
that the efficiency of the equipment operating at the site improved following optimization. The following
advantages of this simulation can be noted:

- The operation of all machinery at the mining site can be planned more evenly and rhythmically,
resulting in less equipment wear and tear and more time available for additional operations (grading
access roads, dismantling oversized loads, minor repairs, working with trainees, etc.);

- The number of dump trucks loaded by excavators during a shift can be increased by 6 units.
Consequently, the site’s overall productivity will also increase;

- Reducing the “human factor” — specifically, by building a simulation model — will help avoid
errors in equipment allocation on the site during dispatching operations and in the ongoing planning of
the volumes of excavated rock to be shipped.

It will be possible to account for fluctuations in the distribution of dump truck loading times over
short time intervals (shifts and days) by different excavators — that is, in operational short-term planning
of mining operations — using the neural network solutions currently being developed by the authors.
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Fig. 20. Graph showing the relationship change between the number of queues and queue length
during a work shift for the EKG-18M before and after optimization
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BBIEOP PALIMOHAJILHOT'O COCTABA DKCKABATOPHO-
ABTOMOBWILHBIX KOMILUIEKCOB TOPHOI'O YYACTKA
BE3 U3MEHEHUWSI OBIIETO KOJUYECTBA TPAHCIIOPTHBIX
EJWHNAILL

Hexnap M.!, AAnouxo FO.', Mapacosa /1.!, Llaranosa /I.2, Mapkos C.O.?,
TrwaeneB M.A.?, bapemosa E.U.*

! Texunueckuil yauBepcutet B Komune

2 CroBankuit TexHOJOTHUecKuil yHuBepcureT B bpatucnase

* ®I'BOY BO «Kysbacckuii Tocy1apcTBeHHBIN TeXHUUECKH yHUBepcuTeT nMeHn T.D. ['opbaueBar
* 000 «OddexTUBHBIEC PEICHID

AHHOTALMA.
B cratee paccMoTpeHa aKTyaldbHOCTh ONTUMHU3ALMU TUIAHUPOBAHUS
BBIEMOYHO-TIOTPY30YHBIX M TPAHCIOPTHBIX MPOIECCOB HA OTKPBITHIX
TOpPHBIX paboTax ¢ TOYKW 3PEHUS TMOBBIMIEHUS MPOU3BOAUTEIHHOCTH U
coKpareHus uznepsxek. [lokazanbl 0COOEHHOCTH pacipe/IeIeHUs BpeMEHU
MOTPY3KA B30PBAHHOW TOPHOW MAacCCHl Pa3MYHBIMH JKCKaBaTOpaMH B
‘@ @ \ YCIIOBHSAX PEATFHOTO TOPHOMOOBIBAIOMICTO NPEANPUITHS. BBIIBICHHBIC
3aKOHBI IUNIOTHOCTH paclpeleIeHUs] BpEMEHH YUTEHBI IPH MMHTAIIHOHHOM
MOJICIUPOBAaHUH  HKCKaBATOPHO-aBTOMOOMIbHOTO Komimiekca (DAK)

HNudopmanus o cratbe TOPHOTO yYacTKa, COCTOSIIETO0 M3 HECKOJBbKHX OSKCKaBaTOPOB M
Iocrynuina: COOTBETCTBYIOLIIETO MM  Tapka  aBTocamocBajioB.  IlocTpoenHas
12 uronst 2026 1. MMUTAIlMOHHAs MoOJelb paboTel ywacTkoBoro JDAK mpoBepeHa Ha

aJIeKBaTHOCTh U TTOKAa3aa CBOIO YCTOHYMBOCTG IIPH M3MEHEHUH BXOIHBIX
PenensupoBanue: mapaMeTpoB, a HMEHHO 4YHCJIa aBTOCAMOCBAJIOB, II0JIaBAEMBIX II0]
20 urosisa 2026 . norpy3ky. BeisgBneHHbIE «y3kue» MecTta pabotsl DAK (a uMeHHO

HEpaBHOMEPHOCTh ~ KOA((HIMEHTa  HUCMOJIb30BAaHHS  JKCKABATOPOB,
IMpunsTa k nevarn: YBEIMUYESHHOE BPEMs IIPOCTOsI, CPEHEE YHCIIO aBTOCAMOCBAJIOB B OUEPEaN
30 uronst 2026 r. TIOJT KCKaBaTOPOM) OBUIH CHHBEIHPOBAHBI TIOCPEICTBOM HCIOIB30BaHUSL

MOCTPOGHHOW  MOJENnH. OTO  MO3BOJWIO  ITIPUHATH  HECKOJBKO
KuroueBnle ciioBa: YIPaBICHYECKUX pPELICHHH: JHMO0 yBEIWYHTh IPOU3BOJIUTEIHLHOCTD
TFE0TEXHUUECKUE CUCTEMBI, ydJacTKa I10 TOPHOH Macce, JIM00 BRIPOBHATH HArpy3Ky Ha 9KCKaBaTOPHI 0e3
OTKPBITHIE TOPHBIE PAOOTEHI, CHIDKEHUSI MMEIOIIEHCSl MPON3BOIUTEIFHOCTH ydyacTKa, TpH 3ToM 0e3
9KCKaBaTOPHO-aBTOMOOWJIBHBIN ~ HM3MEHEHHS MCXOJHOIO IapKa aBTOCaMOCBaJoB. IIpennaraemele pemieHns
KOMILIEKC, BpPEMsI TTOTPY3KH, TaKXXe ITO3BOJIMIIN BEIPOBHATH OOIIYIO HAIPy3Ky Ha MapK aBTOCAMOCBAJIOB

UMHUTAITUOHHOC MOACIMPOBAHUEC IIyTEM YMCHBIICHUA cpem—reﬁ JUIAHBI O4YE€PEAM ITOJ OKCKaBaTOpaMu.

TEXHUKA U TEXHOJIOI'MA I'OPHOI'O JJEJIA. 91 ISSN 2618-7434
2026. Ne3. C. 71-94


https://creativecommons.org/licenses/by/4.0/deed.ru

Michal Cehlar, Juraj Janocko, Daniela Marasova et al.
Selecting an efficient configuration for excavator-truck DOI: 10.26730/2618-7434-2026-3-71-94
complexes in a mining site without changing the total ...

Jasi uutupoBanusi: Ilexnap M., Snouko 1O., Mapacosa [l., Haranosa [I., Mapkos C.O., Tonenes M.A.,
Bapemosa E.W. Bri6op paroHamI»HOTO COCTaBa IKCKAaBATOPHO-aBTOMOOMIBHBIX KOMITJICKCOB TOPHOTO yYacTKa
6e3 M3MEHEHHS 00IIero KOJMYeCTBa TPAHCIIOPTHHIX equHUI // TeXHUKa U TEXHOJIOTHs ropHOTOo aena. — 2026.
— Ne 3(34). — C. 71-94. — DOI: 10.26730/2618-7434-2026-3-71-94, EDN: LRMGHF

KondaukT narepecon

ABTOpHI 3asBISIIOT 00 OTCYTCTBUH KOH(JINKTa HHTEPECOB.
© 2026 Asropsl. UzmarenpctBo Ky30acckoro rocyqapCTBEHHOTO TEXHHYECKOTO YHHUBEPCHUTETa WMEHH
T.®. T'opbaueBa. Drta cratbs mocrynHa mo juneH3un CreativeCommons «Attribution» («Atpulynums») 4.0
Bceemupras (https://creativecommons.org/licenses/by/4.0/)

HNudopmanus 006 aBTopax

Iexnap Muxan, TOKT. TeXH. HayK, podeccop, 1eKaH (aKyIbTeTa
e-mail: michal.cehlar@tuke.sk

Anouko KOpaii, TOKT. TeXH. HayK, podeccop, 3aMECTUTEIb ACKaHa 0 MEKAYHAPOTHBIM CBSI3SIM
e-mail: juraj.janocko@tuke.sk

®dakynpTeT TOPHOTO JIeNa, IKOJIOTUH, YIIPABICHHUS IPOEKTAMHU W T€0TEXHOIOTHH
Texnunuyeckuit yausepcuter Kommie
Jlernsia 9/A, 042 00, Komune, CnoBakus

Mapacosa Jlanusna, KaHi. TeXH. HayK, Mpodeccop, AMPEKTOP HHCTUTYTA
e-mail: daniela.marasova@tuke.sk

@axynbTeT TOPHOIO J€Nla, 3KOJIOTHUHU, YIPABICHUS IPOCKTAMU M TEOTCXHOJIOTMM, MUHCTUTYT JIOTMCTHKU H
TpaHcnopTa, TexHnueckuit yHusepcutet Komuie
[Tapx Komenckoro 14, 042 00, Komwie, Cnoakus

Llacanoea /Jlazmap, KaHA. TeXH. HAyK, TOLCHT, 3aMECTUTEIb JIeKaHa [0 MEKTyHAPOAHBIM IPOCKTAM
e-mail: dagmar.caganova@stuba.sk

®dakynpTeT MaTepHANIOBEICHNS U TEXHOJIOTHH,
CrnoBaikuii TeXHU4YeCKuil yHuBepcuteT B bpatucinase
ITaynuncka 16, 917 24 Tpuasa, CnoBakus

Mapxkoe Cepezeii Onezoeuu, K.1.H., TOIIEHT KadeIpbl OTKPHITHIX TOPHBIX paboT
e-mail: markovso@inbox.ru

Tionenee Maxcum Anamonveguu, K.T.H., 3aBelytoninii kaheapoi OTKPBITHIX TOPHBIX padoT
e-mail: tma.geolog@mail.ru

Ky3zbacckwii rocyqapcTBeHHBIN TeXHIUUECKUH yHIBepcuTeT uM. T.®. ['opbadena
650000, Poccuiickas denepauus, r. Kemeposo, yi. Becennsis, 28

bapewosa Enuzasema Hnvunuuna, Be1yluii MH>XEHED
e-mail: er-prol @yandex.ru

000 «2dheKTUBHBIE PEIICHHSD
650021, Poccuiickas @enepanus, T. Kemeposo, ya. [IpemzaBonckas, a. 10, od. 1302

CrnMcoK JUTepaTypsbl
1. Tocynapcreennsrii goxmag «O coctossHEU U 00 OXpaHe OKpykaromiel cpensl Poccutickoit denepannu B
2024 roxy». — Mocksa : Munnpuposast Poccun, ®I'bY « BHUU Dxonorus», 2025. — 722 c.
2. HWrorm coumanbHO-3KOHOMHUECKOro pa3Butus Kemeposckoi 06naCTH — Kysbacca 3a 2025 rox //
AnMuHUCTpays [IpaBurenscTBa Kysbacca : caifr. URL:

ISSN 2618-7434 92 JOURNAL OF MINING AND GEOTECHNICAL
ENGINEERING, 2026, 3(34):71


https://creativecommons.org/licenses/by/4.0/

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

2 Llexnap M., Anouko I0., Mapacoea /l. u op.
5 Boi60p payuoHanbHo2o cocmaga IKCKasamopHo- DOI: 10.26730/2618-7434-2026-3-71-94
ABMOMOOUNLHBIX KOMNAEKCO8 20PHO20 YUACHKA ...

https://ako.ru/upload/medialibrary/6db/232un75tohp4ii3ycsxgrejp9fthlorh/Uroru_COP_Kyzbacca 3a20
25rox.pdf (mata obpamenms: 14.06.2026)

JlormroB E. B., Macansckuii C. C., IlerpoB K. JI. ObocHOBaHHE TEXHOJOTHYECKOW CXEMBI pabOTHI
KOMIUIEKCAa BBIEMOYHO-TIOTPY30YHOM TEXHWKH W AaBTOTpaHCHOpTa Ha Kapbepe // T opHbIi
WHQOPMAIMOHHO-aHAMUTHYEeCKHA ~ Ofomerens. — 2023 — Ne 9-1. - C. 22-34. DOLIL
10.25018/0236_1493 2023 91 0 22.

Xazna ML.JL TlepeBon kapbepHBIX CaMOCBaJIOB Ha ra3 B ycioBusax cesepa // Bectuk Ilepmckoro
HallMOHAJILHOTO HCCIIEIOBATENLCKOTO MOJUTEXHUUECKOro yHuBepcuTera. ['eonorusi. Hedreraszoroe u
ropaoe zeno. —2019. — T.19, Nel. — C.56-72. DOI: 10.15593/2224-9923/2019.1.5

OO0 M3MEHEHNH MMPOM3BOANUTEIHHOCTH OOpATHBIX THAPABIMYECKUX JIONAT MPU PAa3HBIX CXeMaxX MOTPY3KU
BCKPBIIIN B KapbepHbIe camocBaibl / A. A. Xopemok, JI. M. JlyounkuH, 5. O. Jluteun [u ap.] // U3Bectust
BBICIINX Y4YeOHBIX 3aBefeHui. ['opHslii xxypHai. — 2024. — Ne 4. — C. 26-34. — DOI 10.21440/0536-1028-
2024-4-26-34.

HccrnenoBanne HepaBHOMEPHOCTH pabOTHI SKCKaBaTOPHO-aBTOMOOWIbHOTO KomIuiekca / O. U. JIuTuH,
. O. JlutBuH, A. A. Xopemok [u np.] / Yroms. — 2025. — Ne 12(1200). — C. 116-120. — DOI
10.18796/0041-5790-2025-12-116-120.

W3yueHne mapaMeTpoB TOTPY3KM KapbepHBIX CaMOCBATOB Kak (akTopa TIOBBIICHHSA X
npomsBogutenbHocTr / O. U. JlutBun, A. A. Xopemok, . M. [lyounkuH [u ap.] // Yroms. — 2025. — Ne
12(1200). — C. 111-115. — DOI 10.18796/0041-5790-2025-12-111-115.

O nopsizike BBIEMKH MaJIOMOIIHBIX IUIACTOB B TOpo0yrojibHoM 3axozke / [I. B. Azes, A. A. Xopemok, C.
O. Mapkos, M. A. Tronenes // Bectauk Ky36acckoro rocy1apCTBCHHOTO TEXHUUECKOTO YHUBEPCUTETA, —
2026. — Ne 2(174). — C. 199-209. — DOI 10.26730/1999-4125-2026-2-199-209.

Guiasu, S. The principle of maximum entropy / S. Guiasu, A. Shenitzer / The Mathematical Intelligencer.
—1985. - Vol. 7. — Nel. P. 42-48.

Tomuuera I A. Uadopmanus u TBopuectBo. — M.: Pycckuit mup, 1997. — 304 c.

Ozdemir, B. Simulation-based optimization of truck-shovel material handling systems in multi-pit surface
mines / B. Ozdemir, M. Kumral // Simulation Modelling Practice, and Theory. —2019. — Vol. 95. — P. 36-
48. DOI: 10.1016/j.simpat.2019.04.006.

Kansake, B. Analytical modelling of dump truck tire dynamic response to haul road surface excitations. /
B. Kansake, S. Frimpong // International Journal of Mining, Reclamation, and Environment. — 2018. —Ne
34.—-P. 1-18. DOI: 10.1080/17480930.2018.1507608

Li, K. A discrete-event simulation model for the Bitcoin blockchain network with strategic miners and
mining pool managers. / K. Li, Y. Liu, H. Wan, Y. Huang // Computers & Operations Research. —2021.
—Vol. 134. — P. 105365. DOI: 10.1016/j.cor.2021.105365.

Liu, B. Failure Identification of Dump Truck Sus-pension Based on an Average Correlation Stochastic
Subspace Identification Algorithm. / B. Liu, Z. Ji, T. Wang, Z. Tang, G. Li // Applied Sciences. —2018. —
Ne 8. —P. 1795. DOI: 10.3390/app8101795

Gittins, P. Discrete event simulation in livestock management / P. Gittins, G. McElwee, N. Tipi // Journal
of Rural Studies, Volume 78, Pages 387-398. DOI: 10.1016/j.jrurstud.2020.06.039

Ibidun, O. Modelling and Simulation of the Dump-Truck Problem Using MATLAB Simulink. / O. Ibidun,
S. Bam, T. Moroka // In book: Innovations in Bio-Inspired Computing and Applications. —2023. —P. 589-
599. DOLI: 10.1007/978-3-031-27499-2_55.

HiMuTalmoOHHOE MOJIEJIMPOBaHHE JKOHOMHYECKHX IPOIeccoB. Pa3paboTka MMHUTALMOHHBIX MOAEIeH
cpencrBamu nakera SIMULINK: yue6HO-MeToaudeckoe nmocodue / A.K. Pozenusaiir, P.I11. llapumos —
Hab6epexnsie Uennsr: M3natensctBo Habepexnouennunckoro naerutyta KOV, 2019. —43 c.

Medhi, J. Stochastic models in queueing theory / J. Medhi. — 2. ed.. — Amsterdam [etc.] : Academic press,
2003. — ISBN 0-12-487462-2.

Tapanues, A. A. IHxXeHepHbIE METOIBI TEOPHH MaccoBOro oocmykuBanus / A. A. Tapanmes. — 2-e u3f.,
nepepad. u porr.. — Cankr-IletepOypr : Hayxka, 2007.

Turapenko, B. 1. MaTemaTrndeckue MOAENN MPOIECCOB MACCOBOTO OOCIYXHMBaHHMS : ydeOHOE TTocodne
JUISL CTYy/IEHTOB BY30B TeXHHUYeCcKHX cnenuanbHocteil / B. W. Turapenko; dexepanbHoe areHTCTBO 10
obpazoBanmto, MATU - Poccuiickuii rocynapcTBEHHBIH TEXHOJOTHYECKHH yHHMBepcureT nM. K.O.
[uonkosckoro. — Mocksa : MATH - Poccuiickuil rocy1apcTBEHHBIN TEXHOJIOTUUECKUN YHUBEPCUTET UM.
K.3. Ilmonkosckoro, 2009. — 168 c.

Baccelli, F. Applications of mathematics : Stochastic modelling a. appl. probability : Palm martingale
calculus a. stochastic recurrences / Francois Baccelli, Pierre Bremaud. — 2. ed.. — Berlin [etc.] : Springer,
2003. — (Applications of mathematics ; Elements of Queueing theory).

XununH, A. 5. PaboTsl o MaTeMaTHyecKol Teopuu MaccoBoro obciyxuBanus / A. SI. XunuuH ; Ilog
pen. b.B. 'menenko. — 2-e usg., crep.. — Mocksa : YPCC, 2004. — 235 c.

TEXHUKA U TEXHOJIOI'MA I'OPHOI'O JJEJIA. 93 ISSN 2618-7434
2026. Ne3. C. 71-94



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Michal Cehlar, Juraj Janocko, Daniela Marasova et al.
Selecting an efficient configuration for excavator-truck DOI: 10.26730/2618-7434-2026-3-71-94
complexes in a mining site without changing the total ...

Huxonos, D. I'. TloBbllieHHE OTKa30yCTOHYMBOCTH CHCTEM MAacCOBOIO OOCIY)KMBAHHS B YCIIOBHSX
ctpeccoBoii Harpy3ku / D. I'. Hukonos, A. b. ®nopko. — [lyoHa : OObeITHHEHHBIH UH-T SIEPHBIX UCCIEL.,
2009. — 12 ¢. — (Coobmennst O0beAMHEHHOTO HHCTUTYTA SACPHBIX HCCIIeAoBaHmiA, J[yOHa).

Caatn, T. JI. DrieMeHTHI TeOpHUH MaccOBOTO oOcykuBanus U ee npunoxkenus / T. JI. Caatu ; mep. ¢ aHrI
E. I'. Kopanenko ; mox pen. U. H. Koanenko. — 3-e m3a.. — Mocksa : URSS, 2010.

MBHuukwuii, B. A. Teopust HecTalMOHAPHBIX MOMEHTOB MAaPKOBCKUX CETEH : 3aMKHYTBIE CETH MACCOBOTO
obcmyxuBanmst / B. A. Bannkwii ; npennct. Y. H. KoBanenko. — Mockga : JInu6pokom, 2010. — 394 c.
Maneimesa, M. A. Teopus maccoBoro oOcmyxuBaHusi : ydeOHoe mocobue / WM. A. Mansimesa ;
MocKkoBCKHii Toc. YH-T myTeit coobur.. — Mocksa : POAT, 2010. — 96 c.

lapaiimmmua, VM. P. Meroasl uccnenoBaHUs KOPPEIMPOBAHHBIX IMOTOKOB U CIELUAIBHBIX CHCTEM
MaccoBoro odciyxuBanus : MoHorpadus / U. P. [apaiimmna, C. I1. Mouceea, A. A. Hazapos ; M-Bo
oOpazoBanus u Hayku PD, Tomckwuii roc. yH-T. — Tomck : U3n-so HTJI, 2010. — 202 c.

Ocunos, JI. A. TexHnueckoe 000CHOBaHUE NPOEKTa CUCTEM MAacCOBOTO OOCIy)KMBaHHUS : MOHOTpadus /
JI. A. OcunoB ; MockoBckuii ToC. YH-T myTel coobmenus. — Mocksa : POAT, 2011. — 105 c.
Kupnmunnkos, A. I1. MeTons! npukiagHoi Teoprn MaccoBoro oocmyxusanns / A. I1. Kupnuaaukos. —
Kazans : Kazanckuii ys-1, 2011. — 199 c.

MxkypkuH, A. C. Pacder xXapakTepHUCTHK OJHOJIMHEHHBIX CHCTEM MAacCOBOTO OOCIYXKHBAHUS
monorpadus/ A. C. HlkypkuH, A. b. Opnos, A. B. JIezapes ; @un. KemepoBckoro roc. yH-1a B . AHXEpO-
Cymxencke. — Tomck : U3a-Bo Tomckoro yH-Ta, 2008. — 119 c.

Moucuk, B. b. Teopust maccoBoro o0ciyxuBanust : Tekcthl Jekiuid / B. b. Moncuk ; ®enepansHoe
areHTCTBO BO3IYIIHOTO TpaHcH., MdenepanbHoe roc. 0Opa30BaTENbHOE YYPEIKACHHE BBICII. IMPOQd.
o0pazoBaHus "MOCKOBCKHI Ioc. TEXHUUECKHH YH-T TpakiaHckoil apuanuun', Kad. npukiangnoi mar.. —
MockBa : MockoBckwii roc. Texuuueckuil yH-T ['A, 2007. — 64 c.

AdonuH, B. B. OcHOBBI aHaH3a CUCTEM MacCOBOI0 00CIykuBaHUs : YueO. mocodue : [l cTyaeHTOB
BY30B, oOydarommxcs 1mo HampasieHuo 654600 "MHpopMaTHka W BBEIUUCI. TEXHHUKA", CIIEUATEHOCTH
220200 "ABromaTtu3up. cucteMsl 00pad. mHpopMm. u ymp." / B. B. Adonun, C. M. Mypromus, C. A.
®enocun. — Capanck : U3a-Bo Mopa. yu-1a, 2003. — 234 c.

CumonoBa, E.B. lmwuranmonHoe MojaenupoBaHuWe HH(DOPMALNOHHO-BBIUYMCIUTEIBHBIX CHCTEM:
pa3paboTKa MOJENN M OpraHM3aIMsi SKCIEpUMEHTa: ydeOHoe mocobue / Camapckuil yHUBEpCHTET. —
Camapa: UznarensctBo Camapckoro yHuBepcuteTa, 2023. — 3aril. ¢ TUTYJL. 3KpaHa. — TeKCT: 3JIeKTp.
Meroauyeckue peKOMEHIAIMH 110 Pa3padoTKe U pean3alii MEpONPHUATHI 110 OPraHU3alMu JOPOKHOTO
JIBIDKEeHUs.  Vcmonp3oBaHME  NPOrpaMMHBIX — NPOAYKTOB ~ MAaTeMaTHYECKOIO  MOJAEIMPOBAHUS
TPaHCIIOPTHBIX IOTOKOB INPH OLEHKE 3(P(PEKTUBHOCTU INPOEKTHBIX PELICHUH B cdepe OopraHu3aiu
JIOPOXKHOTO JBWXKEeHUs // MunHHCTepcTBO TpaHcmopra Poccuiickorr @eneparuu : caiit. URL:
https://mintrans.gov.ru/file/404538 (narta oopamenus: 14.10.2025).

Xynskosa, E. B. Umurtanmonnoe Moaenuposanue npoueccos u cucteM B AIIK : / E. B. Xynsakosa, A. A.
JlumatoB. — Mocksa : M3matenbcko-KHATOTOProBoeIi meHTp «Komoc-c», 2021. — 256 ¢. — (Y4ueOHUKYN 1
y4eOHbIe TOCOOUs IS CTYICHTOB BBHICIINX YUCOHBIX 3aBEICHUI).

ISSN 2618-7434 94 JOURNAL OF MINING AND GEOTECHNICAL

ENGINEERING, 2026, 3(34):71



