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Abstract

Purpose. The research aims to assess the efficiency (performance) of haul trucks and diesel-trolley trucks, taking into
account their technological states and parameters of traffic routes.

Methods. The study of the technological states of dump trucks and diesel-trolley trucks was conducted using the mathe-
matical apparatus of Markov random processes and the theory of road transportation with adaptation to quarry transport.

Findings. The probabilities of vehicles being in each of the 12 (16) states and the performance of a haul truck and a diesel-
trolley truck with a carrying capacity of 130 tons at the length of traffic routes from 1 to 5 km with the specific part of the
trolley section from 30 to 70% have been found. The nonlinearity of the process of decreasing/increasing the relative im-
portance of a particular component of the vehicle’s operating cycle has been determined, depending on the change in the route
length and the share of the trolley section. Given the same technical service time for haul trucks and diesel-trolley trucks, the
difference in movement velocity results in a change in travel time, which allows diesel-trolley trucks to perform up to 40%
more transport work. On a 3 km route, which is the average transportation length in the Kryvyi Rih quarries, the performance
of quarry transport increases from 13 to 36%, depending on the increase in the share of the trolley section from 30 to 70%.

Originality. For the first time, a mathematical model of the probabilities of a diesel-trolley truck being in different techno-
logical states has been developed, which is used to determine the corresponding probabilities when changing the length of
traffic routes and the share of the trolley section within them.

Practical implications. The patterns revealed make it possible to determine the predicted reliability of operation, the pro-
bability of vehicles being in each of the states, and the productivity of using diesel-trolley trucks compared to dump trucks of
similar carrying capacity under specified operating conditions. The use of diesel-trolley trucks can increase the performance of
quarry road transport, with the best results observed on routes of maximum length with the longest trolley section.
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1. Introduction quarries shows that one of the directions is the introduction

The electrification of haul trucks is considered a promi-  Of diesel-trolley trucks [9]-[11]. The world’s leading manu-
sing direction for improving technological road transport in facturers of haul trucks and electrical machines for transpor-
large quarries in terms of improving its operating efficiency tation [12], [13] also show interest in this direction. The fact
and reducing environmental impact [1]-[3]. Depending on is that the use of modern dual-flow transmissions in vehicles
the method of electrification, its implementation requires ~ €quipped with a diesel engine provides the necessary traction

the modernization of existing working ramps in the quarry force and infinitely-variable movement velocity control when
adaptation of technological routes, provision of additional ~ the diesel engine is running at a constant crankshaft rate [14],
energy infrastructure and a change in approaches to servi- [15]. This, in turn, guarantees minimal fuel consumption and,

cing the vehicles [4]-[8]. In this case, before solving these ~ as a result, reduced exhaust gas emissions into the atmos-
tasks, it becomes necessary to take into account both the ~ Phere [16],[17]. In the scientific and technical literature,
mining-technical and road-transport conditions of operation ~ many schemes of hydromechanical continuously variable

of haul trucks, as well as being of dump trucks in the ap- transmissions have been published, and different schemes are
propriate technological state. proposed for different vehicles. o o .
An analysis of recent research and publications on the Recently, there has been a growing interest in using diesel-

prospects for improving technological road transport in large  trolley trucks in quarries. Mining companies in Panama, Aus-
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tria and Canada implement or have implemented diesel-trolley
systems for mining. At the world’s leading mining exhibitions,
more and more exhibits are presented, dedicated to diesel-
trolley trucks [13]. Additionally, strategic management in the
transport and logistics sectors is increasingly focused on sus-
tainable and flexible business models that can accommodate
innovations like electrified transport systems [18].

Siemens Company is currently the largest company en-
gaged in manufacturing and implementation of traction elec-
tric drives for mining machines and complexes since 1976,
and diesel-trolley systems — since 1981. The number of elec-
trified equipment produced by the company for mining and
other industries exceeds 900 off-road and 16 thousand on-
road vehicles, respectively. Siemens offers technology solu-
tions to improve the efficiency and environmental friendli-
ness of quarry road transport: trolley trucks with electrome-
chanical transmission, traction batteries with electromechani-
cal transmission, fuel cells in combination with traction bat-
teries, trolley trucks with on-board battery [19].

According to the company, the highest efficiency of energy
transfer from its source to the driving wheels of the vehicle is
achieved when operating a trolley truck with traction batteries.
The company’s representatives also claim that the trolley sys-
tem of a fully electrified dump truck allows for more efficient
use of the power of traction electric motors compared to other
technological solutions, which provides the possibility of in-
creasing the dump truck movement velocity by up to 80%,
especially on longitudinal slopes of routes up to 10% [19]. The
transition to alternative fuel technologies in transport, such as
hydrogen and electrified systems, is closely linked to broader
decarbonization goals and sustainable development strategies
in high-emission sectors [20]-[22]. The dump truck velocity
increases due to the ability of the trolley system to provide
more power compared to existing diesel engines operating
with two traction electric motors (electric motor-wheels),
which is confirmed by scientific research [23], [24]. Increa-
sing the velocity of a diesel-trolley truck in the operating
mode helps to shorten the transport cycle, increase the per-
formance of the dump truck or reduce the number of vehicles
required to ensure a given production volume.

In 2020, Caterpillar Company tested the CAT-795F AC
diesel-trolley trucks with a carrying capacity of 313 tons at
the Aitik copper quarry of the Boliden Company (Boliden
Aitik) in northern Sweden with a 700 m long trolley section
with a 10% slope of the hard-surfaced track. The results of
the experiment proved that the use of the trolley system al-
lows to increase the performance of the dump truck by in-
creasing its technical movement velocity to 28 km/h, which
is 2 times higher than the movement velocity of the diesel
engine alone [13].

As of mid-2024, six Liebherr T236 haul trucks with a car-
rying capacity of 100 tons, equipped with a trolley system, are
operating at the VA Erzberg iron-ore quarry in Austria. The
contract for the development and implementation of this sys-
tem was signed between Elberg and Liebherr in 2019, and the
first tests of the system on a 500-metre section of roads with a
trolley line were successfully carried out in 2020 [25].

An example of the wider implementation of trolley sys-
tems in quarry road transport is the case of ordering from the
Liebherr manufacturer by the company First Quantum Mi-
nerals 11 diesel-trolley trucks based on Liebherr T284 dump
trucks with a carrying capacity of 363 tons, of which three
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trucks are intended for operation at the Sentinel quarry
(Zambia) and eight — at Cobre Panama in Panama [26].
Based on First Quantum Minerals’ experience in implemen-
ting trolley systems, its Kansanshi copper-iron ore quarry in
Zambia received its first haul truck from Hitachi Construc-
tion Machinery Co. Ltd. in January 2014 with dynamic bat-
tery charging that replaced a diesel engine and is charged
through a pantograph from the trolley line [27].

The Copper Mountain quarry, located 20 km south of the
city of Princeton (Canada), launched a project to use diesel-
trolley trucks in 2022. A 1 km long trolley line was installed,
the location of which is presented in [28], for transporting the
rock mass by Komatsu 830E-5 diesel-trolley trucks.

Modern scientific research is aimed at studying the im-
pact of mining-technical operating conditions on the perfor-
mance indicators of haul trucks [29]-[31], including energy
consumption during transportation [32], [33]. In [34], a com-
parative analysis of the performance of two types of haul
trucks was performed, taking into account the availability
factor and the failure intensity function for specific operating
conditions. The impact of these factors on the overall relia-
bility of the vehicles was assessed. The study of haul truck
failures was based on the use of distribution models that
most closely matched the empirical data obtained during the
reliability analysis, in particular the Weibull probability
density function. To improve the operational efficiency of
haul trucks, a variant of their operation when changing the
type of road surface was proposed and tested.

In [35], the technical-operational states of haul trucks
were studied as attributes that determine specific stages
during the vehicle operation process. To assess the efficiency
of haul truck operation, the average time indicators between
failures and the average time to repair were used. A mathe-
matical model of haul truck operation at different levels of
service organization was developed [36].

The transport cycle performance indicators of haul trucks
was studied taking into account the impact on them of driver
behaviour [37], as well as road-transport and mining-technical
conditions in the quarry [38]-[40]. The study of the influence
of traffic route parameters on the performance indicators of
diesel-trolley trucks is most fully disclosed in [41].

In general, the efficiency of using the trolley system for
trucks [42], [43], including for haul trucks, has not been
studied enough, and only a few examples are presented in
open sources to address this issue [44], [45].

Using the trolley system model of haul trucks, the authors
in [46] studied the transport cycle of haul trucks at one of the
copper-ore quarries. The modeling results showed a 44% in-
crease in uphill movement velocity and a 16% reduction in
travel time when using diesel-trolley trucks. In [47], research
and modeling of a trolley system with energy recovery and
parallel catenary for ascent and descent is presented, when the
energy released during the braking of dump trucks going down
is transferred to the catenary, where it is used to power the
ascending dump trucks or returned to the power grid for trans-
portation to the descent. The authors of [48] conclude that,
compared to dump trucks with only diesel and electric motor
for wheels, cyclic-flow technology for transporting rock mass,
trolley systems combined with a traction battery, diesel-trolley
trucks are an intermediate solution that provides an average
level of performance and operational availability. However,
this group of researchers continues to focus on studying the
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energy efficient trolley trucks with traction battery [9], [10],
the high efficiency of which is confirmed by the developments
of Siemens Company, as noted above [19]. In [49], the issue of
implementing trolley systems in quarry road transport is stud-
ied using simulation modelling and field research.

Thus, an analysis of the current experience of mining com-
panies and machine-building enterprises engaged in the pro-
duction of heavy-duty haul trucks shows that the implementa-
tion of diesel-trolley trucks based on haul trucks with electric-
mechanical transmission with a carrying capacity of 100 tons
or more is an effective solution for improving the operation of
quarry road transport and increasing its performance. This
solution is appropriate for iron-ore quarries in Ukraine, in
particular the ultra-deep quarries in Kryvyi Rih, which are
characterized by a longitudinal slope of tracks up to 10%.

At the same time, research on the electrification of haul
trucks using trolley systems remains an unresolved issue. De-
spite the availability of studies analyzing the effectiveness of
electrification of quarry road transport by switching to diesel-
trolley trucks, the amount and scope of studies that would take
into account the impact of the technical condition of diesel-
trolley trucks and quarry traffic conditions on their transport
cycle indicators and, accordingly, on the performance of such
vehicles compared to dump trucks equipped with only electro-
mechanical transmission, remains insufficient. Eliminating this
problem will allow making more informed decisions on the
introduction of electrification in quarry road transport.

Thus, the purpose of this research is to study the influence
of the length of traffic routes with different shares of the
trolley section on the performance indicators of haul trucks
and diesel-trolley trucks, taking into account changes in the
technological state of these vehicles, which will make it
possible to explore the feasibility of implementing diesel-
trolley trucks for transporting rock mass in quarries.

To achieve the purpose set, it is necessary to solve the
following objectives:

1. For determined technological states of a haul truck and
a diesel-trolley truck, develop a graph of transitions from one
technological state to another.

2. Develop a mathematical model of the probabilities of
being a haul truck and diesel-trolley truck in each of the tech-
nological states and apply it to determine the probabilities of
the corresponding state occurrence at different lengths of traf-
fic routes and the share of the trolley section within them.

3. Determine patterns of change in the performance indi-
cators of a haul truck and a diesel-trolley truck depending on
the length of traffic route at different parts of the trolley
section, which can be used to assess the feasibility of operat-
ing diesel-trolley trucks based on haul trucks.

2. Methods

The technological states of haul trucks, as well as diesel-
trolley trucks based on them, change over time, both in a
random, unforeseen way and in a predictable way. For the
mathematical description of transitions from one state to
another, the mathematical apparatus of Markov random pro-
cesses is used. If a haul truck has N states, then the complete
characteristic of its functioning will be a square intensity
matrix of order NXN, in this matrix 4;;# 0. The intensity
matrix provides a way to describe the process of functioning
of a haul truck using the differential equations of A.M. Kol-
mogorov in the case when the rate of transition from one
state to another is sufficiently high. When setting the current
task of determining the influence of traffic route parameters
on the performance indicators of vehicles, it is assumed that
a haul truck has 12 states, and the diesel-trolley truck has
16 states (Table 1). Therefore, the complete characteristic of
their functioning will be square intensity matrices of the
order 12x12 and 16x16, in this matrix 4;; # 0.

The difference in the number of states for a haul truck
and a diesel-trolley truck is due to the fact that the states of
movement of loaded and unloaded vehicle are divided from
one for a haul truck (ts and t; of the loaded and unloaded
vehicle, respectively) into three consecutive states for a die-
sel-trolley truck, according to the structure of the traffic route
sections, namely the section without a trolley near the load-
ing point, the section with a trolley and the section without a
trolley at the unloading point.

Table 1. States of a haul truck (HT) and a diesel-trolley truck (DTT)

No. Designation Probabmty State name
of transition
1 t Py Waiting for loading
2 ) P Load maneuver
3 3 P3 Loading
4 t4 Py Motion in a loaded state (for HT)
5 t4.1 Ps Movement in a loaded state on a section without a trolley near the loading point
6 142 P> Movement in a loaded state on a section with a trolley
7 143 Pas Movement in a loaded state on a section without a trolley near the unloading point
8 ts Ps Unload maneuver
9 to Ps Unloading (the time of lifting and lowering the platform)
10 t7 P Movement in the unloaded state in the opposite direction (for HT)
11 7.1 P Movement in the unloaded state on a section without a trolley near the unloading point
12 12 P Movement in the unloaded state on a sect.ion with or without a trolley, depending
) ) on the adopted scheme of movement of diesel-trolley trucks
13 173 P13 Movement in the unloaded state on a section without a trolley near the loading point
14 13 Ps Changing operators and performing shift-based technical servicing
15 t9 Py Movement from the unloading point to the car park
16 t10 Pio Movement from the car park to the loading point
17 ti1 P Being in a state of servicing
18 t2 P2 Being in a state of current repair
for HT and DTT; = for HT only;  for DTT only
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That is, for movement with a load 4= t41 + t42 + t43 and
for movement without a load #; =171 + #72 + #7.3 for a haul
truck and a diesel-trolley truck, respectively, according to
the equations. The division is caused by the difference in
the equipment used by the vehicles (connecting / discon-
necting trolley equipment and an internal combustion en-
gine operation with different power with cylinders connect-
ed/disconnected to save fuel consumption) when moving on
certain sections of the route, which accordingly affects the
possibility of changing the state. It is accepted that external
factors, such as the road surface condition, weather and
mining-technical conditions, affect the haul truck and die-
sel-trolley truck in the same way under the same conditions
and can be ignored.

The number of state indicators and their characteristics
may vary depending on the accepted system of servicing and
repairing vehicles of a particular haul truck manufacturer.
For example, when determining the reliability of truck opera-
tion, the states “Under servicing” and “Under repairing” can
be disintegrated into several states [12].

The known structure of transitions from one state to
another gives an opportunity to develop a graph of states of a
haul truck as an integral system that includes its constituent
functional elements and transitions between them (Fig. 1).

where:

iy

taftafi

L

vt

9

Asa 14252

I |

[ ] forHTand DTT [ for HT only [ ] forDTTonly
Figure 1. Graph of states for a haul truck and a diesel-trolley
truck: t; — state indication; Aij — intensity of transitions
from one state to another (used in Markov processes)

Thus, the system of equations in which the probabilities
P; () of a haul truck being in one of the states are searched
for will have one form for ordinary haul trucks and a slightly
different form for a diesel-trolley truck. In the first case, the
movement of a loaded/unloaded vehicle is represented by
one state #4/t;, which for a diesel-trolley truck is further di-
vided into three more states t41/t7.1, tao/t72, tas/t;3, and a
system of 12 equations with 12 unknowns turns into into a
system of 16 equations with 16 unknowns.

(1

dP;t(t) =—(A12+ A1-12) Pr(2)+ 2721 P7(2)+ A0 Pro(t) + Ara-t- P1a(?)
dP;t(t) = (2223 A2-12) Pa(t)+ A2 Pi(2)

d’%t(’) =—(A3-4+A312) P3(1) + A2-3- Pa(1)

dP;lLt(t) =—(A4-5+ A4-12) Pa(t)+ A3-4- P3(7)

dP;t(t) =—(A5-6+ A5-12) Ps(t)+ Aas Pa(?)

dP;z(t) ==(A6-7+ A6-12+ A6-9) Ps(1) + A5-6" P5(?)

ch;t(l) =~(274+ 27-12)- P2 (1) + 267 Ps (1)

Cﬂ%(t) =—(28-10* Ag-11)" Ps(1)+ Ao Po(?)

dP;z(t) =498 Po(t)+ A6-3" Pe(?)

B s

dP;lt(l) =—An-12 Pu(t)+ s Ps(?)

dﬁd—zt(t) =—212-11 Pra(t)+ Acia- Pi(t)+ Aac1a Po(0) + 3127 P3(2) + Aac1a- Pa(t) +
+2s5-12° Ps(t)+ Ag-12- Pe(t)+ A7-12- P7 (),

P;= P,-(t) — probability of haul trucks being in each of the states.
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where:

2

dPal’t(t) =—(Z12+ 41m12) - Pi(1)+ 27321 P73(2)+ A10-1- Pro(2) + A1a-1- Pra(?)
dP;t(t) =—(A2-3+ 22-12) - P2(t)+ 212+ Pi ()

dP;t(t) =—(A3-4.1% A3-12) P3(1) + A23- P2(?)

sztl(t) =—(A41-42+ Aa1-12) Paa(1)+ 23241 P3(1)

dPZf(t) =—(A42-43+ A22-12) P42 (t)+ 241242 Pas (1)

de;(t) =—(A43-5+243-12) Pa3(t)+ 2a2-43 P42(t)

dpd;t(t) =—(A5-6+A5-12) Ps(t)+ Aa3-5-Pa3(2)

dP;t(t) ==(A6-7.1+ A6-12+ A6-9) Ps(t) + A5-6" P5(t)

dp;tl(l) =—(A7.1-72+A7.1212)- P71(1)+ A6-7.1" Po(?)

dp%(t) =—(A71-73+ A7-12)- P72(t)+ 27.1-72- P7.1(?)

dPZ;([) =—(A7321+ A7-12) P73(1)+ 272273 P72(1)

) (g0 50 Pal0) 305l

dpaglz - =~J9-5° Po()+ 269" Pe(t)

dﬁd—(;(t) =—A10-1" P1o(t) + As-10" Ps(?)

dP;,lt(t) =—A11-12- P11(t)+ Ag-11- Ps(1)

dp;izt(t) =—Ai2-1 P1a(t) + Aiciz- Pi(0) + Aa-i2- P2 (1) + A3c12- P3(£) + Aaciz Paa () + 2a2-12- Pas(t)+
+2s5-12° Ps(1)+ Ag-12- Pe(t)+ A7.1-12- P7.1(1) + 270012 P72(1) + 273212 P73(1)>

P; = P;(t) — probability of diesel-trolley trucks being in each of the states.

At the initial point in time, it is assumed that the haul
truck or diesel-trolley truck is parked:

Po(t=0)=1; py(1=0)=0. 3)

In this case, the condition of completeness of the system
of technological states of the haul truck and diesel-trolley
truck must also be met:

Spi(r)=1. @)

Equations and initial conditions define the Cauchy
problem. To solve this problem, it is necessary to find a
general solution to the system of differential equations,
and then, according to the initial conditions, to determine a
partial solution.

An analysis of haul truck traffic routes at Ukrainian iron-
ore mines showed that the length of the routes varies from 1
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to 5 km, with an average value of 3 km. Therefore, studies
have been conducted to determine the change in vehicle
performance indicators specifically on routes of 1, 2, 3, 4,
5 km long, with determining mathematical patterns of pa-
rameter change depending on the length of the route (five
values are the minimum number of points to ensure the relia-
bility of the mathematical determination of the desired pat-
tern). It is not possible to install a trolley within the bounda-
ries of the mining block, at the unloading point, so the trolley
section does not cover 100% of the traffic route, but only part
of it. In this research, it is assumed that the trolley section is
from 30 to 70% of the total length of the rock mass transpor-
tation. Less than 30% is considered inappropriate, and more
than 70% is practically unattainable in real mining condi-
tions, but on a 5 km route, 30% of the trolley section is
1.5 km, which is quite realistic and can be implemented.
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To model the functioning of a haul truck and a diesel-
trolley truck, two simulation models have been developed
according to the state graphs using the Anylogic simulation
tool [50]. Setting up a model experiment: model time — hours
from the start of vehicle operation, model stop time —
8760 hours, equal to the number of hours in a normal year,
corresponding to the cycle of the technical service system for
haul trucks and diesel-trolley trucks, route length 1, 2, 3, 4,
5 km, the share of the trolley section within the total length
of the route is 30, 40, 50, 60, 70%. Modeling was conducted
in parallel for the same operating conditions of a haul truck
and a diesel-trolley truck, followed by comparing the results
and determining the relative indicators.

The next step in the research was to determine, in abso-
lute and relative terms, the dependences of the change in the
transportation performance by haul trucks and diesel-trolley
trucks on the length of the travel with a load, with different
specific ratios of the length of the trolley part (degree of
trolleying) for vehicles with a carrying capacity of 130 tons
used for the transportation of iron ore and overburden at
Ukrainian quarries in Kryvyi Rih and Horishni Plavni.

The research was performed on the basis of proven me-
thods for determining the parameters of quarry road transport
operation and the theory of road transportations with adapta-
tion to quarry road transport, taking into account previously
conducted research by the authors [41].

In total, 30 calculations have been made, 5 for haul trucks
(one for each route) and 25 for diesel-trolley trucks, which
corresponds to the search for all possible variants of traffic
routes with different share of the trolley section, five calcula-
tions for a 1 km route with five different trolley sections and
five for routes of other lengths.

3. Results and discussion

Analysis of the patterns of change in a haul truck being in
each state with the length of routes of 1, 2, 3, 4, 5 km shows
the nonlinearity of the process of decreasing/increasing the
share of a particular component of the vehicle’s operating
cycle (Fig. 2). An increase in the length of the traffic route
from 1 to 5 km leads to an increase in the share of movement
in the loaded state from 0.41 to 0.56, by almost a third. Simi-
larly, the share of movement in the unloaded state increases
by almost a third from 0.14 to 0.19 (Fig. 2).

m 5 km
4 km
3km
2 km

m 1 km

Being under current repair
Being under technical servicing
Movement from the car park to the loading point

Movement from the unloading point to the car park

Change of operators and daily maintenance
Movement in the unloaded state in opposite direction
on
Unloading
B

"
Unload mancuver
[

Movement under loaded state
—

Loading
Load maneuver

Waiting for loading

0 1000 2000 3000 4000 5000
Duration, hours
Figure 2. Comparison of the time a haul truck being in each state
at different track lengths
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At the same time, the share of the haul truck loading de-
creases from 0.14 to 0.04. Being under technical servicing
and repair does not depend on the length of travel with the
load, which is conditioned by the accepted system of tech-
nical service for haul trucks based on hours of operation, not
on mileage (as for public vehicles).

Analysis of the patterns of change in a haul truck being in
each state with the length of routes of 1, 2, 3, 4, 5 km shows
the nonlinearity of the process of decreasing/increasing the
share of a particular component of the vehicle’s operating
cycle (Fig.3). The modeling performed to determine the
indicators of the diesel-trolley truck being in each state at a
route length of 1 km with a trolley section of 30% and 5 km
with a trolley section of 70% (Fig. 3) shows that the share of
vehicle travel time increases while the share of operations
that are not directly related to the transport cycle decreases.
The determined indicators are Change of operators and shift-
based technical servicing, Movement from unloading point
to parking, Movement from parking to loading point, being
under technical servicing, Being under current repair.

. st CUTe “hai 2km - 70%
Being under current repair ]

B 1 km-30%
Being under technical servicing g
Movement from the car park Lo the loading point |
Movement from the unloading point (o the car park |
Change of operators and daily maintenance i
Movement in the unloaded state in opposite direction |
Unloading [
Unload maneuver
Movement under loaded slale
Loading
Toad maneuver fg
Wailing for loading |
0 02 0.4 0.6
Probability

Figure 3. Probability of diesel-trolley truck being in a technologi-
cal state at the route length: 1 km with 30% trolley sec-
tion; 5 km with 70% trolley section (minimum and ma-
ximum values for diesel-trolley truck use, showing
probability variation limits)

An analysis of the patterns of change in travel time with a
load, without a load, and total travel time depending on the
length of the traffic route shows that the longest travel time is
for haul trucks, and the shortest for diesel-trolley trucks on
routes with a 70% trolley section, which is quite logical. The
total travel time is close to 6200-6500 hours, which is about
70% of the total annual time (Fig. 4).

With the same reliability of a haul truck and a diesel-
trolley truck (time for performing technical servicing and
repairs), due to the difference in the vehicle movement veloc-
ities, the travel time in the loaded and unloaded state chang-
es, as well as one operating transport cycle. The number of
travels with load changes accordingly with the same operat-
ing hours and the transport work performed.

In general, the absolute performance of trucks is deter-
mined as the weight of load transported over a certain period
of time, with a fixed carrying capacity and utilization factor
of carrying capacity (Fig. 5).
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Figure 4. Patterns of change in travel time with a load, without a
load, and total travel time depending on the length of
the traffic route (in hours per year)
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Figure 5. Patterns of changes in the absolute annual performance of
haul trucks (HT) and diesel-trolley trucks (DTT) with the
length of the route at different parts of the trolley section

h

The values of absolute annual performance (Fig. 5) are
determined during the operation of haul trucks and diesel-
trolley trucks on routes with different lengths. This perfor-
mance was used as a basis for comparison with performances
on routes with a trolley section. When calculating the specif-
ic performance, the numerator is the performance of a diesel-
trolley truck on a route with a trolley section, and the denom-
inator is the performance of a conventional haul truck with
the same carrying capacity as the diesel-trolley truck.

There is a natural power-law (probability value of ap-
proximation R? = 1.00) pattern of decreasing haul truck per-
formance with increasing length of load transport from 1 to
5 km. In this case, the larger the part of the trolley section,
the higher the performance, which is caused by a higher
movement velocity of a loaded diesel-trolley truck precisely
along the trolley section.

The obtained performance value of haul trucks compared
to those achieved in production are somewhat overestimated
as a result of assuming maximum values of vehicle reliability
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indicators, ideal conditions for organizing the transportation
process and operating the vehicles. In real conditions, on
average, according to PJSC Inhulets Mining and Processing
Plant, Northern Mining and Processing Plant (Northern
GOK) and Southern Mining and Processing Plant (Southerm
GOK) (based on data available to the authors), new 130-ton
capacity haul trucks transport about 1.5 million tons per year
over a distance of 2.5 km.

The obtained numerical values of specific performance
(Fig. 6) are within the range of 4-10% increase in the per-
formance of quarry road transport. These indicators are
consistent with performance improvement data, which are
guaranteed by manufacturers of trolley systems and diesel-
trolley trucks [12], [14].
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Figure 6. Patterns of change in specific performance depending on
the route length at different parts of the trolley section

In contrast to existing studies, the ranges of increasing the
performance of quarry road transport when using a trolley
system have been determined, depending on the route pa-
rameters. Thus, increasing the movement velocity of vehicles
along the trolley sections from 8 to 24 km/h provides an
increase in performance by no more than 40% on a 5 km
long route with a 3.5 km trolley section (70% of the total
length of the route). On the shortest route of 1 km long with
a 0.3 km trolley section, an increase in performance is
1.09 times. In general, on a 1 km long route, the maximum
increase in relative performance is 25%. On a 3 km route,
which corresponds to the average transportation length, per-
formance increases from 13 to 36% with an increase in the
trolley section from 30 to 70%. When the route length in-
creases by more than 3 km, the further increase in specific
performance practically stabilizes.

4. Conclusions

To describe the process of functioning of a diesel-trolley
truck, given a graph of its transitions from one technological
state to another, a mathematical model for the probability of
a diesel-trolley truck being in each of the technological
states, consisting of 16 equations with 16 unknowns, is used
for the first time. With the same reliability of a haul truck
and a diesel-trolley truck, when taking into account the time
required for technical servicing and repair, the main differ-
ence in performance indicators is the movement velocity of
these vehicles, which in turn influences the total time re-
quired to perform one working transport cycle. It has been
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determined that an increase in the share of trolley section of
routes to 70% can reduce the total travel time of a haul truck
from 4% (for a 1 km long route) to 13% (for a 5-kilometre
route). It has been confirmed that the use of diesel-trolley
trucks can increase the performance of quarry road technologi-
cal transportations, but the best indicators will be on the routes
of maximum length with the maximum trolley section length.

Using the identified patterns, it is possible to determine
the performance of diesel-trolley trucks in other operating
conditions when determining the feasibility of implementing
diesel-trolley trucks in a quarry.

The directions of further research are related to the analy-
sis of fuel efficiency and environmental friendliness of haul
trucks with diesel engines with a carrying capacity of 90 to
220 tons, as well as similar dump trucks equipped with a
trolley system under different conditions of rock mass trans-
portation at different stages of operation in deep quarries.
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Ouinka edekTUBHOCTI pOOOTH Kap’€PHUX aBTOCAMOCKHM/IB Ta IM3eJIb-TPOJ1eiiB03iB
NPH 3MiHi IX TeXHOJIOTIYHUX CTAaHIB i MapameTpiB Tpac pyxy

1O. Monacrupcekwit, 1. Tapan, Y. Kokaes, B. Cictyk

Merta. Omiaka eeKTUBHOCTI (IIPOIYKTUBHOCTI) poOOTH Kap’€pHUX aBTOCAMOCKHIIIB Ta AU3ENb-TPOICHBO3IB 3 YpaXyBaHHIM 1X TEXHOJO-
TIYHUX CTaHIB i MapaMeTpiB Tpac pyxy.

MeTtoauka. J[ocnikeHHs TEXHOJIIOTIYHUX CTaHIB aBTOCAMOCKHU/IIB Ta JAN3eb-TPOJIEHBO3IB MPOBEICHO i3 3aCTOCYBAaHHIM MaTeMaTHYHO-
ro amapaty MapKiBCbKHX BHIIaJKOBUX IPOIIECIB Ta TEOPil aBTOMOOIIBHUX MepeBe3eHb 3 aJanTalli€lo 10 Kap €pHOTO TPAHCIOPTY.

Pe3yabTaTn. BecraHoBneHi MOBIpHOCTI 3HaXO/KEHHS B KOXXHOMY 3 12 (16) cTaHiB Ta MpOIYKTHBHOCTI Kap’€pHOTO aBTOCAMOCKHIY i
JIM3eNb-TPOJIeHBO3Y BaHTaxomigioMHicTio 130 T pu TOBXKUHI Tpac pyxy Bix 1 g0 5 kM Ta muTOMil 4acTUHHU TpoJeitHol niunsHkH Bix 30 no
70%. BcranoBIeHO HEMiHIIHICTH NMPOIECY 3MEHIICHHS/301IbIIEHHS] TITOMOI BarW TOTO M iHIIOTO KOMIIOHEHTY poO0Y0ro MUKy MAaIlldHA
3aJIe)KHO BiJl 3MiHH JIOBXHHH TPAacH Ta MHTOMOI Bark TpoJIeWHOT AinbHULI. [Ipr o1HakoBOMY dYaci Ha TEXHIYHHH CepBic Kap’ €pHUX aBTOCAMOC-
KHIB Ta JU3Eb-TPOJICHBO3iB BHACTIIOK Pi3HUII Y IIBHIKOCTSIX PYXy 3MIHIOETHCS Yac Pyxy, IO 3a0e3redye BUKOHAHHS ANU3eb-TPOJIeHBO3aMU
Oinbmoi TpancnoptHoi pobotu 10 40%. Ha Tpaci moBXHHOIO 3 KM, IO € CEPEeIHBOIO JOBXKHHOIO IepeBe3eHHs Ha KpHBOpi3bKUX Kap’epax,
NPOIYKTHBHICTH Kap’€PHOTO TPAHCIIOPTY 30UIbIIyeThest Bixt 13 10 36% 3anekHo BiJ] 3pOCTaHHS YacTKH TpoJeitHol nistHkn 3 30 mo 70%.

HaykoBa HoBH3Ha. Briepiie po3po0iieHO MaTeMaTHYHy MOZENb HMOBIPHOCTEH 3HAXODKEHHS T3ENIb-TPOJICHBO3Y B PI3HUX TEXHOJOIi4-
HHX CTaHax, 3aCTOCOBaHY JJIs BU3HAUCHH BiAMOBIAHUX WMOBIPHOCTEH IIPH 3MiHi TOBXKHH Tpac PyXy Ta YaCTYKH B HUX TPOJICHHOT TIISTHKH.

IlpakTHYHA 3HAYUMICTh. BCTaHOBIICHI 3aKOHOMIPHOCTI TO3BOJISIIOTH BM3HAYaTH IPOTHO3HY HAIiHHICTH poOOTH, HMOBIpHICTH 3HAXO-
JUKEHHSI MallliH B KOXXHOMY 31 CTaHIB Ta NPOIYKTHBHICTh BUKOPHCTAHHS JU3€Ib-TPOJIEHBO3IB y MOPIBHAHHI 3 aBTOCAMOCKHAAMH aHAJIOTid-
HOI BaHT@XOMIJHOMHOCTI B 3aJaHUX YMOBaX eKcIUTyaTarii. BUKopucTaHHS IU3enb-TPONEHBO3IB MOXE IIJBHIIUTH IIPOTYKTHBHICTH
Kap’€pHUX aBTOMOOIUIBHUX ITIepeBe3eHb, IPHUOMY HalKpalll pe3yIbTaTH CIIOCTEPIraloThesl Ha Tpacax MAaKCHMaJbHOI JOBKUHHU 3 HaiOiTb-
OO JIOBKUHOIO TPOJICHHOT TUISTHKH.

Knrouosi cnosa: xap’cp, mpancnopm, camockuod, ouseib-mpoaetieos, npoOyKmuGHICMb, YMOGU eKCHLyamayii
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