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Abstract. This article develops modern approaches to digital modeling of internal transport processes in underground mines
with complex structures. A simulation model is proposed that takes into account the variable structure of ore flow, the
dynamics of vehicle movement, and the time parameters of loading-transportation-unloading cycles. The model is
constructed in the MATLAB SimEvents environment and allows for determining the capacity of cargo flow, transport cycle
time, and the occurrence of bottlenecks in the network. The results serve to optimize the number of transport vehicles,
reduce energy consumption, and enhance the stability of ore delivery.

INTRODUCTION

In underground mines, the internal transport system is considered the main link ensuring the continuity of the ore
extraction process. Due to the complexity of the geological structure, uneven distribution of layers, narrowing of
transport corridors, and dynamic changes in production fronts, the cargo flow forms unstably over time [5-6].
According to statistical data, a 10-15% delay occurring in the mine transport system directly affects the annual
production volume, reducing overall efficiency by 4-7%. Traditional calculation methods only reflect the average
indicators of the transport process and do not account for real-time loading, congestion, and the variability of vehicle
cycles [1]. For this reason, approaches based on digital twin and simulation modeling are widely used in modern
mining. Such modeling provides a precise mathematical description of the transport process, identifies bottlenecks in
cargo flows, and enables optimization of the number and routes of vehicles. [3-4].

MATERIALS AND METHODS

The digital modeling of the mine's internal transport system was conducted in three stages: (1) mathematical
description of the transport network, (2) modeling the dynamics of cargo flow and vehicle movement, and (3)
construction and optimization of a simulation model based on a digital twin [2].

In the study, the transport network was represented using graph theory, based on the actual geotechnological maps
of the deposit and the geometry of the transport corridors. The transport network was depicted as follows [10]:

G =(V,E) (1)
where: E - transportation routes and conveyor belts.

V - Loading points, transshipment stations, intersections of ventilation corridors Figure 1.

FIGURE 1. Graph theory-based model of the mine's internal transport network
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The following technical parameters were assigned to each edge: road length L;;, maximum capacity C;;, travel
time t;;, power consumption P;; and energy expenditure E;;. These parameters are determined based on the type of
vehicle, road gradient, ore density, and road resistance [7-9].

The road length is calculated using the following formula:

Lij= 05 —x)* + ; —y)* + (7 — )%, 2
where: x, y, z — coordinates of the section's start and end points.

C;j — it refers to the maximum amount of cargo (tons/hour) that can pass through this section using motor transport
within one hour or one shift, and is determined by the following formula:
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where: Ng,- — number of machines working in the area,

q:r — the cargo capacity of a single truck (t),

T,s — total cycle time for loading - transportation - unloading - return (hours).

t;j — it is the net travel time for a vehicle to pass through section i — j, which is determined by the following
formula:
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where: v;; — the average speed in this section and it is determined by the following formula:
Vij = Vo * Psiope " Pioad> (5)

where: v, —nominal speed under light conditions,

@siope — Slope correction factor for roads,

Pi0aa — coefficient related to movement with or without load.

P;j — it is the power consumption for an internal combustion engine or electric motor, which is determined by the
following formula [11-16]:

Pij = Fiota " Vij> (6)
where: F;,:q; — the total resistance force is determined by the following formula:
Frotar = Mg(f + sina), (7

where: M — vehicle and load mass (t = kg),
g — acceleration of free fall (m/s?),

f —road resistance coefficient,

a —road slope angle (rad).

The energy consumption E;;, meanwhile, is:

Eij = Pij - ti; = Mg(f + sina) - Ly, (8)
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FIGURE 2. Changes in energy consumption with increasing road gradient.
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FIGURE 3. Algorithm for parameter calculation

From the above formula and Figures 2-3, we can observe that energy consumption E;; is functionally dependent
on the type of vehicle, road gradient, ore density, and road resistance coefficients.

RESULTS AND DISCUSSION

The digital model developed for the mine's internal transport system enabled the determination of vehicle
movement, distribution of cargo flows across networks, changes in energy consumption due to road conditions, and
the mechanism of bottleneck formation within the network. Modeling results revealed that cargo flow is not uniformly
distributed across the transport network. Particularly in the 200-250 meter range following the loading point, the
movement of loaded loading-transportation-unloading machines created the highest load, increasing waiting times in
this section by 9-12%. This situation negatively impacts the overall network throughput. The most significant
bottleneck was observed in the V»-V3 section, where road narrowing and increased slope caused vehicle speeds to
decrease and cargo flow dispersion to rise by 18-24%. These factors impede the stable operation of the transport
system and result in additional time losses.

The average duration of the transport cycle was also evaluated using a digital model. It was determined that during
high-load periods, the cycle time extended to 3.8-4.2 minutes, while under optimal conditions, it decreased to 3.1
minutes. This variation is attributed to road geometry, traffic congestion, variability in loading times, and the vehicle's
operating mode. The simulation indicates that by improving road conditions and optimizing the route, it is possible to
reduce the cycle time by 10-13%.

The results obtained on energy consumption confirmed the direct impact of road gradient and road resistance
coefficient (f) on transport efficiency. Calculations show that when loading-hauling-dumping machines carrying 15
tons of cargo travel a distance of 200 meters, energy consumption increases from 0.16 kWh to 1.14 kWh under good
road conditions, and from 0.41 kWh to 1.38 kWh under poor road conditions. These results indicate that under high
road resistance conditions, energy consumption can be up to 2.3 times higher compared to good road conditions.
Therefore, road leveling, maintenance, and resistance reduction are crucial factors in improving energy efficiency in
internal mine logistics.



Based on the digital model, the number of vehicles was also optimized. In the current system, 12 loading-
transportation-unloading machines are used, and the simulation results showed that 9 loading-transportation-unloading
machines are sufficient while maintaining production capacity. This optimization made it possible to reduce energy
and fuel consumption by 14-18%, maintenance costs by 22-25%, and waiting time by 9-12%. Thanks to the
optimization of the vehicle fleet, the overall efficiency of the system has significantly increased.

The narrowing zones identified during modeling proved to be the most significant obstacle to the network's
efficient operation. It was determined that the speed reduction after increasing the load on section V-V, extended the
cycle time by 6-8%. In the V»-V3 segment, due to the road gradient and narrowing, the additional power consumption
for movement increased by 0.25 kWh. On the V3-V, section, the intersection with the ventilation pathway imposed
limitations on traffic flow. It has been demonstrated that by eliminating these constrictions, it is possible to increase
the overall network throughput by 8-11%.

Overall, the results confirm the high effectiveness of the developed digital model in scientifically evaluating and
optimizing the internal transport system of mines. Using the model, the stability of logistical processes was improved
by 10-18% through reducing the transport cycle, decreasing energy consumption, optimizing the number of vehicles,
and identifying bottleneck zones. This approach provides a solid scientific foundation for implementing modern digital
control systems in mines.

CONCLUSION

In this study, a digital model based on the MATLAB SimEvents platform was developed to enhance the efficiency
of the internal transport system used in underground mines. The model enabled an in-depth analysis of the dynamic
distribution of cargo flows, vehicle movement, road conditions, and the mechanism of formation of narrowing zones.
One of the most significant findings is that the unevenness of cargo flow, particularly a sharp increase in load in the
V2-V3 segment, leads to an extension of the transport cycle. It has been demonstrated that eliminating the narrowing
zone can increase transport capacity by 8-11%.

The simulation results confirmed that road gradient and road resistance coefficient significantly impact energy
consumption. It was determined that energy consumption on poor road conditions is 2.3 times higher compared to
good roads, demonstrating that road leveling and regular maintenance are crucial factors in improving transport system
efficiency. Furthermore, the existing fleet (12 loading-hauling-dumping machines) was found to be heavily
overloaded. Digital modeling revealed that, in optimal conditions, 9 loading-hauling-dumping machines could fully
meet production demands. This finding allowed for a substantial reduction in energy, fuel, and maintenance costs.

In general, the developed digital model is significant because it can reflect the real work processes of the internal
mine transport system with high accuracy, provides effective solutions for increasing the stability of cargo flows,
reducing energy consumption, and optimizing the number of vehicles. The proposed approach has important practical
significance in the digitalization of logistics management in underground mines and in making scientifically based
decisions and can be applied in the future for more complex mining conditions.
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