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Optimization of motor transport and loading equipment at crushed stone quarries

The article examines the problem of improving productivity at crushed stone quarries through
optimization of motor transport and loading equipment. The limitations of the existing fleet of dump trucks
and loading machines, as well as the geometric parameters of transport trenches that prevent the use of
traditional heavy-duty two-axle dump trucks, are analyzed. The feasibility of using modern three-axle
dump trucks with optimized overall dimensions in combination with appropriate loading equipment is
substantiated, which ensures an increase in body volume with a smaller vehicle width and a rational ratio
of excavator and dump truck parameters. It is proven that the implementation of a coordinated transport-
loading complex allows for organizing efficient two-way traffic in trenches of limited width and increases
the overall productivity of mining operations by 25-30 %. The research results can be used in modernizing
transport systems of existing quarries and designing new mining enterprises.
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Relevance of the topic. The efficiency of transport systems at crushed stone quarries directly determines the
competitiveness of mining enterprises and the cost of construction materials for infrastructure development.
Transportation costs account for 50-70 % of total operating expenses in open-pit mining operations, making
optimization of the transport-loading complex a critical factor for the economic sustainability of quarries.
This issue has gained particular urgency in the context of post-war reconstruction of Ukraine, where massive
volumes of crushed stone will be required for restoring roads, bridges, residential buildings, and industrial
facilities.

Most domestic crushed stone quarries currently operate using two-axle dump trucks with 20-30 ton capacity,
designed in the 1980s—1990s. These machines have significant limitations in terms of overall dimensions,
particularly width reaching 3,2-3,5 m, which prevents organizing two-way traffic in existing transport trenches
typically 12—15 m wide. One-way traffic schemes create substantial productivity losses due to equipment waiting
time, route congestion, and suboptimal utilization of trench capacity. This situation is further complicated by the
fact that expanding trenches at operating quarries requires significant capital investments and temporary
suspension of mining operations, which is economically unviable for most enterprises.

Global trends in quarry transport development demonstrate a steady transition to three-axle articulated dump
trucks with optimized dimensions and increased load capacity. These machines combine reduced width with larger
body volumes through extended wheelbase and rational component layout. However, adaptation of such equipment
to Ukrainian quarry conditions, particularly considering the specifics of crushed stone deposits, transport
infrastructure limitations, and available loading equipment, remains an insufficiently studied issue requiring
comprehensive technical and economic substantiation.

The development of scientifically grounded recommendations for modernizing transport systems at crushed
stone quarries through implementing modern three-axle dump trucks in coordination with appropriate loading
equipment will enable a significant increase in mining productivity, reduction of specific operating costs, and
improved environmental performance of enterprises. This is especially important for ensuring Ukraine’s
construction industry has affordable quality materials during the period of intensive infrastructure restoration.

Analysis of recent research and publications. The issue of optimizing transport-loading complexes at
quarries remains relevant, as transportation costs account for 50-70 % of total operating costs in open-pit mining
operations. Rakhmangulov et al. [1] developed a comprehensive multi-criteria methodology for dump truck
selection that considers technical, technological, environmental, and economic-organizational parameters.
Using the FUCOM method, the researchers created a criterion ranking system taking into account that dump trucks
generate 60—75 % of emissions in open-pit mining operations. Lee and Kim [2] applied simulation modeling to
optimize the allocation of dump trucks with different load capacities and excavators, achieving a reduction in costs
and equipment waiting time, which is particularly relevant for quarries with limited maneuvering space.

Xu et al. [3] presented a two-tier optimization model that integrates production planning and transport routing
considering road capacity constraints, achieving a 10,06 % reduction in transportation costs. Choi et al. [4]
proposed an intelligent system based on machine learning for predicting transportation productivity, which
achieved R? = 0,991 based on 16,005 observations through IoT systems. Hazrathosseini and Moradi Afrapoli [5]
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analyzed the prospects of applying reinforcement learning for dispatching systems, demonstrating the advantages
of adaptive algorithms over traditional approaches.

Ozdemir and Kumral [6] developed a two-stage excavator-truck dispatching system that increased production by
9,4 % through match factor optimization. Xu et al. [7] substantiated the principle of rational interaction, according to
which loading should be carried out in three to three bucket passes. Zhang et al. [8] developed a simulation model to
determine the optimal excavator-truck configuration, which provided 3,75 % higher daily production.

An important contribution to understanding the specifics of non-metallic material extraction in Ukraine was
made by Saik et al. [9], who investigated technical and technological solutions for crushed stone quarries, analyzed
water inflow and energy consumption, and proposed solutions in accordance with the National Program for
Development of Ukraine’s Mineral Resource Base until 2030. Despite a significant amount of research, the issue
of adapting modern three-axle dump trucks to the conditions of Ukrainian crushed stone quarries with limited
transport trench parameters remains insufficiently studied.

Purpose of the article. Comprehensive substantiation of the technical feasibility and economic viability of
modernizing transport systems at crushed stone quarries through the implementation of three-axle articulated dump
trucks with optimized dimensions as part of a coordinated transport-loading complex to organize efficient two-
way traffic in trenches of limited width and increase the overall productivity of mining operations.

Presentation of the main material. A typical medium-capacity crushed stone quarry (1-2 million tons/year)
uses dump trucks with a load capacity of 20-30 tons with a traditional two-axle design. Analysis of the operation
of 12 quarries in central Ukraine showed that the average width of transport trenches is 12—15 m, which allows
organizing only one-way traffic for dump trucks with a width of 3,2-3,5 m with the necessary safety clearances.

Main parameters of the existing transport system:
trench width: W = 12—-15 m;

—  dump truck width: b =3,2-3,5 m;

—  minimum safety clearance: A= 1,5 m;

—  possible traffic scheme: one-way.

Under such conditions, the maximum trench capacity is limited by the value:

N=3600/(t: + t2) Xk,
where t1 is the travel time of a loaded dump truck, s; t is the travel time of an empty dump truck, s; k is the traffic
irregularity coefficient (0,7-0,8).

To substantiate the selection of the optimal dump truck type, a detailed comparative analysis of the technical and
operational characteristics of two-axle and three-axle models was conducted, which are presented in Tables 1 and 2.

Table 1
Comparative technical characteristics of quarry dump trucks
Parameters Two-axle dump trucks Three-axle dump Relative
(BelAZ-7547) trucks (Volvo A40G) change, %
Load capacity, t 30 39 +30
Body volume, m* 18,5 24,0 +29,7
Overall width, mm 3480 2900 -16,7
Overall length, mm 8170 11263 +37.9
Turning radius, m 13,5 9,2 -31,9
Maximum speed, km/h 50 57 +14,0
Specific power, kW/t 10,7 12,3 +15,0
Specific ground pressure, kPa 285 195 -31,6
Fuel consumption, 1/100 km 95 82 -13,7
Technical availability coefficient 0,85 0,92 +8,2
Table 2
Operational and economic performance indicators of dump truck use
Indicators Two-axle dump trucks | Three-axle dump trucks Effect, %
Traffic organization scheme One-way Two-way Increased capacity
Productivity per shift, t 480-520 750-820 +56
Cycle time, min 18-22 14-16 =27
Number of trips per shift 16-18 22-26 +44
Fuel costs, UAH/t 425 31,8 -25
Tire costs, UAH/t 18,3 12,4 -32
Road maintenance costs, UAH/t 8,7 52 —40
Transportation cost, UAH/t 115,6 87,3 -24.5
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Modern three-axle articulated dump trucks demonstrate significant advantages due to their optimized design.
Reduced width with increased body volume is achieved through an extended wheelbase and rational layout.
The articulated frame provides improved maneuverability with a turning radius of 8—10 m versus 12—15 m for
traditional dump trucks. Load distribution across three axles reduces specific pressure on the road surface by 30—
40 %, which significantly decreases costs for maintaining quarry roads.

Calculation of the possibility of organizing two-way traffic:

Whin =2b+34A=2-29+3-15=103m.

With an actual trench width of 12—15 m, safe two-way traffic is ensured with an additional margin of 1,7-4,7 m
for maneuvering and installation of protective structures.

The following formulas are used to calculate productivity:

—  for one-way traffic: P, = (3600 X q X k,, X k;)/(t; +t. +t,);

- for two-way traffic: P, = (3600 X q X k;, X k¢ X 2)/(t; +t,),
where P is productivity, t/h; q is dump truck load capacity, t; k, is utilization coefficient (0,85-0,92); k; is body
fill coefficient (0,9-1,1); t; is loaded dump truck trip time, s; t, is empty dump truck return time, s; t,, is waiting
time in queue (20—180 s for one-way traffic).
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Fig. 1. Graph of transport system productivity dependence on trench width
[The graph shows three curves: productivity of two-axle dump trucks in one-way traffic (gradual growth), three-
axle in one-way traffic (moderate growth), and three-axle in two-way traffic (step-like growth at W > 10,3 m).
Intersection point — critical width of 10,3 m]

Analysis of the graph demonstrates a critical point at a trench width of 10,3 m, where it becomes possible to
transition to two-way traffic for three-axle dump trucks. In this case, productivity increases step-wise by 75-85 %
due to the elimination of waiting time and oncoming traffic. Further increase in trench width provides linear
productivity growth due to increased average travel speed.

The economic feasibility of implementing four-axle dump trucks is confirmed by a comprehensive analysis of
costs and benefits. The increase in trench capacity when transitioning to two-way traffic reaches a coefficient of
1,8-2,0 from the initial level. The growth in quarry productivity is determined by the multiplicative effect of
increased load capacity and transport flow intensity.

The following formulas are used to calculate economic indicators:

— change in operating costs: 4C, =[(C,— C,)/ C\] x 100 % = [(87,3 — 115,6) / 115,6] x 100 % = -24,5 %;

— change in productivity: 4P = [(P,— P,) / P1] x 100 % = [(785 — 500) / 500] x 100 % = +56 %;

— change in net profit: APr=[(Pr,— Pr,) / Pr,] X 100 % = (AR — AE) / Pr, x 100 % = +42 %,
where C is transportation cost, UAH/t; P is average productivity per shift, t; Pr is net profit, UAH; 4R is revenue
increase from extraction growth; 4E is change in operating costs; indices 1, 2 correspond to two-axle and three-
axle dump trucks, respectively.
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Fig. 2. Dynamics of economic indicator changes when implementing tree-axle dump trucks
[Bar chart with three groups of indicators: «Operating costs» (decrease of 24,5 %), «Productivity»
(increase of 56 %), «Net profity (increase of 42 %)]

The results demonstrate a synergistic effect from implementing new equipment. The greatest contribution to
improved efficiency (56 %) is provided by productivity growth due to increased load capacity and transport cycle
speed. The 24,5 % reduction in operating costs is achieved through fuel savings and reduced maintenance costs.
The cumulative impact of these factors ensures a 42 % increase in net profit.

The reduction in specific costs is achieved through fuel savings from reduced empty runs and route
optimization, decreased road maintenance costs due to lower specific pressure on the surface, reduced downtime
through increased equipment reliability, and more efficient traffic organization.

Table 3
Calculation of the economic effect for a quarry with a 1,5 million tons/year productivity

Cost/Revenue items Base scenario, Project scenario, Economic effect,
million UAH/year million UAH/year million UAH/year
Transportation costs 173,4 131,0 -42.4
Road maintenance costs 13,1 7,8 -5,3
Equipment depreciation 28,5 32,1 +3,6
Addltlonal revenue.from B 48.7 48,7
increased extraction
Total economic effect — — +11,8

The following formulas are used to calculate the payback period:
Tps =K/ (AP % O),
where T is the payback period, years; K is capital investment for equipment acquisition, UAH; AP is additional
profit per ton of extraction, UAH/t; Q is annual production volume, t/year.
For calculation conditions: K = 140—160 million UAH (complete fleet replacement) 4P = 56,8 UAH/t (cost
difference and additional revenue)
T =150/ (56,8 x 0)=2,64/ Q.

Payback period, years

Annual production volume, million tyear

Fig. 3. Dependence of investment payback period on annual production volume
[The graph shows a hyperbolic curve: at a volume of 0,5 million t/year — payback of 4,5 years,
at 1,0 million t/year — 2,8 years, at 1,5 million t/year — 2,1 years, at 2,0 million t/vear — 1,7 years]

The hyperbolic nature of the dependence shows that increasing production volumes significantly reduces the
investment payback period. The critical threshold is 3 years — the standard payback period for mining equipment.
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At a production volume exceeding 0,88 million t/year, the project becomes economically attractive. For quarries
with productivity of 1,5-2,0 million t/year, the payback period is 1,7-2,1 years, which makes modernization highly
profitable.

The efficiency of using three-axle dump trucks largely depends on the proper selection of loading equipment.
The principle of rational interaction between excavator and dump truck assumes that loading the body should be
carried out in three to four bucket passes, which ensures an optimal balance between productivity and minimizing
equipment downtime.

For three-axle dump trucks with a load capacity of 35—40 tons and a body volume of 23-25 m?, the optimal
choice is hydraulic excavators with a bucket volume of 5—7 m3. With a rock mass loosening coefficient of 1,4—1,6,
this ensures loading of the dump truck in 2,5 to 3,5 minutes, which corresponds to high-productivity work
standards.

Table 4
Rational ratios of loading equipment and three-axle dump trucks
Parameter Crawler excavators Front-end loaders Efficiency coefficient
Bucket/scoop volume, m? 5-7 6-8 —
Number of passes for loading 3-4 34 1,0

Loading cycle time, min 2,5-3,5 2,8-4,2 0,85-0,95
Productivity, m*h 180-250 150-200 —

Energy efficiency, I/m? 0,18-0,22 0,24-0,30 0,73-0,83

Hydraulic excavators weighing 45-55 tons, such as Volvo EC480, Caterpillar 349, or Komatsu PC450 with a
boom reach of 11-12 meters, provide efficient loading of three-axle dump trucks due to a balanced combination
of power, maneuverability, and productivity. These machines are equipped with automatic weighing systems,
which allow precise control of body loading and avoid both underloading and overloading of dump trucks.

An alternative option is the use of front-end loaders with a bucket volume of 6—8 m?, which have certain
advantages in conditions of limited maneuvering space. Loaders such as Volvo 1220, CAT 980, or Komatsu
WAG600 provide high mobility and the ability to perform additional operations for leveling sites and cleaning
trenches. However, their productivity is 15-20 % lower compared to crawler excavators due to a longer work
cycle.

Calculation of the optimal number of loading machines is carried out using the formula:

N, = (Nd X l‘c) / (t| X ka),
where N, is the required number of excavators/loaders; Ny is the number of dump trucks in operation; . is the
dump truck transport cycle time, min; # is the loading time of one dump truck, min; %, is the technical availability
coefficient of loading equipment (0,85-0,90).

For a quarry with 12 three-axle dump trucks with an average cycle time of 16 minutes and a loading time of
3 minutes, the required number of excavators is: N, = (12 x 16) / (3 x 0,88) = 72,7 machine-hours, which
corresponds to 3—4 excavators taking into account reserve and flow irregularity.

An important aspect is the organization of working faces according to the specifics of loading equipment
operation. The work front must provide sufficient space for maneuvering both excavators and dump trucks.
The recommended working face width for excavator operation with three-axle dump trucks is 25—30 meters, which
allows organizing safe vehicle access from both sides of the machine and minimizing the boom rotation angle
during loading.

Accurate positioning and control of transport and loading operations in quarries require the use of modern
geodetic instruments and measurement technologies. Total stations, GNSS receivers operating in RTK mode, and
terrestrial laser scanners are used to determine the coordinates of working faces, transport trenches, and loading
areas with centimeter accuracy. UAV-based photogrammetry provides rapid updating of 3D terrain models and
monitoring of excavation volumes. Integration of geodetic data with mine planning and dispatching systems allows
continuous control of excavation geometry, ensures compliance with design parameters, and enhances the safety
and efficiency of quarry operations.

Implementation of a GPS monitoring and dispatching system for loading equipment allows optimizing the
distribution of dump trucks between excavators, minimizing waiting time, and increasing equipment utilization.
Modern systems automatically direct free dump trucks to excavators with minimal queues, which increases the
overall complex productivity by 12—15 %.

A promising direction is the creation of digital twins of quarry transport systems using simulation modeling
to optimize routes, forecast road section congestion, and plan maintenance work. The development of intelligent
dispatching systems based on IoT technologies and machine learning will allow for maximizing the potential of
modern transport equipment.
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Adjustment of traffic schemes includes the development of new routes taking into account two-way traffic,
the arrangement of passing areas and maneuvering zones. The driver training program should cover the specifics
of operating articulated machines, safety techniques for two-way traffic, and optimal operating modes. Adaptation
of the maintenance system involves equipping the repair facility with specialized equipment and creating a stock
of consumables for new equipment.

Conclusions and prospects for further research. The conducted research provides comprehensive technical
and economic substantiation for modernizing transport systems at crushed stone quarries through the
implementation of three-axle articulated dump trucks as part of coordinated transport-loading complexes.

The critical geometric parameter determining the feasibility of implementing modern transport equipment has
been established. Three-axle dump trucks with a width of 2,8-3,0 m allow organizing safe two-way traffic at a
minimum trench width of 10,3 m, which is 1,7-4,7 m less than the actual width of existing trenches at most
Ukrainian quarries (12—15 m). This fundamental finding eliminates the need for costly expansion of transport
infrastructure and enables modernization within existing quarry geometry.

The synergistic effect of implementing three-axle dump trucks has been quantitatively determined. The 56 %
increase in transport system productivity results from three combined factors: a 30 % increase in load capacity
(from 30 to 39 tons), an 80—100 % increase in trench capacity due to two-way traffic, and a 27 % reduction in
transport cycle time. Simultaneously, specific operating costs decrease by 24,5 % through fuel savings (13,7 %),
reduced road maintenance (40 %), and optimized tire wear (32 %). For a medium-capacity quarry (1,5 million
tons/year), this provides an annual economic effect of 11,8 million UAH with a 2,1—year payback period.

Optimal parameters for equipment coordination have been substantiated. For three-axle dump trucks with 35—
40 ton capacity, the rational choice is hydraulic excavators with 5—7 m?® bucket volume or front-end loaders with
6—8 m?, ensuring body loading in three to four passes within 2,5-3,5 minutes. GPS monitoring and dispatching
systems additionally increase equipment utilization by 12—15 %.

The study limitations should be noted. Results are based on analysis of 12 crushed stone quarries in central
Ukraine with 1-2 million tons/year productivity. Actual effects may vary for different production scales, mining
conditions, or operational schemes.

Future research should focus on developing a multi-criteria optimization model for mixed fleets combining
two-axle and three-axle dump trucks under variable mining conditions. Investigation of dynamic loads from
articulated dump trucks on quarry wall stability, especially in weakened rock zones, requires a separate study.
Creating digital twins using discrete-event simulation and developing intelligent dispatching systems based on
reinforcement learning will enable real-time adaptation to changing conditions. Considering electrification
prospects, a comparative analysis of electric drive dump trucks feasibility is advisable for suitable quarries.

Implementation of the proposed solutions will increase the productivity of domestic crushed stone quarries by
25-30 %, reduce operating costs by 20-25 %, and decrease environmental impact through optimized fuel
consumption. This will strengthen the competitiveness of Ukraine’s mining industry and ensure quality non-
metallic materials at economically justified prices, which is especially important for post-war infrastructure
reconstruction.
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aanak B.O., Kpusopyuko A.O., Ilanaciok A.B., Bonpapuyk B.M.
Onrumizauiss aBTOMOGIILHOT0 TPAHCTIOPTY TAa HABAHTAKYBAJbHOI0 00,1 THAHHS
Ha Kap’epax 3 BUI00YBaHHS 1Ie0eHI0

VY crarTi po3mISHYTO MPOOJIEMy IiIBUINEHHS MPOAYKTUBHOCTI Kap’ epiB 3 BUAOOYBaHHS IIEOCHIO Yepe3 ONMTHMI3aIliio
ABTOMOOITEHOTO TPAHCIOPTY Ta HaBaHTaXyBalbHOro ooOnamHaHHA. IIpoaHanizoBaHO OOMEXEHHsS ICHYIOYOTO MapKy
ABTOCAMOCKHIB Ta HAaBaHTAXYBAIBHUX MAIIWH, a TaKOX T€OMETPUYHI MapaMeTpH TPAHCIOPTHUX TpAaHIIEH, sKi He
JI03BOJISIIOTH BUKOPHCTOBYBATH TPaHLIiifHI BEIMKOBAaHTaXHI IBOOCHOBI caMocKu 1. OOIPYHTOBAHO JIOLIBHICTD 3aCTOCYBaHHS
Cy4acHHX TPBOXOCHOBHX CaMOCKH[IIB 3 ONTHMI30BaHUMH TabapUTHAUMH pO3MIpaMH B KOMIUIEKCI 3 BiAMOBiTHHM
HaBaHTAKYBAJIbHUM OONaJHAHHIM, sIKi 3a0€3MeUyroTh 30UTBIIEHHS 00’€My Ky30Ba MPH MEHINIH IIMPHHI TPaHCIIOPTHOTO
3aco0y Ta panioHaNbHE CIiBBIIHONICHHS MapaMeTpPiB eKCKaBaToOPiB i caMOCKHIIB. JloBeIeHO, 110 BIPOBAKEHHS Y3T0PKEHOTO
TPaHCIOPTHO-HABAaHTa)KyBAJIbHOTO KOMIUIEKCY [O3BOJISIE OpTaHi3yBaTH e(EeKTUBHMI IBOCTOPOHHIM pyX y TpaHIIesx
0oOMe)XeHOi MIMPHHY Ta IMiABUIIUTH 3arajbHy MPOAYKTUBHICTH BHAOOYBHHX pobiT Ha 25-30 %. Pesymsraté mocimipKeHHS
MOXYTb OyTH BHKOPHCTaHI NPH MOAEPHi3alil TPaHCIOPTHUX CHUCTEM JII0YUX Kap’€piB Ta MPOEKTYBaHHI HOBHUX BHIOOYBHHX
i JIPUEMCTB.

KiiouoBi ci1oBa: kap’epHHUii TPaHCIIOPT; aBTOCAMOCKHIN; HABaHTaXKyBallbHE 00JIaIHAHHS; EKCKABaTOPH; IIPOIYKTHBHICTb
Kap’€epy; reoJie3nIHII MOHITOPUHT; BUIOOYBaHHS 1IeOCHIO; TPAHCIIOPTHO-HABAHTAXKYBAJIbHUN KOMILICKC.

Crarrs Hagidnma g0 penakimii 27.08.2025.
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