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RESULTS OF SIMULATION STUDIES OF THE TRANSPORT
AND PRODUCTION SYSTEM OF WASTE RECYCLING
IN THE CONDITIONS OF AMETALLURGICAL ENTERPRISE

The article conducts simulation studies of the transport and production system of waste recycling at a
metallurgical enterprise. To date, the method of simulation modelling is one of the most powerful and effective
methods for studying processes and production systems. The object of research is the processes of managing
freight transport on technological routes for the transport of metallurgical waste. In this study, the transport
and production system of waste recycling of a metallurgical enterprise is considered as a complex system that
includes a certain number of subsystems, namely.: "Raw material supply”, "Raw material processing”, "Raw
material sales", the elements of which are technologically interconnected.

The subsystem "Raw material processing" was selected for simulation studies. The aim of the study is
to develop software that will simulate the situation on the technological routes of transport and production
systems, taking into account the specified criteria, and obtain a set of values of the number of rational type
trucks, taking into account their carrying capacity and time factors, a set of values of the total queue time,
and the time spent in the queue of trucks. The random nature of the time for unloading trucks associated
with the operation of crushing and screening equipment was revealed. At the same time, neither the intensity
of raw material supply to the receiving devices of the DSC nor the variability of the time parameters of
transport service cycles are taken into account. The software makes it possible to model any situation on the
technological routes of the structural units of a coal enterprise and obtain a variety of values for the total
queuing time, vehicle queuing time, downtime and repair rates for a group of vehicles with a given carrying
capacity. This enables the operation department to correctly select and deploy rolling stock on routes to ensure
the highest system performance.
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Formulation of the problem. The current
methodology for calculating the required amount
of RS on the technological routes of domestic
metallurgical enterprises is related to the volume of
continuous production, the value of which is planned
for a long-term period. In other words, there is a
planned amount of raw materials to be transported
over a certain period of time (shift, month, year). At
the same time, neither the intensity of raw material
supply to the receiving devices of crushing and
screening equipment nor the variability of the time
parameters of transport service cycles are taken into
account.

Analysis of recent research and publications.
The efficient functioning of transport and production
systems of mining and quarrying enterprises
largely depends on the effective organization of the
transportation process, which involves the timely
delivery of goods in accordance with the technology
and production needs at minimal cost. The transport
and production systems for the transportation of
metallurgical slag are no exception, where the
organization of freight transport is associated with
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extremely difficult operating conditions for trucks and
with ensuring continuous technological processes for
recycling waste from the main production process.
The use of dump trucks is driven by the advantages of
this transport: the relatively low cost of this transport
compared to other vehicles, manoeuvrability, use
of diesel fuel (independence from the power grid),
mobility, which makes it possible to use them atany
horizons in the quarry, a greater slope overcome
by dump trucks when lifting, simplification of the
process of creating quarry roads, small work sites,
etc. [1].

A number of works have been devoted to the
study of transport and production systems [2-5]. In
today’s environment, enterprises are faced with the
task of increasing profits and improving the efficiency
of managing production processes, including
transportation. For the sustainable development of
transport and production systems, a new approach to
research is needed that will allow to promptly take into
account environmental changes, adequately respond
to the changing behaviour of transport consumers,
and effectively influence supply and demand [6, 7].
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Transportation of goods in transport and
production systems Slag transportation is carried
out in changing environmental conditions and is
associated with random processes that occur during
the transportation of goods, as a result, abnormal
time occurs during cargo operations, which leads
to a decrease in the efficiency of the system as a
whole. Therefore, it is extremely important to take
into account the stochastic nature of rolling stock
downtime when selecting rolling stock.

The types of vehicles and the need for them
are determined on the basis of a study of intra-
plant cargo flows, i.e. the amount of cargo
moved in a certain period of time in a certain
direction between loading and unloading points
[8]. The rational allocation of different types
of rolling stock for different tasks is referred
to as a distribution problem. If the demand for
transportation is deterministic, and the effect
of using rolling stock is proportional to its
number, then such distribution is carried out
using linear programming methods [9]. The
authors of [10] propose to take into account the
following factors when selecting rolling stock:
transport, road, natural and climatic, structural,
operational qualities, and economic criteria.
Paper [11] provides an analysis of methods for
assessing and selecting a rational type of rolling
stock, including the following: depending on
the nature of transportation and type of cargo,
technical, operational and consumer properties.
The authors [12] suggest choosing rolling stock
based on performance, namely, using various
indicators — weight and volume of cargo, specific
fuel consumption, transportation distance. Higher
load capacity and utilization ratio (lower unladen
weight) as well as lower fuel consumption
(low rolling and air resistance) can maximize
efficiency at a given speed and distance. The
work [13] considers the algorithm for choosing
the most rational mode of transport according to
the conditions of specific transportation. In order
to substantiate the economic feasibility of using
one or another type of transport, it is necessary
to take into account the geography of production
and consumption of goods, the volume of cargo
flows, the presence and condition of rolling stock,
the seasonality and rhythm of work on transport
and at manufacturers of goods, the system of
organizing the transportation process.

The authors of [12] propose to select rolling
stock by performance, namely, using various
indicators — weight and volume of cargo, specific

fuel consumption, and transportation distance.
Higher carrying capacity and utilisation rate (lower
unladen weight), as well as lower fuel consumption
(low rolling and air resistance) can maximise
efficiency at a given speed and distance. Paper [13]
discusses an algorithm for selecting the most rational
mode of transport for a particular transportation.
To substantiate the economic feasibility of using
a particular mode of transport, it is necessary to
take into account the geography of production and
consumption of goods, the volume of cargo flows,
the availability and condition of rolling stock, the
seasonality and rhythm of work in transport and at
manufacturers of goods, and the system of organising
the transportation process. The authors of [14]
present the results of solving the problem of choosing
the number and type of vehicles, which was achieved
by determining the specialisation and selection of the
carrying capacity of rolling stock, which would lead
to a reduction in the cost of transportation. According
to the authors in their study [4], the task of choosing a
rational rolling stock is to allocate available resources
to fulfil known orders. If we are talking about a long
planning period (season, year, several years), then
another task arises — the formation of a rational fleet
structure.

Existing studies, when choosing a rational truck
fleet, do not take into account the specifics of truck
operation and the stochastic nature of rolling stock
downtime when transporting metallurgical slag.

Task statement. Conduct simulation studies to
develop software that will simulate the situation
on the technological routes of transport and
production systems, taking into account the
specified criteria, and obtain a set of values for
the number of rational trucks, taking into account
their carrying capacity and time factors, a set of
values for the total queue time, and the time spent
in the queue by the trucks.

Outline of the main material of the study. In this
study, the transport and production system of waste
recycling of a metallurgical enterprise is considered
as a complex system that includes a certain number
of subsystems, namely: "Receipt of raw materials",
"Processing of raw materials", "Sales of raw
materials" [15].

For simulation studies, the subsystem "Raw
material processing" was selected, with technological
routes b, B.

The study of routes B, C will significantly
complicate further research, so for further analysis,
the share of each route in the total number of trips
within the subsystem was considered (Table 1) [16].
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Table 1
Share of routes in the total number of trips
| Share of routes in the total number of trips, %.

Route

Subsystem “Processing of raw materials”
Route b 3
Route B 97

Given the insignificant share in the total number of
trips, it is advisable to exclude route b from the study.

The selected route has a length of 1.05 km,
the productivity of the crushing and screening
equipment is 300 t/h, the duration of the crushing
and screening equipment per 1 shift is 10.5 hours,
the average vehicle travel time is 7.99 minutes, the
average time of unloading and loading operations is
6.29 minutes, the average waiting time in the queue
is 5.97 minutes, the average number of riders per
shift is 30 ~ 31. The productivity of the crushing
and screening complex on this route is 300 t/h, the
shift time of which is 12 hours, the useful time is
10.5 hours (excluding the time for the operator’s
lunch of 0.5 hours, 0.5 hours for cleaning the
equipment — 0.5 hours, 1 hour — time for acceptance/
delivery of the shift).

According to the costing of trucks and the specifics
of transportation, four types of dump trucks are most
appropriate for servicing technological routes (Table 2).

To service the technological route B, BelAZ dump
trucks with a capacity of 33 tonnes and 42 tonnes are
used, some of which are periodically idle for certain
technological reasons. As can be seen from Table 2,
the highest tariff is for a BelAZ-7523 dump truck,
and the lowest tariff is for a BelAZ-7522 dump truck.
However, BelAZ-75404 and BelAZ-7540B dump
trucks are also used on technological routes. In this
regard, in order to reduce transport costs, the task of
selecting a rational dump truck fleet is being addressed.
Using the developed methods and models, it is possible

to quickly determine the rational type of rolling stock
on technological routes at the lowest cost.

Under such conditions, the route, taking into
account the bulk cargo weight, should be serviced by
4 BelAZ-7522 (BelAZ-7523) vehicles with a carrying
capacity of 30 tonnes or 3 BelAZ-75404 (7540B)
vehicles with a carrying capacity of 40 tonnes,
with the number of vehicles varying depending
on the technical condition of the rolling stock, the
operational situation of production processes, and the
physical condition of the drivers.

Under these conditions, the transport costs per
shift for the first variant using four units of BelAZ-
7522 dump truck will amount to ~ UAH 34362, and
for the second variant using four units of BelAZ-7523
dump truck ~ UAH 36776. For the second variant,
when using three units of BelAZ-75404 or BelAZ-
7540B dump trucks, the cost will be ~ UAH 27166.

Accordingly, the transport costs for one month for
the first variant when using four units of BelAZ-7522
dump truck will be ~ 1065222 UAH, when using four
units of BelAZ-7523 dump truck ~ 1140056 UAH.
For the second variant, when using three units of
BelAZ-75404 or BelAZ-7540V dump trucks, the cost
will be ~ UAH 842146.

Based on the timekeeping of transport service
cycles for technological route B, the random nature
of the time for unloading vehicles associated with the
operation of crushing and screening equipment was
revealed. At the same time, neither the intensity of
raw material supply to the receiving devices of the
DSC nor the variability of the time parameters of
transport service cycles are taken into account.

In particular, the load intensity of the crushing and
screening complex is a random variable /.., which
is determined by the time of unloading vehicles,
the carrying capacity of the vehicle, and the time of
movement on the routes. On the routes, during any

Table 2
Estimates for transport services by car brand, UAH
Calculation item BelAZ BeJIA3 beJIA3 BeJIA3
7522 7523 75404 7540B
Fuel 308,90 367,74 349,31 349,31
Salary 177.85 177,85 177.85 177,85
Social security contributions 38,82 38,82 38,82 38,82
Replaceable equipment 0 0 0 0
Current repairs 7,02 7,02 7,02 7,02
Maintenance 4598 4598 45,98 45,98
Transport costs 0 0 0 0
Depreciation of property, plant and equipment 52,02 52,02 52,02 52,02
Other workshop expenses 1,12 1,12 1,12 1,12
General production costs 108,94 108,94 108,94 108,94
Labour protection 6,34 6,34 6,34 6,34
Total costs for 1 hour. 746,99 799,49 787,40 787,40
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Variable: New Var, Distribution: Normal
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Chi-Square test = 2,31616, df =5 (adjusted) , p = 0,80389
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Fig. 1. Histogram of the distribution of values At

shift, a situation may arise of uneven arrival of vehicles
for unloading, uneven unloading, uneven departure
from the unloading fronts. In this case, there are two
possible situations for the time of departure from
unloading in front of a moving vehicle ¢, and the
time of arrival for unloading of the vehicle following
it ¢, . The first case involved a delay in unloading
a vehicle ¢, >1,, , and, as a result, the formation of
a queue. The second case involved the detention of
a car following in the queue ¢, <t,, , which leads
to a gradual reduction in the residual amount of raw
materials in the crushing and screening complex.
Fig. 1 shows the results of processing the values
Atege for 312 vehicle trips on the routes b, B. with
parameters for the route b — x=5,515; ¢=0,107,
for the route B — x =3,199; 5 =0,091. The resulting
sample at the 0.95 significance level follows a normal
distribution law with parameters x =2,842; 5 = 0,364,
Ta has ranges of negative values Az, for transport
service cycles. This proves that there is a possibility
of trucks being late for loading. The data obtained and

csc

the ranges of negative values make it clear that the
amount of raw materials in the crushing and screening
complex is decreasing, which ultimately leads to a
shutdown of the crushing and screening complex. The
solution in this case is to involve backup vehicles, the
number of which will depend on the time of delay of
the vehicles for unloading.

However, an increase in the number of vehicles on
the route can lead to a queue in front of the crushing
and screening complex, so it is advisable to develop
special software that would take into account these
simulation studies.

Conclusions. The software makes it possible to
model any situation on the technological routes of
the structural units of a coal enterprise and obtain
a variety of values for the total queue time, vehicle
queue time, downtime and repair rates for a group of
vehicles with a given carrying capacity. This enables
the operation department to correctly select and
deploy rolling stock on routes to ensure maximum
productivity.
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Mykoscbka JI.51. PE3YJIBTATH IMITAIIIMHUAX JTOCJIKEHD
TPAHCIIOPTHO-BUPOBHUYOI CUCTEMM PELMKJIIHI'Y BIJIXO/IIB

B YMOBAX METAJIYPITHHOTI'O IIJITPUEMCTBA

Y cmammi nposedeno imimayiiini 00CAIONCEHHS MPAHCHOPMHO-BUPOOHUYOT CUCEMA DEeYUKIIHSY BI0-
X00i¢ memanypeiinoeo nionpuemcmed. Ha cbo200HiwHill OeHb came Memood iMimayitino2o MOOeI08aHHS €
OOHUM [3 HAUNOMYICHIWUX MA HAllegheKMUBHIUUX MemOoOi8 00CIIONCEHH NPOYeCie Mma UPOOHUUUX CUCTIEM.
006 ’exmom 00cnioHcenHs € npoyecu YNPasiiHHA BAHMANCHUM A8MOMPAHCNOPIOM HA MEXHON0SIYHUX MAPUL-
pymax nepeseseHus 8i0x00ie Memaaypeiiuno2o supobHuymea. ¥ 0anomy 00CiiodNceHHI MPAHCIOPMHO-6UPOO-
HUYA cucmema peyuxiiney 8i0xo0ie Memanypeilinozo niOnpuemMcmed po3easioacmovcs K CKIa0Ha cucmema,
Wo Micmums y c80€My CKAAOI NegHy KinbKicmy niocucmem, a came: «Haoxodocenns cuposunuy, «llepepodxa
CUpOBUHUY, «30YyM CUPOBUHUY, eleMEeHMU AKUX MEeXHOL02IYHO N08 A3aHI MidC coOO0M.

Jna npoeedenusi imimayitinux Oocnioxcens 0yna oopana niocucmema «llepepobra cuposunuy. Memoro
00CNIONHCEHHS € PO3POOKA NPOSPAMHO20 3a0e3neueHHs, Wo 003601UMb iIMIMYy8amu CUmMyayio Ha MexHONOSTUHUX
Mapuipymax mpascnopmHo-6UPOOHUYUX CUCTEM 3 YPAXYBAHHAM 3A0aHUX KpUMepIiig i ompumysamu 6e3uiy 3Ha-
YeHb KIIbKOCIIE 8AHMANCHUX ABMOMOOILIE PAYIOHATLHO20 MUNY 3 YPAXYEAHHIM IXHbOI 6AHMANCONIOUOMHOCT
Ma 4acosux axmopie, MHONCUHY 3HAUEHb CYMAPHO20 Hacy nepedyéants @ uepsi, yacy nepedbysamHs 6 uepsi
aemomobinis. byno 8us61eHO BUNAOKOBUI XAPAKMep 4acy pO36aAHMANICEHHS ABMOMODLII8, NO8 A3aHUL 3 POOOMO
OPOOUILHO-COPMYBATLHO20 YCMAMKY8aHHA. 1Ipu yboMmy Hi AKUM YUHOM He 8PAXO8YIOMbCS Hi IHMEHCUBHICTb
nooaui cuposunu 00 nputimarbrux npucmpois JJCK, ni mMinausicms 4acosux napamempis yukiie mpancnopm-
HO20 00CTy208y8ants. Bukopucmanms npocpamnozo 3abe3neyeHHs 0ae€ MONCIUBICIb MOOenosamu 0)0b-saKy
Cumyayiio Ha MexHONOIUHUX MAPUWPYMAX CIPYKMYPHUX NiOPO30iNie 8Y2ibHO20 NIONPUEMCIEA U1l OTPUMYEAIMU
Oe31iu 3HAYEHb CYMAPHO20 Yacy nepeOYeaHHs @ uepsi, uacy nepebysants 6 uepsi asmomooinie, Koe@iyicHmis
NPOCMOI0 Ma KoepiyicHmie pemoumy OJis epynu agmomooinie iz 3a0arnow sanmaiconiovuomuicmo. Lle pooums
MONCIUBUM CHIBPOOIMHUKAM 8I00ILY eKCnyamayii npasuibHo 30ilCHI08amu niodip i poO3CMAHOBK)Y PYXOMO20
CKa0dy 3a Mapupymamu 05 3a0e3neyents Hatuoinbulol npooyKmueHoCHi (YHKYIOHYS8AHHSL CUCTIEeMLL.

Kniouogi cnosa: camockuo, peyuxiune, mexHoio2ivHuLl mapupym,0poouibHo-copmyeatbHull. KOMNIeKc,
MPAaHcnopmui UmMpamu.
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