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Determination of the optimal cargo operations strategy of a bulk carrier vessel, with
continuous ensuring its seaworthiness

The correct loading of bulk carriers is essential for their maritime safety. Inadequate loading can
lead to various risks, including compromised hull strength, reduced stability and violation of the vessel's
seaworthiness. Existing shipboard instruments do not allow for timely planning and real-time control
of loading operations, which can lead to potential risks. The high intensity of loading operations at dry
bulk terminals exacerbates the problem, as there is often insufficient time to adequately prepare and
verify loading plans, increasing the risk of overloading cargo holds. To address this problem, the article
proposes the development of new methods for bulk carriers cargo operations planning. These methods
would optimise the distribution of bulk cargo, taking into account factors such as port facilities, ship
design and nautical restrictions of the planned voyage. The aim is to formalise cargo operations in terms
of a mathematical model of the vessel and to establish functional relationships between parameters that
affect the seaworthiness of the vessel. By analysing the relationships between different parameters, the
researchers aim to determine the best strategy for cargo operations that will ensure the continuous
seaworthiness of the bulk carriers. This approach would help to improve bulk carrier’s safety and
reduce the risks associated with incorrect loading. The development of such methods is seen as a
promising area of scientific research that can enhance the safety of those vessels. By determining the
best strategy for cargo operations based on the criterion of continuous seaworthiness, it aims to prevent
the deterioration of the vessel's structural integrity and ensure that the vessel remains in a seaworthy
condition throughout the loading process. The article emphasizes the need for scientific research in this
area to enhance the safety of bulk carriers and proposes the development of new methods based on
mathematical modeling to optimize cargo operations and maintain the vessel's seaworthiness
throughout the process.

Keywords: bulk carrier, maritime safety, cargo operations, optimisation, permissible loading, ship
stability, the vessel strength.

Introduction. Maritime safety includes maintaining the acceptable limits of a ship's seaworthiness
parameters. These parameters are maintained by proper loading of the vessel during cargo operations.
The stability and strength criteria apply to all categories of vessels and are defined in the conventions of
the International Maritime Organisation (IMO). Cargo handling in ports has a significant impact on the
safety of shipping, especially for bulk carriers.

Statement of the problem and analysis of recent research. The seaworthiness is an abstract
concept used in maritime law that indicates how safe and ready a vessel is to sail. In the broadest sense,
seaworthiness means the fitness of the vessel to meet the ordinary hazards contemplated for the voyage.
The concept of seaworthiness also extends to the fitness of the vessel to receive, carry and care for its
intended cargo. Regular inspections must be carried out to ensure that the highest standards are
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maintained on board the vessel at all times. If shipowners are found to be negligent, they will face severe
action.

In accordance with the International Convention for the Safety of Life at Sea (SOLAS), it is
mandatory for a vessel's crew to carefully plan and execute loading operations to ensure that the vessel
remains seaworthy throughout the process and ready to sail at any stage of port operations.

To ensure the seaworthiness of dry bulk carriers, each ship is designed by the shipbuilder with
specific guidelines for loading options. These guidelines are set out in the loading manual or in
specialised computer loading programs, which enable the ship's seaworthiness parameters to be assessed
on the basis of the loading option selected. It is the responsibility of the ship's cargo officer to determine
the most suitable loading option within the ship's allowable stability and strength parameters.

However, existing documentation for typical ship cargoes covers only a limited range of loading
scenarios and may not cover all possible loading situations or the specific requirements of a particular
voyage. As a result, finding the optimal cargo plan can require considerable effort on the part of the
ship's personnel. In the fast-paced environment of modern dry bulk terminals, where time constraints
often prevent thorough preparation and verification of new cargo plans, there is an inherent risk of
overloading individual cargo holds. This can compromise the local and longitudinal strength of the hull
and ultimately the seaworthiness of the ship.The use of modern computer technology makes it possible
to calculate the permissible ship loading, taking into account the restrictions of the seaworthiness
criteria, provided that the ship loading process is formalised and loading algorithms and programs are
developed.

A method (strategy) should be developed for the optimal distribution of a given amount of dry bulk
cargo, taking into account the available port cargo facilities and the design characteristics of the vessel
itself, while maintaining the parameters of its draft, trim, stability and overall longitudinal strength.

The development of such a method should be based on theories of systems analysis and operations
research as well as mathematical modelling tools.

To solve this problem, it is necessary to formalise the cargo operations in terms of a mathematical
model of the ship and to identify the functional relationship between the parameters that affect the
seaworthiness of the vessel.

Clearly, the development of this method is a relevant and promising area of scientific research aimed
at ensuring the safety of bulk carriers.

The subject of maritime safety in relation to bulk carriers is examined in the next sources [1-3].

The International Maritime Organisation (IMO) has established conventions that provide guidelines
for the planning and execution of bulk carrier cargo operations [4-7].

An important resource for understanding the safe operation of bulk carriers is the knowledge and
experience of seafarers actively involved in this field [8-11].

Gaichenya O.V. and Klimenko E.N. proposed the application of systems analysis and operations
research principles to the cargo operations of bulk carriers and multipurpose vessels [12, 13].

The authors Tsymbal M.M. and Vaskov Y.Y. [14, 15] introduce mathematical models aimed at
optimising the loading processes of bulk carriers and solve this problem by applying linear programming
techniques.

The study presented in [16] focuses on the selection of a specific selection of bulk carrier cargo holds
for efficient loading of bulk cargoes. It outlines a method for structuring the stages of bulk carrier loading
operations when dealing with non-standard loads.

The aim of this article is to examine the potential methods for determining acceptable variations in
ship loading that comply with the constraints imposed by maritime safety parameters. While complying
with the general requirements for maritime safety, different types of ships have additional specifications
based on their design or cargo carrying technology.

Consequently, specific requirements are imposed on general cargo vessels when loading general
cargo. These requirements mainly include ensuring compatibility of cargoes within a single cargo space,
accommodating a large number of cargoes for transportation, adhering to a specific sequence of ports
for discharge and limiting the number of cargo levels based on the strength of the cargo packaging.
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Bulk carriers have more stringent loading requirements due to their considerable length. These
requirements are imposed by the overall longitudinal and local strength of the ship's hull, which affects
various aspects of cargo operations. In particular, bulk carriers typically carry out cargo and ballast
operations simultaneously. These operations are carried out in several stages (up to twenty), depending
on the number of holds to be handled simultaneously and the specific cargo volume.

Shipbuilders usually provide specific loading manuals for bulk carriers, tailored to the cargo volume
and number of holds involved. These manuals focus exclusively on a single type of cargo to be loaded.
Each manual outlines a sequence of loading stages, specifying which holds are to be loaded, the
corresponding cargo increments and the combination of tanks used for ballast operations. At the end of
each stage, the ship must be in an acceptable seaworthy condition.

Difficulties arise when dealing with non-standard loading situations not covered by the shipbuilder's
instructions. The planning and execution of cargo operations in such cases becomes challenging, as it is
necessary to ensure the seaworthiness of the vessel and optimise the utilisation of cargo space and
deadweight capacity. Shipowners are forced to develop a series of steps that address the problem of
maximising cargo placement in the holds while taking into account the simultaneous handling of the
required group of ballast tanks. Compliance with numerous seaworthiness restrictions becomes a critical
aspect in these scenarios.

In order to build a mathematical model for optimising the loading process of a bulk carrier, it is
necessary to formalise it, which systematises complex various processes associated with cargo and
ballast operations.

To describe the loading process of a vessel, it is necessary to define a set or space of its states U ,
and each specific loading state of a vessel , belonging to this set U should be defined as a set of
parameters of the vessel's seaworthy parameters, which depend on the distribution of cargo in holds and
ballast and reserves in tanks and vessel’s compartments. Thus, each specific loading state of a vessel
can be accepted as a certain variant of the distribution of cargo, ballast and supplies to the respective
holds, tanks and spaces.

Each vessel's condition , can be analytically expressed as follows.

U:{ ci’Wbi’Wzi}’ (1)

where wei — is the weight of cargo in the i-th cargo space;
Wi - is the weight of ballast in the i-th ballast tank;
Wi - weight of stores in the i-th tank or storage space;
=1, 2,..., n - number of cargo spaces, ballast tanks and storage spaces, respectively.

Thus, the state of the vessel , can be represented as an n-dimensional vector, the number of elements
of which is equal to the total number of cargo holds, ballast tanks and storage spaces involved in the
cargo operations. The weight loads Wi, Wyi, Wz in the vessel's state vector are defined by upper limits

W, , W, , W, determined by the cargo holds and ballast tanks capacity, as well as the local strength of
the cargo spaces, and act as limiters for technological parameters.

The vessel loading process is thus a vector trajectory u(t) in the space of possible states U. Moreover,
the space of states U is n-dimensional with a finite value (constraints on technological parameters) along
each dimension.

On the other hand, the loading of a vessel is characterized by its seaworthiness, which can be
described by the vector S,, whose components are the parameters of vessel's draught, trim, stability and
strength.

Mean draught Tn, trim t and heel angle 6 are important parameters of a vessel's seaworthiness.
The mean draught Tr, is a function of the vessel's displacement W of the vessel and the density of the

supporting water p, i.e:
T, =fW.p) 2

10
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This dependence is presented in a tabular or graphical form in the "Information on the stability and
strength of the ship"” (Loading manual).

The displacement of the vessel W is the sum of the weight of the empty vessel wo, the weight of the
vessel's stores (fuel, oil, water) ws, including the weight of equipment, provisions and crew, the weight
of cargo w and the weight of ballast wy, and is expressed by the following equation:

W=w, +W, +W, +W,. (3)

The vessel's trim t is determined by the following analytical expression:
T AV )

where W - the displacement of the vessel,
Xa, Xg - abscissas of the centre of gravity and the centre of buoyancy, respectively;

M - is the moment triming the vessel by 1 cm.

The difference xg-xs represents the shoulder of the pair of forces (i.e. the equal-action forces of
weight and support forces) and expresses the distance measured horizontally between the centre of
gravity and the centre of buoyancy.

The value of the centre of gravity xq abscissa is calculated using the formula

X, = 5)

where My - is the vessel’s static moment of mass relative to the centre of gravity of the waterline plane;
W - the displacement of the vessel.

The static moment of mass of a vessel relative to the centre of gravity of the waterline plane is
calculated using a formula hich takes into account the components of the moment from an empty vessel,
the ship's constant, the ship's reserves, cargo and ballast

n n n
M, :WOXO+ZWsiXsi +2Wcixci +2Wbixbi’ (6)
i i1 i1

where wo - the weight of the empty vessel,;

Wsi - the amount of ship's stores in the i-th storage space;

Wi - the amount of cargo in the i-th hold;

Wy - the amount of ballast in the i-th tank;

Xo - the abscissa of the centre of gravity of an empty vessel;

Xsi - the abscissa of the centre of gravity of the vessel's supplies in the i-th compartment;

Xqi - the abscissa of the centre of gravity of the cargo in the i-th hold;

Xpi - the abscissa of the centre of gravity of the ballast in the i-th tank;

i=1, 2, ..., n - number of cargo spaces, ballast tanks and storage spaces respectively.
The abscissa of the centre of buoyancy xg is a function of the mean draft, i.e. displacement W and

density of the water in which the vessel is situated p

s = f(W,p), ()

11
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This dependency is usually presented in tabular form in the Loading manual, which is usually
prepared by the shipbuilder for each particular vessel.

The value of the moment that trimming the vessel by 1 cm M also depends on the mean draft and
is a function of displacement W and density of the water p

M= £ (W, p). ®)

Ship stability is the ability of a vessel to withstand external forces that disturb its equilibrium and to
return to its original equilibrium position when these forces cease to act. It is one of the most important
seaworthiness characteristics of a vessel.

The vessel's stability is characterised by the following parameters: initial metacentric height h, the
capsizing moment of the ship Mcap, maximum righting lever of the static stability curve Inax, the angle
of the static stability curve maximum 6nax, the angle of stability curve vanishing Gmin.

The initial metacentric height h is determined by the following expression

h=z,-z,+Ah, 9

where, zm and z, are the applicate of the transverse metacentre and the centre of gravity, respectively;
Ah - correction to the initial metacentric height in the presence of free surfaces of liquid stores and
ballast.

The metacentre applicate z» depends on the mean draft of the vessel. This dependence is expressed
in a tabular form in the vessel's documents.

The centre of gravity applicate zq depends on the static moment of mass M; relative to the vessel's
main plane and displacement and is calculated using the formula

2 =M, (10)

The value of the static moment M; is determined by the following expression
n n n
M, :WOZO+ZWsiZsi +chiZci +Zwbizbi’ (11)
i=1 i=1 i=1

where wo - the weight of the empty vessel,

Wsi - the amount of ship's stores in the i-th storage space;

Wi - the amount of cargo in the i-th hold;

Wy - the amount of ballast in the i-th tank;

Zo - the applicate of empty ship's centre of gravity;

Zi - the applicate of ship's stores in the i-th storage space;

Z.i - the applicate of cargo in the i-th hold;

Zyi - the applicate of ballast in the i-th tank;

i=1, 2, ..., n - number of cargo spaces, ballast tanks and storage spaces respectively.

The parameters characterising stability can be obtained from static and dynamic stability diagrams.
The static and dynamic stability curves are plotted along the static stability levers corresponding to
certain heel angles of the ship. The static stability levers can be obtained either by means of a universal
stability curve or by using Cross Curves of Stability (KN curves) provided in the ship's documentation.

The levers of the static stability curve, as well as the curve itself, depend on the displacement W, the
density of the water supporting the vessel p and the static moment M,. The values of the capsizing
moment Mcap, the angle of the static curve vanishing Omin, the maximum righting lever Ina and the

12
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corresponding heel angle fmax Which can be obtained from the static stability curves, are also functions
of displacement, water density and static moment.

The constant heel angle of the ship & depends mainly on the static moment of the masses relative to
the diametrical plane of the vessel My, which is given by the following expression

My = OyO+ZWziyzi+2Wciyci+zwbiybi’ (12)
i-1 i=1 i-1

where, Wo - the weight of the empty vessel;

Wsi - the amount of ship's stores in the i-th storage space;

Wi - the amount of cargo in the i-th hold,;

Wi - the amount of ballast in the i-th tank;

Yo - the ordinate of the centre of gravity of an empty vessel;

ysi - the ordinate of the centre of gravity of ship's stocks in the i-th storage space;

Yei - the ordinate of the centre of gravity of cargo in the i-th hold,;

yoi - the ordinate of the centre of gravity of ballast in the i-th tank;

i=1, 2, ..., n - number of cargo spaces, ballast tanks and storage spaces respectively.
The following functional dependence of the heel of the vessel can be written down

0="1(W,p0,M,M,). (13)

The strength parameters include the shear forces SF; and bending moments BMi; in the i-th section of
the hull resulting from the vessel's loading, and the local strength P; of the i-th cargo hold.

When calculating the strength of a vessel's hull, the vessel own weight and water support forces
acting on the vessel are taken into account. The vessel's weight forces acting on the hull are represented
in the form of two components - the weight forces of the hollow vessel and the weight forces from the
loads that constitute the deadweight.

In this case, the bending moments BM; and shear forces SF; for each section of the vessel are
expressed as the sum of three components

BM, = BM, + BM,, + BMj, (14)
SF, =Sk, +SF,, +SK (15)

where BM;, SF; - bending moments and shear forces in the i-th section of the vessel;

BMo, SFo - components of bending moment and shearing force from the weight of the empty vessel;
BMw, SFw - components of the bending moment and shear force, respectively, from the loads included
in the deadweight;

BMs, SFs - components of the bending moment and shear force, respectively, due to the action of support
forces.

The components of the bending moment and shear force due to the weight of the empty vessel for
each monitored section are constant and are given in the ship's documentation. The components of the
bending moment and shear force from the loads included in the deadweight are determined by the
arrangement of cargo in holds, ballast in tanks and stores in the relevant vessel spaces and tanks, and
are calculated in tabular form using elementary relations.

To calculate the components of the shear force and bending moment due to support forces, the
vessel's Loading manual contains information in the form of tables or graphs.

The local strength P; is characterised by the ratio of the amount of cargo received to the area of the
cargo space in which the cargo is stored. The ship's documentation specifies the permissible loads per
square metre of cargo hold and upper deck.

13
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Thus, the maritime safety vector S, can be formally expressed as follows

S, =(T,t,

t,6,h, M

cap’ lmax ’

o

max !

6,

hins SFy, BM, R, (16)

The vector is characterised by a range of permissible values determined by IMO or classification
society requirements for the values of the landing, stability and strength parameters.

Ship cargo operations can be considered as an optimisation task. It is necessary to consider the
restrictions that may be imposed when setting an optimisation task.

There are two categories of restrictions that apply to the loading of a vessel and the determination of
permissible loads. The first category consists of general restrictions that are applicable to all types of
vessels and are intended to ensure the seaworthiness of the vessel. The second category consists of
specific restrictions that are unique to each type of vessel.

Let's focus on the first category of restrictions, which are designed to ensure the seaworthiness of the
vessel. These restrictions mainly concern the draft of the vessel, which includes the mean permissible
draft Tm and the permissible limits of its trim t. In most cases, restrictions on the heel 8 of the vessel are
also included in this category. However, it is common practice for the ship's crew to minimise the heel
of the vessel during cargo operations, so separate restrictions for heel may not be necessary.

Limits on the mean permissible draft T arise from a number of factors, including the International
Load Line Convention, shipbuilders' specifications, current voyage draft limits and the need to maintain
minimum necessary forward and aft draughts to avoid slamming or propeller exposure. These
considerations impose restrictions on T, resulting in limitations on its value.

Tmin STm STmax’ (17)

where Tmin and Tmax - respective, the lower and upper limits of the mean vessel draft Tm.
The lower limit for a vessel's trim tmin can be set to zero to avoid having a bow trim which would
complicate ballast operations and cargo calculations. On the other hand, the upper limit tmin is
determined by various factors such as ballast and liquid measurement tables, operational limitations of

the ship's equipment and the seaworthiness of the vessel. The limitation on the vessel's trim can be
defined as follows

te[ot,, ] (18)

The limitations that ensure the necessary stability of the vessel are primarily defined by the limitation
of the initial metacentric height h, as expressed in equation

hmin < h < hmax' (19)

In this equation hmin and hmax represent the lower and upper limits of the initial metacentric height,
respectively. In addition, the minimum value of hmin is determined by the International Maritime
Organisation (IMO) requirements for the initial stability of ships.

Several parameters related to vessel stability, such as the capsizing moment of the vessel Mcap, the
maximum arm of the static stability curve Imax, the angle of heel of the vessel at which the maximum
arm occurs fmax and the angle of vanishing stability &min, are derived from the static stability curve. The
values of these parameters are also subject to restrictions imposed by the IMO regulations for the initial

stability of vessels, denoted as M™ , 1™ '™ and 6™ respectively.

cap !
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The third set of parameters relates to the overall longitudinal strength of the vessel and is represented
by the maximum allowable values of bending moments BM;j and transverse shear forces SFi for each
control section of the vessel.

All the restricted parameters that define the seaworthiness of the vessel Tm, t, I, Mcap, Imax, Omax, Omin
depend on the displacement , the longitudinal static moment My and the vertical static moment M, of
the vessel. Consequently, the longitudinal moment My is related to the vessel's trim t, bending moments
BMi and shear forces SFi, while the moment M is related to the initial metacentric height h and the
characteristics of the static stability curve Mcap, Imax, Omax, Omin.

I imo

Taking into account the prescribed values for tmax, Nmax, min, M;Z‘;’, m g 9" BM;, SFi
which express the requirements for the seaworthiness of the vessel, it is possible to determine the
limiting values for the displacement of the vessel Wmax, the minimum M;" and maximum M;*

longitudinal moments and the upper M™ and lower M ™ limits of the vertical moment.

Let's consider, W', M, , M. as the displacement and static moments that occur in a selected loading
configuration of the vessel. It is clear that certain loading configurations satisfy the following conditions

W <W_:

My e[ M M™ |; (20)
M, e[ M M™ |,

These loading configurations must fall within the range of permissible loads set U based on maritime
safety requirements. However, it is important to note that there may be specific restrictions that are
unique to a particular type of ship. These restrictions may limit the loading possibilities within the
allowable set of options U.

From a maritime safety perspective, it is crucial to consider not only the seaworthiness of a vessel at
the final stage of the loading process tsin, but also the current state of the ship at each stage teur, from the
start of loading to its completion. This requires strict adherence to a number of limitations within the
system.

W (e ) SWos

M, (tur) €[ M7 M7 |

M, (t,) e[ M M7= ]; (21)
ty €[ Oty |

where tiin - the moment at which the ship's cargo operations are finished.

When formulating the optimisation problem for cargo operations, it is important to consider
additional specific limitations that take into account the unique characteristics of different types of
vessels. For example, when dealing with bulk carriers, the following constraints should be considered:

1. The number of port cargo facilities involved in handling the vessel.

2. The number of stages involved in loading and unloading the vessel.

3. The number of holds and ballast tanks used for cargo and ballast operations at each stage.

4. The amount of cargo to be handled for each hold and the amount of ballast required for each
tank.

15
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5. Cargo and ballast operations speed variations at each stage.

These limitations, together with the requirements to ensure the seaworthiness of the ship, are
essential factors in formulating the optimisation problem.

Conclusions. The article presents a methodology for determining an acceptable range of vessel loads.
This approach allows the selection of an optimum strategy for carrying out cargo operations, with the
emphasis on maintaining the seaworthiness of the ship at all times. The key objective is to ensure that
the ship's seaworthiness parameters, in particular stability, overall longitudinal and local strength,
remain within acceptable limits throughout the period of cargo operations. By carefully managing the
variations in cargo and ballast, it is possible to achieve continuous compliance with these critical
parameters.
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besneku cyoen. O0na 3 makux koneenyiti - Misicnapoona kousenyis 3 besnexu arooeil na mopi (COJIAC),
AKA MICmMUmMs 8UMO2u 00 NIAHYBAHHS MA NPOBEOEHHS GAHMANCHUX ONnepayiil 3 Memoro 3a0e3nedens
oesnexu cyona. COJIAC sumaeae, o6 cyOHOBUI NEPCOHAN NIAHYBAE I NPOBOOUE BAHMANCHI onepayii
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ma cneyianbhi KOMN TomepHi npoepamu 3a6anmaxcents cyoua. Lfi incmpymenmu 00360/1510mb OYiHUmMu
napamempu Mopexionocmi CyoHa 3anedicHo 6i0 oopanozo eapianmy 3aganmadicenus. OOHak icHyoua
CYOHO8A OOKYMEHMAYisi He OXONIIOE BCI MONCAUGT Ccumyayii 306aHMANCEHHS, DIZHOMAHIMHICMb
HOMEHKAAMypu 8aHmMaxcig i cneyughiky manoymuvoeo peticy. QOHax icHyoua cyoHosa OOKyMeHmayis
He OXONAIE 8CI MONCIUBT CUMYAYI] 3A8AHMANCEHHS, PIZHOMAHIMHICMb HOMEHKAAMYPU GAHMANCIE |
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MOOeos8amu 6AHMANCHI onepayii ma oyiHweamu napamempu Mmopexionocmi cyoua. L{i memoou noeumi
epaxoeysamu  piSHOMAwIimui  (pakxmopu, maki 5K MeXHIuHi 0cobIUBOCMI  camoz20  CYOHd,
Xapakmepucmurky 6aHmasicié ma ymosu peicy. Memoio Oanoi cmammi € aHani3 MONCAUBOCHEU
BU3HAUEHHA OONYCHMUMUX BAPIAHMIB 308AHMANCEHHS HABANIOBANLHO20 CYOHA, AKI 3A0080JIbHAIOMb
0OMEICEHHAM, WO HAKIAOAIOMbCS NApAMEempamu MOpexioHoi Oesnexu, a maxodxc Gopmanizayisi
BAHMAIICHUX onepayiil y uensadi MamemMamuinoi mMooeni CyoHa ma 6CMAHOGLeHHsl QYHKYIOHATbHUX
36'13K18 MidiC napamempamu, Wo GNIUBAIOMb HA MOPEXIOHI AKocmi cyOHa. JlompumanHs napamempie
oCmitiHoCMi ma MiYHOCMI CYOHA 8 OONYCMUMUX MeXNCAX HA 8CIX emanax 1o2o peticy € KpumudHum sl
3anobicants asapiam ma 30epexcents HCumms ma MatHa Ha MOpi.

Knrouosi cnosa:. nasantosanvie cyono, mopexiona Oesnekda, 6AHMAIICHUN NIAH, ONMUMI3AYIA,
ocmitiHicmo, MiyHICMb CYOHA.
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Analysis of shunting locomotive operating modes when performing traction tasks

The paper considers the modes of operation of shunting diesel locomotives CME3 when performing
traction tasks at the service areas of the locomotive depot Koziatyn. A mathematical model of train
movement with a CME3 diesel locomotive has been developed, which has been used to solve a series of
traction problems. It was found that the operating modes of a diesel engine are most influenced by the
profile of the track section. It is determined that when moving from the Koziatyn station, the relative
duration of the traction mode is 14...39% of the total movement time. When moving in the direction of
the Koziatyn station, the relative duration of the traction mode is 28...90%. In the traction mode, the
diesel engine operates at rated power. For the examined sections of the movement, we evaluated the
diesel fuel consumption for a serial diesel locomotive, a diesel locomotive with a modern diesel engine,
and a battery locomotive charged from an onboard diesel generator set. It has been determined that a
diesel locomotive with a modern diesel engine consumes 18...22% less fuel than a standard diesel
locomotive. In the case of a battery locomotive, fuel consumption can be either lower or higher
compared to a diesel locomotive with a modern diesel engine. At the same time, the accumulation of
energy in the onboard energy storage device during electrodynamic braking and its use in traction
modes helps to reduce fuel consumption.

Key words: shunting locomotive, modernization, energy efficiency, energy storage, traction task

Introduction. Railway transport is a key element in the transportation system of Ukraine. According
to [1, 2], in 2009-2021, about 46...60% of all freight transportation was carried out by rail. The main
negative factor affecting rail transportation is the deterioration of rolling stock, in particular,
locomotives. The inventory park of locomotives exceeds the number of locomotives required for
transportation, but the technical characteristics of outdated locomotives are worse than those of modern
locomotives [3]. This leads to higher costs for fuel and energy resources, maintenance and repair. At the
same time, there is an increase in the cost of work required to ensure the proper technical condition of
locomotives [3]. The solution to the problem lies in the renewal of traction rolling stock both by
modernizing existing locomotives and purchasing new ones.
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Analysis of recent research and problem statement. The use of shunting diesel locomotives for
traction and transfer operations is a well-established practice on railways. At JSC "Ukrzaliznytsia",
diesel locomotives of the CME3 series are used for these types of work [4]. Although the wear and tear
of the park of these diesel locomotives is 100%, for some locomotives it is possible to extend the service
life of the bearing structures by 10-15 years [5]. Therefore, such diesel locomotives are widely used for
deep modernization with the use of a modern diesel engine, AC-DC electric power transmission, electric
drive of fan motors and compressor, microprocessor control system, etc. In Ukraine, such modernization
was carried out at Poltava Locomotive Repair Plant LLC [6]. Similar projects have been implemented
at the Vilnius Locomotive Repair Depot and in the CIS countries. In general, deep modernization is
widely used to upgrade shunting locomotives of various types [7,8]. According to the results of the
operation of modernized diesel locomotives, fuel consumption reduces by 30...45% depending on the
type of operation [9].

At the same time, many researchers note that the use of a diesel engine close in power to the original
one is redundant. Numerous results of observations of the operating modes of diesel generator sets of
shunting locomotives show that the duration of their idling operation is at least 50% of the total operating
time [10, 11]. When performing shunting operations at the station, the power of the traction generator
varies in the range of 50...250 kW [10]. In traction operations, the rated power of a diesel engine is
required for acceleration and uphill driving, but the duration of these driving modes is insignificant [12].
At the same time, when using a lower power diesel engine, the train dynamics will be unsatisfactory.

Therefore, it is considered expedient to use a power plant on shunting diesel locomotives, the
structure and parameters of which most closely correspond to the operating modes of the locomotive. In
[13-15], the expediency of using hybrid power plants in the modernization of the CME3 diesel
locomotive was proposed and substantiated. A possible option is to use a power plant based on several
diesel engines [16]. Paper [13] summarizes the results of the author's research on the selection of
parameters of a hybrid shunting locomotive power plant when using a modern diesel engine and an
onboard energy storage device. In [14], the author presents the results of research using an energy
storage device on an original diesel locomotive, in particular, an assessment of the reduction of harmful
emissions. In both cases, the researches are carried out with the use of original collector traction motors.
Paper [15], which summarizes the author's work, investigates a traction system based on AC electric
machines. These works mainly investigate the modes of movement of a locomotive on a run. Papers
[10, 11] analyze the modes of operation of the CME3 diesel locomotive when performing shunting
operations at the station. Taking into account the fact that shunting diesel locomotives are used for both
types of operations - shunting and transferring - it seems advisable to conduct further research, the results
of which will allow creating an efficient locomotive.

Purpose and objectives of the study. The purpose of the study is to investigate and analyze the
parameters of shunting locomotive operation modes when performing traction tasks. The goal is
achieved by mathematical modeling to solve a series of traction problems and analyze their results.

Materials and methods of research. The study of shunting diesel locomotives operating modes is
usually carried out by processing data from onboard diagnostic systems, fuel metering BIS-R, etc. Such
systems record only a part of the data, which makes it difficult to comprehensively assess the parameters
of the locomotive's operating mode. The use of specialized measuring systems [11] solves this problem,
but requires additional equipment. It should be noted that this approach is used mainly to record the
parameters of operating modes during regular operation. An alternative approach is the use of
mathematical modeling, which allows conducting experiments that determine the impact of certain
factors on the performance of a locomotive [12]. Of course, mathematical models must provide an
acceptable level of convergence.

The modeling of train movement is carried out in accordance with the provisions of the theory of
traction using methodological materials for traction calculations [19,20].

The mathematical model of a train with a CME3 diesel locomotive is based on the model given in
[21].

The system of equations of motion has the form
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d

== -b)

ds ’ )
D _y

dt

where is & — coefficient that takes into account the units of measurement;

V - train speed;

t —time;

S — distance;

p — coefficient that takes into account the rotation of the crew unit;

f_ — specific tangential force of the locomotive in the mode of traction or electrodynamic braking;
w, — specific drag force of the locomotive;

w,, — specific drag force of the railcars;

b — specific braking force of the pneumatic brakes.

The specific tangential force of the locomotive in the mode of traction or electrodynamic braking
was determined by the equation

T s n ! (2)

where is F_— the tangential force of the locomotive in the mode of traction or electrodynamic braking;
M, — the mass of the locomotive;

s — the number of locomotive sections;
M,y; — the mass of the wagon;

n — the number of wagons.
The tangential force is defined as

F :{FDCP(\/)’ V Svmax _AV (3)
) _BDCP (V)’ \Y >Vmax ,

where is Fyp(V) — traction characteristics that correspond to the current position of the driver's
controller;

Bpep (V) — braking force dependence on speed.

The control modeling used the positions presented in [12]. The shunting diesel locomotive CME3
has 8 deterministic traction characteristics [22]. Operation on each of the characteristics is set by the

position of the driver's controller. The mathematical description of the driver's controller switching is as
follows

DCP+1, V <(V._.. —AV
DCP = (Vs ), ()
0, V> (Ve —AV)

max
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where is DCP - position number of the driver's controller.

The traction characteristics at each position of the driver's controller are taken from the technical
documentation for the locomotive.

In the electrodynamic braking modes, it is assumed that braking is performed with a tangential power
of 1000 kW at speeds that correspond to the mode of operation on a hyperbola of equal power. The limit
braking force is assumed to be 300 kN. This roughly corresponds to the braking properties of the CME3T
diesel locomotive and modernized diesel locomotives.

The specific drag of the locomotive and railcars was determined by the equation

W=W, + W +W, +W,, ()

where is w, — basic specific resistance to movement;
w; — additional specific resistance to movement due to slope;
w, — additional specific resistance to movement due to movement along a curve;

W, -additional specific resistance when starting additional specific resistance when starting.

The calculation expressions for determining the resistivity and recommendations for use are given in
[19,20]. The train is modeled as a system of solids connected by rigid links, so the additional resistivity
due to slope and curve movement is determined for each railcar or locomotive separately. A railcar or
locomotive is considered to be on a track profile element if its center of mass is on that element.

The tangential power was determined by the equation

P=RV. (6)

Mechanical work "on the wheel" in the traction mode is determined by the equation

t.

E; =X [Rit)dt, (7)

n
=1

where is t; — the duration of the i-th traction mode.
Mechanical work "on the wheel" in the electrodynamic braking mode is determined by the equation

E, = | P, (t)dt, (8)
i

>

Il
4N
o

where is t; — is the duration of the j-th mode of electrodynamic braking.

The train traffic was modeled on the sections Koziatyn-I-Popilnia, Koziatyn-1-Kalynivka, and
Koziatyn-1-Berdychiv. These sections are serviced by diesel locomotives CME3 of the locomotive depot
of Koziatyn. The profile of the section Koziatyn-1-Popilnia with a total length of 55.9 km is shown in
Fig. 1a, the profile of the section Koziatyn-I-Kalynivka (length - 39.4 km) - in Fig. 1b, the profile of the
section Koziatyn-I-Berdychiv (length - 26.6 km) - in Fig. 1c.

As can be seen from Fig. 1, the peculiarity of the sections is that Koziatyn-1 station is located higher
than the adjacent stations and, in general, traffic from Koziatyn-1 station will be carried out on slopes
with localized ascents.  The modeling was carried out with different number of railcars at different
permissible speeds - 40 and 60 km/h.

The relative duration of operation of the DGU under load was determined by the equation
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t = £100% )

a

where is t, — total duration of traction modes;
t, — total duration of movement.
The relative duration of idle operation of the DGU was determined by the equation

¢ =57 000 (10)

n
a
where is t,— total duration of electrodynamic braking modes;
t. — total driving time.

The results of calculations of traffic parameters on the Koziatyn-I-Popilnia section are shown in
Table 1. Figure 2 shows the dependence of the speed of a train with 10 railcars.
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Fig.1. Profile of the road sections: a - Koziatyn-1-Popilnia; b - Koziatyn-1-Kalynivka; c -

Koziatyn-1-Berdychiv

Table 1. Calculation results for traffic from Koziatyn-I to Popilnia

Permissible speed, km/h 40 60
Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 5394 | 5414 | 5354 | 3565 | 3591 | 3589
Duration of traction modes, s 969 1231 1415 | 1193 | 1248 | 1150
Duration of electrodynamic braking modes, s 1013 | 1488 1889 | 715 | 1221 | 1617
Duration of run-up modes, s 3413 | 2695 2050 | 1657 | 1122 | 822
(I;Oelatlve duration of operation in traction mode, 18.0 227 264 | 326 | 348 | 32,0
::f)(:;tlg//oe duration of operation without traction 82.0 773 736 | 674 | 652 | 68,0
Work "on the wheel" in the traction mode, kWh | 180,0 | 243,7 | 285,4 | 238,0 | 254,6 | 236,0
\l:VVSLk on the wheel" of electrodynamic braking, 318,0 | 4690 | 5977 | 2231 | 378.0 | 4958
300 -
£ 200 |
£ g
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2 0
a5 ) 300 40 5000
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Fig.2. Dependences of speed (blue line) and tangential force (green line) when moving along the

section from Koziatyn-I to Popilnya station with 10 freight railcars

Table 1 shows that the relative duration of the diesel generator operation under traction load is
18...35%, depending on the train weight and permissible speed. The rest of the time, the diesel generator
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operates with a load determined by the capacity of the locomotive's auxiliary systems. Fig. 3 shows the
distribution of the diesel locomotive operating time in the speed-pulling force coordinates.

50

30
20

F.kN -70 -140 C 10V,km/h

Fig.3. Distribution of diesel locomotive operating modes duration when moving with 10 freight
railcars and an allowable speed of 40 km/h on the Koziatyn-1-Popilnia section

As can be seen from Fig. 3, in the traction mode, the most frequent operating modes are performed
when driving at the permissible speed. The traction force reaches the highest level, which corresponds
to operation at the 8th position of the driver's controller. The longest is the movement in the run-up
mode at a speed close to the permissible speed. This is due to the profile of the section: in fact, the
movement is downhill with localized elevations. Electrodynamic braking is used to maintain the
permissible speed with the greatest braking force. The dependencies for other design cases are similar
to those shown in Fig. 3.

Table 2 shows the results of the calculations when driving from Popilna station to Koziatyn-I station.
Fig. 4 shows the dependence of speed and tangential force. Fig. 5 shows the distribution of the diesel
locomotive operation time.

Table 2. Calculation results for traffic from Popilna to Koziatyn-I

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 5552 | 5810 | 6058 | 3788 | 4008 | 4215
Duration of traction modes, s 2661 | 3143 | 3622 | 2579 | 2995 | 3319
Duration of electrodynamic braking modes, s 256 449 | 617 | 172 | 289 | 340
Duration of run-up modes, s 2635 | 2218 | 1819 | 1037 | 724 556

Relative duration of operation in traction mode,
%.

E)(;I;tlo\//oe. duration of operation without traction 521 | 459 | 402 | 319 | 253 | 21,3
Work "on the wheel" in the traction mode, kWh 5215 | 636,0 | 743,2 | 531,4 | 626,6 | 697,1

\livv%k on the wheel" of electrodynamic braking, 804 | 1412|1944 | 537 | 90,3 | 106,0

479 | 54,7 | 59,8 | 68,1 | 74,7 | 78,7

Table 2 shows that the duration of operation in the traction mode is 50...80%, depending on the train
weight and permissible speed. This is due to the fact that the movement from Popilna station to
Koziatyn-1 station is generally carried out on an ascent. This requires a longer operation of the
locomotive in the traction mode to ensure movement at the permissible speed. At the same time, Fig. 4
shows that there is a decrease in the speed below the permissible speed, which indicates a lack of
locomotive power.
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Fig.4. Dependences of speed (blue line) and tangential force (green line) when moving along the
section from Popilnya to Koziatyn-I with 10 freight railcars

Fig. 5 shows the distribution of the diesel locomotive operation time when moving with 10 freight
railcars at a permissible speed of 40 km/h along the Popilna-Koziatyn-1 section. As you can see, traction
is carried out at 8 positions of the driver's controller at speeds close to the permissible speed. The
dependencies for other design options are similar to this one.
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Fig.5. Distribution of diesel locomotive operating modes duration when moving with 10 freight

railcars at a permissible speed of 40 km/h on the Popilna-Koziatyn-1 section

As you can see from the above, the duration of diesel engine operation under traction load primarily
depends on the profile of the section. The operating modes are influenced by the train weight, speed,
and locomotive control strategy. For the case of movement from Koziatyn-I to Popilnia station, it can
be noted that the power of the CME3 diesel locomotive (1350 hp (990 kW) by diesel engine, tangential
power with a nominal diesel engine power of about 700 kW) allows to withstand the high-speed mode
of movement. However, the duration of the diesel engine's operation for the traction load is 18...35% of
the total travel time: the rest of the time, the diesel engine operates at a minimum speed and serves to
drive auxiliary systems. This leads to increased fuel consumption and irrational consumption of the
diesel engine's motor resource. At the same time, when moving with freight railcars from Popilnia to
Kozyatyn-1, the power of the CME3 diesel locomotive is not enough to maintain the permissible speed.

Tables 3 and 4 show the calculated data on traffic parameters for the Koziatyn-1-Kalynivka section,
and Tables 5 and 6 show the calculated data for the Koziatyn-I-Berdychiv section.
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Table 3. Calculation results for traffic from Koziatyn-I to Kalynivka

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 4055 | 4084 | 3869 | 2610 | 2788 | 2977
Duration of traction modes, s 742 | 947 | 1146 | 777 | 977 | 1154
Duration of electrodynamic braking modes, s 441 | 660 | 806 | 397 | 522 | 621
Duration of run-up modes, s 2872 | 2477 | 1917 | 1436 | 1289 | 1202

Relative duration of operation in traction mode, %. | 18,3 | 23,2 | 29,6 | 29,8 | 350 | 38,8
:R;z;l;tio\//f duration of operation without traction 817 | 768 | 707 | 702 | 650 | 61,2
Work "on the wheel" in the traction mode, KWh 134,9 | 183,7 | 228,9 | 152,0 | 197,6 | 235,0
Work "on the wheel" of electrodynamic braking, 1386 | 208.2 | 254.4 | 1233 | 162.4 | 192.9

kWh

Table 4. Calculation results for traffic from Kalynivka to Koziatyn-I
Permissible speed, km/h 40 60
Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 4058 4059 4039 2685 | 2928 | 3204
Duration of traction modes, s 1117 1431 1735 868 1302 | 1748
Duration of electrodynamic braking 244 362 164 289 298 | 310
modes, S
Duration of run-up modes, s 2697 2266 1840 1528 | 1328 | 1146
Rela_tlve duration of operation in 275 353 430 323 445 | 545
traction mode, %.
Relative duration of operation without 725 64.7 57.0 67.7 555 | 455

traction load, %.

Work "on the wheel" in the traction
mode, kWh

Work "on the wheel" of
electrodynamic braking, kWh

203,7 276,8 345,0 169,0 | 261,7 | 358,0

76,7 113,9 146,1 90,2 93,0 | 96,6

Table 5. Calculation results for traffic from Koziatyn-I to Berdychiv

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 3998 | 4056 | 3988 | 2564 | 2627 | 2681
Duration of traction modes, s 570 672 748 642 703 728
Duration of electrodynamic braking modes, s 458 666 | 855 | 418 | 589 | 728
Duration of run-up modes, s 2970 | 2718 | 2385 | 1504 | 1335 | 1225
Relative duration of operation in traction mode, 14,3 16,6 | 18,8 | 250 | 26,8 | 27,2
%.

Relative duration of operation without traction 85,7 834 | 81,2 | 750 | 73,2 | 72,8
load, %.

Work "on the wheel" in the traction mode, kWh 89,5 | 112,4 | 130,4 | 107,0 | 125,5 | 133,9
Work "on the wheel" of electrodynamic braking, 1440 | 210,0 | 270,9 | 130,3 | 183,0 | 224,7
kWh

Tables 3-5 show that when moving from Koziatyn-I station (i.e., on an incline), the relative duration
of diesel operation per traction load is 14...39%. In the opposite direction, the relative duration of diesel
operation for traction load is 28...90%. The duration significantly depends on the track profile. The
distribution of operation time in the coordinates "speed-tangential traction force" is similar to Figures 3
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and 5: the most frequent is operation at the ultimate traction characteristic and at the permissible speed
(Figure 6).

Table 6. Calculation results for traffic from Berdychiv to Koziatyn-I

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20
Total duration of movement, s 3923 4089 4301 3162 | 3200 | 3192
Duration of traction modes, s 1883 2432 2963 2868 | 2829 | 2780
Duration of electrodynamic braking 137 172 189 9 33 50
modes, S

Duration of run-up modes, s 1903 1485 1149 285 338 362
Relative duration of operation in 48,0 59,5 68,9 90,7 88,4 | 87,1
traction mode, %.

Relative duration of operation without | 52,0 40,4 31,1 90,3 116 | 12,9
traction load, %.

Work "on the wheel" in the traction 352,1 479,3 601,1 602,1 | 590,7 | 577,8
mode, KWh

Work "on the wheel" of 43,1 54,3 59,9 2,8 10,3 15,6
electrodynamic braking, KWh

It is worth noting that for the studied cases, when moving in the direction of the Koziatyn-I station
(uphill), the power of the CME3 diesel locomotive is not enough to move at the permissible speed.
However, the use of a more powerful diesel engine on a locomotive will result in its inefficient use when
operating on flat areas. Thus, on the one hand, it seems necessary to use a more powerful diesel engine.
However, due to the presence of sufficiently long idling modes, inefficient use of the diesel engine,
consumption of motor resources, and increased fuel consumption will be observed. If a less powerful
diesel engine is used, it may not be possible to drive at an acceptable speed. Therefore, it seems advisable
to use a power plant whose parameters can be adapted to the current operating conditions. This is
possible through the use of a hybrid power plant and a power plant made up of discrete modules. In the
first case, the power plant consists of a diesel generator and an energy storage device [23,24]. The most
common variant of the second approach is the use of two and three diesel generators, which can be
supplemented by an energy storage device [25,26]. It is possible to use gas engines, hydrogen piston
engines, fuel cells, etc. [27-29].

Let's estimate the fuel consumption when performing traction work in the studied areas. Let us
consider three variants of the locomotive: a) a serial diesel locomotive; b) a diesel locomotive with a
single modern diesel engine; ¢) a battery locomotive, which is powered only by an onboard energy
storage device (we assume that the capacity of the energy storage device is sufficient to move on the
track section). Energy flows in traction systems of locomotives for these options are shown in Fig. 7.
We assume that all three locomotives have identical traction characteristics.

The analysis of the tangential power dependencies shows that in traction modes, the locomotive
operates with the rated power of the diesel engine. This allows us to calculate the fuel consumption for
diesel locomotives equipped with a diesel engine only as follows

t, t, +t,
G=0g —— 11
93600 " 9" 3600 (11)

where is g, — the hourly fuel consumption when operating at rated power.
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Fig.6. Distribution of diesel locomotive operating time
a - when moving with 15 freight railcars at a permissible speed of 40 km/h on the section Koziatyn-I-
Kalynivka; b - when moving with 15 freight railcars at a permissible speed of 40 km/h on the section
Kalynivka-Koziatyn-I; ¢ - when moving with 20 freight railcars at a permissible speed of 60 km/h on
the section Koziatyn-I-Berdychiv; d - when moving with 20 freight railcars at a permissible speed of
60 km/h on the section Berdychiv-Koziatyn-I

Fig.7. Distribution of diesel locomotive operating time:

a — energy transmission in the traction system of diesel locomotive with a modern diesel engine; b —
energy transfer when charging the accumulator locomotive's energy storage; ¢ — energy transfer when
powering the traction system of a hybrid locomotive (D — diesel; G —synchronous generator; S —
semiconductor converters,; TD — traction electric drive; ES — energy storage; W, W', W" — energy flows)
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We take it equal to 220 kg/h for the diesel engine of the CME3 diesel locomotive and 180 kg for a
modern 900 kW diesel engine [30]; g, — hourly fuel consumption when operating at idle. We assume 11

kg/h for the diesel engine of the CME3 diesel locomotive and 7 kg for a modern diesel engine.

For a battery locomotive, it is traditional to use a diesel generator of relatively low power, which is
mainly used to charge the energy storage device. The fuel consumption of a diesel generator set of a
hybrid locomotive for charging the energy storage device before moving is determined by the equation

o - g AL (12)
oM

where is §— specific fuel consumption by a diesel engine, assumed to be 0.2 kg/kWh;
A, —wheel work, determined as a result of solving the traction problem;
S — coefficient that takes into account the power of the locomotive auxiliary systems (averaged).
We take 0.2. 7, 7, 77— are the efficiencies (averaged) of the traction electric drive, the charge-

discharge cycle of the energy storage device, and the traction generator with rectifier, respectively. We
assume the efficiency of the traction electric drive to be 0.92, the charge-discharge efficiency of the
energy storage device to be 0.95, and the efficiency of the generator and rectifier to be 0.94.

The calculation results are shown in Tables 7-12.

Table 7. Estimation of fuel consumption when driving from Koziatyn-I to Popilnia

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20

Fuel consumption by diesel locomotive CME3, kg | 72,7 88,0 98,5 | 80,1 | 834 | 77,7

Fuel consumption _by diesel locomotive with 57.0 696 | 784 | 642 | 66,9 | 622

modern diesel engine, kg

Fuel consumption by a hybrid locomotive, kg 52,5 71,1 | 83,3 | 69,5 |74,3| 68,9

Table 8. Estimation of fuel consumption when driving from Popilna to Koziatyn-I

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20

Fuel consumption by diesel locomotive CMES3, kg 171,4 200,2 (228,78| 161,2 |186,1| 205,5

Fuel consumption _by diesel locomotive with 1386 | 1623 | 185.8 | 1313 151716762

modern diesel engine, kg

Fuel consumption by a hybrid locomotive, kg 152,3 185,7 | 217,1 | 155,2 |183,0| 203,6
Table 9. Estimation of fuel consumption when driving from Koziatyn-1 to Kalynivka

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20

Fuel consumption by diesel locomotive CME3, kg 55,4 67,4 78,3 | 53,0 | 65,2| 76,0

Fuel consumption _by diesel locomotive with 435 534 | 625 | 424 523 61,2

modern diesel engine, kg

Fuel consumption by a hybrid locomotive, kg 39,4 53,6 66,8 | 44,4 |57,7| 68,6
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Table 10. Estimation of fuel consumption when driving from Kalynivka to Koziatyn-I
Permissible speed, km/h 40 60
Number of railcars, pcs. V 10 15 20 10 15 20
Fuel consumption by diesel locomotive CME3, kg 772 | 954 | 1130 | 58,5 |84,5| 1112
Fuel consumption by diesel locomotive with
modern diesel engine, kg 615 | 766 | 912 | 469 1682 90,2

Fuel consumption by a hybrid locomotive, kg 595 | 80,8 | 100,7 | 49,3 | 76,4|1045
Table 11. Estimation of fuel consumption when driving from Koziatyn-I to Berdychiv

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20

Fuel consumption by diesel locomotive CME3, kg 453 | 514 55,6 | 451 |148,8] 504

Fuel consumption by diesel locomotive with 351 | 40,1 | 43,7 | 358 |38,8| 40,1

modern diesel engine, kg

Fuel consumption by a hybrid locomotive, kg 26,1 | 328 | 380 | 312|366 391
Table 12. Estimation of fuel consumption when driving from Berdychiv to Koziatyn-I

Permissible speed, km/h 40 60

Number of railcars, pcs. 10 15 20 10 15 20

Fuel consumption by diesel locomotive CME3, kg | 121,3 | 153,6 | 185,1 | 176,1 [174,0 171,1

Fuel consumption by diesel locomotive with 98,1 |124,8| 150,7 | 143,9 |142,1| 139,8

modern diesel engine, kg

Fuel consumption by a hybrid locomotive, kg 102,8 | 140,0 | 1755 | 175,8 |172,5| 168,7

The analysis of the data in Tables 7 and 12 shows that the use of a modern diesel engine reduces fuel
consumption. This is a consequence of its higher fuel efficiency. For the studied operating modes, the
reduction in fuel consumption is 18...22%. It is worth noting that a significant portion of fuel is
consumed during traction modes.

In many cases, the theoretical fuel consumption of a diesel generator for charging the energy storage
device of a hybrid locomotive generally exceeds the fuel consumption of a diesel locomotive with a
modern diesel engine. This is primarily due to the fact that in the case of a hybrid locomotive, it is
necessary to charge the energy storage device and discharge it, which is accompanied by energy losses
both in the storage device and in the matching converters. Accordingly, additional fuel consumption
occurs. When the traction electric drive is directly powered, these additional losses are absent. Paper
[31] formulates a condition for the feasibility of using an energy storage device in traction power
transmission: the energy efficiency (or efficiency of the storage device) must be high enough to reduce
diesel fuel consumption. At the same time, the presence of an energy storage device allows energy to be
accumulated during electrodynamic braking, which means that less fuel will be consumed when the
energy storage device is next charged. A significant advantage of the energy storage device is the ability
to charge it from a source with a low cost of electricity, which reduces the cost of operation "on the
wheel". It is worth noting that in the investigated cases, the "on-wheel™" operation reaches 700 kWh,
which will require an energy storage system with a working capacity of about 1000 kWh, taking into
account auxiliary systems. The placement of such a storage device on a locomotive requires additional
study. For the effective use of an energy storage device on a shunting locomotive in traction operations,
it is necessary to conduct research on strategies for controlling the hybrid power plant and train modes
[32-34].

Thus, preliminary calculations show the feasibility of upgrading shunting diesel locomotives used in
traction operations. The choice of the upgrade option, in particular, the power plant, should take into
account the operating modes of the locomotive (shunting operations at the station, operation on the
sorting hill, traction operation, etc.).
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Conclusions. The article considers the operation of a shunting diesel locomotive used for traction
operations between a marshalling yard and adjacent stations. A mathematical model was developed to
solve the traction problems of train movement on the sections Koziatyn-1-Popilnia, Koziaty-I-
Kalynivka, Koziatyn-I-Berdychiv and in the opposite direction. Based on the results of the calculations,
the fuel consumption was estimated and it was shown that the use of modern diesel on shunting diesel
locomotives used for traction operations leads to a decrease in diesel fuel consumption by 18...22%
compared to a production diesel locomotive. A preliminary assessment of fuel consumption when using
a battery locomotive with an onboard energy storage device, for charging which a low-power diesel
generator is used before moving, shows both lower and higher fuel consumption compared to a diesel
locomotive equipped with a modern diesel engine. Further research is needed to select the structure of
the power plant for a shunting diesel locomotive used in traction operations.
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Posenanymi pesxcumu pobomu manesposux mennososzie YME3 npu euxonanms eusiznoi pobomu Ha
OiAHKAX 00CTIY208Y8AHNA JOKOMOMUBHO20 Oeno Kozamun. Po3pobreno mamemamuyny mooens pyxy
noizdy 3 mennosozom YME3, 3a donomoeoro sxoi eupiuena cepis msaeosux 3adad. Bemanoenerno, wo
Ha pecumu pooomu OU3enbHO20 08ULYHA HANOIILUWULL 6NAUE MAE NPOGITL OLNAHKY WIAXy. Busnaueno,
wo npu pyci 6i0 cmanyii Kozamun eionocha mpusanicmo pescumy mseu ckraoae 14...39% 6io
3aeanvroeo uacy pyxy. llpu pyci y nanpsawy cmanyii Kosamun @ionocha mpusanicms pexcumy msazu
cknaoae 28...90%. V pexcumi msaeu ousenvbHuli 08U2YH Npayioc 3 HOMIHALHOIO NomyxcHicmio. /s
00Cni0HCYBAHUX OINAHOK PYXY NPOBEOEHO OYIHKY CHONCUBAHHS OU3ENbHO20 NAAUBA OAsl CepiliHuM
Mensi08030M, MENI08030M i3 CYYACHUM OU3ETbHUM OBUSYHOM MA AKYMYIAMOPHUM JOKOMOMUBOM, AKUU
3aps0AHcacmvcss 8i0 OOpMoBoi Ouszelb-eeHepamopHoi ycmanoskuy. Busnaueno, npu meniogos i3
CYHUACHUM OU3ENbHUM 08USYHOM cnodcusac Ha 18...22% menwe nanusa, Hidxc cepitinull meniogos. Y
BUNAOKY AKYMYIAMOPHO20 JTOKOMOMUBY CHONCUBAHHS NAIUBA MOJHCE OVMU AK MEHWUM, AK | OLIbWUM y
NOPIBHAHI 3 MEN08030M i3 CYYACHUM OU3eNbHUM 08Uu2yHoM. Ilpu yvomy axymyniosawHs euepeii y
O0pMOBUIL HAKONUYYBAY eHepeii npu eneKMmpPOOUHAMIYHOMY 2ANbMYB8AHHI T iT BUKOPUCMAHHSA ) T208UX
PeXCUMax CNPUsE 3MEHUEHHIO CHONCUBAHHSA NATIUBA.

Knwuoei cnosa. manesposuil J10KOMOMUS, MOOEPHI3AYIs, eHepeemuuHa eQeKmueHicm,
HaxKonuuysay enepeii, mazosa 3a0aud
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The theoretical basis of the choice of new locomotives for Ukraine in the post-war
period

In the case of the research of promising locomotives, we are dealing with a complex event —
"choosing a locomotive for implementation”. To effectively solve this problem, it is suggested to
decompose this event. Therefore, the purpose of this work is to develop a methodology for modeling the
evaluation process according to objective criteria of various options of new traction rolling stock. The
Saaty method has been developed by transforming the hierarchy into an artificial neural network. The
training of this network occurs automatically when analyzing the matrices of pairwise comparisons, and
at the output we have a generalized criterion — the rating of the locomotive R, the value of which varies
from O (the worst indicator) to 1. This allowed, unlike the existing approach, not to compare locomotives
by compiling a matrix of comparisons at the last stage. Instead, a matrix of comparisons of the most
important criteria by which traction rolling stock is evaluated has been compiled. The developed method
has the ability to support various strategies for the operation of the locomotive park. This is implemented
at the stage of drawing up the second-level criteria comparison matrix. Depending on the tasks facing
the railways, it is also possible to adjust the degree of preference of one criterion over another. This
provides even greater flexibility in using the proposed method.

Keywords: rolling stock, diesel locomotive, transport system, the Saaty method, artificial neural
network.

Introduction. Updating the locomotive park of Ukraine is a priority task in the post-war
development of the state. Over the past decades, the structure of the fleet of freight and passenger
locomotives has practically not changed. The most significant implementation was the acquisition of
new TE33AS diesel locomotives manufactured by General Electric. But this implementation has not yet
received further development and these diesel locomotives make up a small part of the operational fleet
of railways. In addition, some difficulties arose during the commissioning of these locomotives, which
could have been avoided with a more detailed analysis of their characteristics and operating conditions.
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Analysis of recent research and problem statement. Currently, the theoretical provisions
describing the choice between existing alternatives and management decision-making are sufficiently
developed. They are based on the pattern recognition theory presented in works [1-4]. Direct use of
approaches given in similar sources is not always possible. It is necessary to carry out sufficiently
extensive preparation of initial data, adaptation of physical quantities and characteristics of the rolling
stock to the conditions of theoretical calculations. The use of neural networks is also a promising method
for solving selection tasks [5,6]. This allows to conduct network training in an automated mode and
obtain reliable selection results. But this method is limited by the need to have a training sample. In our
case, it is necessary to have all the parameters of an "ideal locomotive™ for training a neural network
according to classical algorithms [7]. This is usually impossible, as the choice is made from a limited
number of competing models. In addition, within one series of the locomotive, the characteristics may
deviate significantly within the established norms [8]. And if it is possible to conditionally set the "ideal"”
values of individual parameters, then it is difficult to create a complex of such values under the condition
of their most optimal ratio, which can reduce the adequacy of the final result of the neural network.

Considering the above, the most promising is the use of the method of analysis of hierarchies [9] to
solve the task of choosing new locomotives. The Saaty method allows to evaluate several competing
series of locomotives based on a combination of their technical characteristics, operating conditions and
expert opinion.

The purpose and tasks of the study. Currently, there is no complete theoretical justification for the
selection of new locomotives among several competing series, which would take into account a wide
range of criteria and operational factors inherent in the operating conditions of Ukrainian railways.

In the process of planning the introduction of new equipment, railway transport specialists determine
a list of promising objects planned for implementation and evaluate the advantages and disadvantages
of each of them according to various criteria [10-12]. In the case of the research of promising
locomotives, we are dealing with a complex event — "choosing a locomotive for implementation”. To
effectively solve this problem, it is suggested to decompose this event. Although the decompositions
carried out by different people may differ from each other [13], experience shows that experts get close
estimates at the operational level when describing and defining this or that option for implementing new
technology on railways. Therefore, it is necessary to obtain a formalized model to describe this complex
procedure, which would allow taking into account a wide range of factors influencing the final choice
of a locomotive and obtain quantitative indicators of this choice. Therefore, the purpose of this study is
to develop a methodology for modeling the evaluation process according to objective criteria of various
options of new traction rolling stock.

Materials and methods of research. Building a hierarchy of locomotive selection.

Let's introduce some notation. Under the terms of the locomotive selection task, let’s obtain a set of
locomotives

Le(,l,,...1) (1)

where e L — set of all locomotives intended for selection;
I, — a separate locomotive series from the set L.
When comparing locomotives, let’s use the plural

C (c,.c,,Cs, -, c,) (2

where C — the set of all significant criteria for choosing a locomotive;
cn — a separate criterion from the set C by which locomotives are compared.

If the set L is known and defined, then the set C needs clarification and structuring. This is due to the
fact that there is a very wide range of characteristics of locomotives. Different experts determine the
number of significant elements of the set C from 10 to 60, depending on the approaches and selection
tasks. In connection with such a large number of evaluation criteria, this work proposes to create a
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hierarchy of criteria for the selection of locomotives, which will ensure the structuredness, logic and
visibility of the representation of the set C.

According to the Regulation on the State Administration of Railway Transport of Ukraine [14], the
main tasks of Ukrzaliznytsia are:

1) organization of the coordinated work of railways and enterprises in order to meet the needs of
public production and the population in transportation;

2) ensuring effective operation of railway rolling stock, its repair and renewal,

3) development of railway transport development concepts;

4) taking measures to ensure the safety of railway transport, its infrastructure and the reliability of its
work.

In addition, there are three main regulatory documents that affect the strategy of using traction rolling
stock: the rules of technical operation of railways of Ukraine, the manual for the operation of a separate
series of rolling stock, and the financial plan of Ukrzaliznytsia. Therefore, it is considered appropriate
to combine all criteria for the selection of locomotives according to the following three groups:
""economic criterion", "operational criterion" and "safety criterion".

As a result of the analysis, a list of all significant criteria that influence the decision to choose a new
locomotive was obtained. The resulting set C consists of both individual elements (criteria) and subsets
(formula 3)

Ce (C11Cz-C3'C4()1C50rCs:C71C81C91C1001C111012) (3)

where ¢, —"price of the locomotive" criterion;
¢, —"relative consumption of fuel and lubricants” criterion;
cs —"life cycle of the locomotive" criterion;
c4() — a subset of criteria "costs for service maintenance and repair";
cs() — a subset of "reliability" criteria;
cs — "coefficient of useful action of the locomotive" criterion
c¢7 — "coefficient of useful use of power of the internal combustion engine™ criterion;
cs — ""design speed" criterion;
Co — "power of the locomotive" criterion;
cio() — a subset of criteria "permissible influence on the track of a typical design" [15];
c11 — "modernity (year of commissioning of the series)" criterion;
c12 — "working conditions of the locomotive brigade" criterion.
Subsets of criteria include the following criteria for evaluating locomotives.

C, Oe (0411 Cyz» C43) (4)
where c41— "depot conversion costs" criterion;
C42 —"'maintenance costs" criterion;
Cs3 —"'expenses for current repairs" criterion.
Cs Oe (C51v Cs21Cs31Cs4 s C55) (5)

where ¢s1 — "quality of the on-board diagnostic system™ criterion;
cs2 —'longevity of the locomotive" criterion;

Cs3 — "'repairability of the locomotive" criterion;

Cs4 — "locomotive reliability" criterion;

Css — "'locomotive maintainability" criterion.

Cio Oe (C101- C1021 Cio3s C104) (6)
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where c101 — "axle load" criterion;

Cio2 — "lateral force" criterion;

C103 —'dynamic running load on the track from the cart" criterion;

C104— "the ratio of the maximum horizontal load to the average vertical load from the rail to the sleeper”
criterion.

The resulting hierarchy of locomotive selection criteria is presented in Fig. 1.

In this way, a general four-level hierarchy was obtained, at the top of which there is the goal — to
choose for purchase the most suitable locomotive for the existing conditions. For the practical use of the
Saaty method, it is necessary to obtain an algorithm that will ensure the achievement of the goal when
entering the initial data. The initial data are the values of all the criteria of the fourth (lower) level and
the values of the criteria belonging to the set C, with the exception of the subsets c4(), ¢s() and Cio().
These subsets represent the results of processing the fourth level criteria.

Selection of diesel
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C* - the ratio of the maximum horizontal load to the average vertical load from
the rail to the sleeper, no more

Fig. 1. Structure of the hierarchy of significant criteria for choosing a new locomotive.

At each level of the hierarchy, elements of this level are compared with each other [16]. Moreover,
the comparison is performed several times: as many elements as are contained at the highest level. Each
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comparison is made "from the position" of one of the elements of the higher level, which acts as a
criterion by which the elements of the current level are compared pairwise.

All groups of criteria, actually criteria and options are compared with each other according to the
classic scale 1..9 according to the scheme "each with each”, the results of the comparison are presented
in the form of a matrix of paired comparisons. A vector of weighting coefficients is formed for each
matrix of pairwise comparisons. For greater scientificity of the method, Saaty recommends calculating
the weighting coefficients as an eigenvector of the matrix of pairwise comparisons, which corresponds
to the largest eigenvalue of this matrix. There is no problem of calculating this eigenvector, but there is
no particular need for its calculation either: if to normalize the elements of the columns of the matrix of
pairwise comparisons by their sums, and then average the results obtained in each row, the result will
be very close to the Saaty eigenvector.

The construction of the matrix of pairwise comparisons is as follows. Let’s set a qualitative pairwise
comparison scale with the following conversion into points:

exactly, don't care = 1

slightly superior (worse) = 3 (1/3)

better (worse) =5 (1/5)

much more preferable (worse) =7 (1/7)

fundamentally preferable (worse) = 9 (1/9)

They are used in the case of an intermediate opinion

intermediate points 2, 4, 6, 8.

Next, using the given scale, let’s build a matrix of pairwise comparisons of the criteria of the second
level of the hierarchy. The purpose of this is to establish which criterion has the greatest influence when
choosing a locomotive. According to the survey of 26 experts (specialists in the fields of operation and
repair of locomotives, managers of locomotive depots, representatives of railway management), the
following matrix was obtained (Table 1).

Using the scale and terms given above, it is possible to say that the economic criterion is "slightly
more important” (3 on the scale) than the operational one.

Table 1. Matrix of pairwise comparisons of criteria of the second level

Criterion name Economic criterion | Operational criterion Safety criterion
Economic criterion 1 3 1/5
Operational criterion 1/3 1 1/2
Safety criterion 5 2 1

Let's analyze the matrix in Table 1. To do this, let’s normalize the matrix: find the sum of the elements
of each column (7) and divide all the elements of the matrix by the sum of the elements of the
corresponding column (8):

Sj:a1j+a2j+a3j (7
A =2t ©)
'S

As aresult, let’s get a matrix of weighted average ratios between the criteria. By adding the
average values of each row to the tabular representation of this matrix, let’s get the weight column of
the criteria according to the goal (Table 2.)

Table 2. Normalized mean values of ratios between criteria
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Criterion name Economic Criterion
criterion Operational criterion Safety criterion | weight
Economic criterion 0,1579 0,5000 0,1176 0,2585
Operational criterion 0,0526 0,1667 0,2941 0,1711
Safety criterion 0,7895 0,3333 0,5882 0,5703

In practice, the "Weight of criteria”" column allows to evaluate individual criteria according to their
importance and rank them. In our case, priority is given to the safety criterion when choosing
locomotives. It should be noted that in this way, the weight of the criteria based on the opinion of the
expert community is obtained. But an approach is also possible, when the railway management, when
making a decision to update the locomotive park, is guided by a given development strategy. This
strategy could theoretically involve prioritizing cost minimization or minimizing the time to process and
deliver cargo. Then, according to the goals, the decision-maker can manually assign weights to
individual criteria. Also, in the future, when carrying out specific calculations, it is possible to obtain
the relative cost of increasing the weight of safety or operational priorities, or evaluate the impact of an
operational criterion on the safety of transportation, etc.

The next step is the analysis of the third level criteria (Fig. 1). For example, let’s give this process
for establishing the relative weight of sub-criteria related to the "Economic criterion”. the matrix of
comparisons in this case will be presented in the form of a Table 3.

Table 3. Matrix of paired comparisons of the third-level criteria in relation to the ""Economic

criterion™

Subcriterion name 1 2 3 4 5 6
1 | Price 1 3 6 1/5 3 5
2 | Relative costs of fuels 1/3 1 7 2 1/3 3
3 | Term of operation 1/6 1/7 1 1/6 1/3 4
4 Service and repair costs 5 1/2 6 1 6 8
5 | Reliability 1/3 3 3 1/6 1 3
6 | Efficiency coefficient (Efficiency) 1/5 1/3 1/4 1/8 1/3 1

Let’s determine the average values of the relationships between the economic subcriteria and obtain
their weights (Table 4)

Table 4. Normalized average values of relations between economic subcriteria

Subcriterion name I

1 5 3 4 5 6 Crlt(_erlon

weight
1 | Price 0,14 | 0,38 | 0,26 | 0,05 | 0,27 | 0,21 0,22
2 | Relative costs of fuels 0,05 | 0,43 | 0,30 | 0,55 | 0,03 | 0,13 0,20
3 | Term of operation 0,02 | 0,02 | 0,04 | 0,05 | 0,03 | 0,17 0,05
4 | Service and repair costs 0,71 | 0,06 | 0,26 | 0,27 | 0,55 | 0,33 0,36
5 | Reliability 0,05 | 0,38 | 0,13 | 0,05 | 0,09 | 0,13 0,14
6 | Efficiency coefficient 0,03 | 004 | 001 | 0,03 | 0,03 | 0,04 0,03

(Efficiency)
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Using the example in Tables 2 and 3, tables of normalized average values of relations between other
sub-criteria of the third level, as well as between sub-criteria of the fourth level (Fig. 1) are prepared.

The next stage is the preparation of the initial data for the calculation of the selection of the
locomotive. Based on the physical meaning of the criteria of the third and fourth level, they all have
different dimensions and values. For the possibility of their processing, it is proposed to normalize the
initial data, that is, to present them in the form of numbers in the interval 0 > w¢i> 1, and the minimum
values are the least acceptable, and the maximum values are, respectively, the most acceptable for the
selection of the locomotive. Let’s also note that it is not desirable to obtain a normalized value of the
criterion equal to 0O, since this automatically excludes the criterion in the calculation of the higher-level
criterion in further calculations. This can lead to a distortion of the final result.

When carrying out normalization, it is necessary to take into account the logic of each indicator in
the general structure of the hierarchy. There are values whose increase has a positive effect on the choice
of a locomotive (efficiency coefficient, service life, power utilization factor, etc.), and there are values
whose increase has a negative effect on the choice (the price of the locomotive, the cost of its
maintenance, fuel consumption). Based on this, the formula for normalization of input values will have
the following form:

Cipresent

Yo =—, If ¢, > max

Ci max
)
C C
Xei =1=

ipresent — “imin

, iIf ¢, > min
c

imax

where yci — the normalized value of the criterion;
¢, —> max ( ¢, — min ) —an increase (decrease) in the value of the criterion increases the probability

of choosing a locomotive;
cimax —the maximum value of the criterion value from all locomotives selected for inspection;
cimin — the minimum value of the criterion value from all locomotives selected for inspection;
cipresent — the current value of the criterion value of the locomotive being checked at the moment.
Using formula (9) will approximate the normalized value of the criterion to 1 for all types of criteria,
provided that this value contributes to the final selection of the current locomotive being calculated.
From the lower level of the hierarchy to the upper level, information is transferred according to the
following expression:

k
Xi = ZWC(Z—l)i Xz (10)
i1

where - the normalized value of the i-th criterion of the z-th level of the hierarchy
k — the number of criteria at the hierarchy level (z-1).
wC(z-1)I — the weight of criterion si, calculated based on the results of the analysis of the matrix of
pairwise comparisons of the criteria of the (z-1)-th level of the hierarchy.
An artificial neural network can be built based on the hierarchy shown in Figure 1 [17] (Figure 2).
A set of analytical expressions describing the one shown in Fig. 2 neural network, offered in the
following form:
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C oC R—

C,) SC

Fig. 2. Artificial neural network for locomotive selection
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where ¢ — the parameters of the locomotive (input data of the neural network) contained in the set (3);
w — the weight of the relevant criteria, which was obtained during the analysis of the comparison
matrices;

¥ - normalized values entering the input of the neural network from the set (3);

EC, OS, SC — values of economic, operational and safety criteria, respectively;
R — the value of the final rating of the locomotive from the set (1).

The presented neural network for locomotive selection has three layers: input neurons (marked by
circles), an inner layer (marked by squares) and an output layer consisting of one neuron R. The
activation function of the neural network is a simple linear function f(x)=x. In our case, the neural
network is already trained, using the method of hierarchy analysis we obtained the criteria weights,
which for the neural network are the synapse weights. The output neuron R at the output gives the value
[0;1], which characterizes a specific locomotive, represents its rating in comparison with other
locomotives. The maximum value of the rating makes it possible to choose the most suitable locomotive
from all presented for comparison.

Conclusions. When planning the introduction of new series of locomotives, railway management
faces a complex multi-criteria task. Obtaining a mathematical apparatus that will allow to objectively
evaluate each locomotive and predict the consequences of its operation will significantly speed up and
formalize this process. The method of analyzing hierarchies has already proven itself sufficiently and in
this case gives quite adequate results. This article develops the Saaty method by transforming the
hierarchy into an artificial neural network. The training of this network occurs automatically when
analyzing the matrices of pairwise comparisons, and at the output we have a generalized criterion - the
rating of the locomotive R, the value of which varies from 0 (the worst indicator) to 1. This allowed,
unlike the existing approach, not to compare locomotives by compiling a matrix of comparisons at the
last stage. Instead, a matrix of comparisons of the most important criteria by which traction rolling stock
is evaluated has been compiled. In this case, it is possible to enter input data for any locomotive and get
its general rating for the conditions embedded in the neural network. To retrain the network for other
conditions of operation of promising locomotives, it is only necessary to change the priorities of the
criteria in the matrices of their comparisons (for example, in the matrices of Table 1 and Table 3)

In addition, the developed method has the ability to support various strategies for the operation of
the locomotive fleet. This is implemented at the stage of drawing up the second-level criteria comparison
matrix. If the strategy of railway development is the preference of operational indicators over economic
ones, then this can be easily implemented by adjusting pairwise comparisons within the given scale, i.e.
giving greater preference to the "Operational Criterion". Depending on the tasks facing the railways, it
is also possible to adjust the degree of preference of one criterion over another. This provides even
greater flexibility in using the proposed method.
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Heuponny mepeacy. Hasuanms yiei mepeoici 8i00ysacmvpcs asmomMamuyHo HpU AHARIZT MAmMpuyb
NONAPHUX NOPIGHANb, d HA BUXOOT MAEMO Y3A2AbHEHUL Kpumepiii — peumune 10KomMomusa R, snavenns
K020 3mintoembes 6i0 0 (Hatieipwuti nokasnux) 0o 1. Lle 003601un0, Ha 6iOMIHY 610 iCHYI04020 HIOX00Y,
He NOpiHI8AmMU JOKOMOMUBY WISXOM CKIAOAHHS Mampuyi NOPIGHSAHb HA OCMAHHLOMY emAani.
Hamomicmv cknadeno mampuyio nopieHAHb HAUGANCAUGIUUX KPUMEPILs, 34 SAKUMU OYIHIOEMbCS
ms2oeutl pyxomuil cxkiad. Po3pobnenuti memoo mMae MONCIUSICMb RIOMPUMYEaAmU PI3HI cmpamezii
@DYHKYIOHYBAHHA TOKOMOMUBHO20 NAPKY. Lle peanizyemvbcs Ha emani CKIA0AHHS MaMpuyi NOPi 6HAHHS
Kpumepiie 0pyeoeo pieHs. 3anexcHo 6i0 3a60aHb, KL CMOSMb neped 3aNi3HUYEI0, MAKONC MONCHA
pezyniogamu Cmyninb nepegazu 00H020 Kpumepito Hao iHwum. Lle 3abe3neuye we Oinvuty eHyuKicmo
BUKOPUCTHAHHS 3ANPONOHOBAHO20 MEMOOY.

Knrouosi cnosa: pyxomuii cknaod, OuzenbHull T0KOMOMUS, MpAHCROPMHA cucmema, memoo Saaty,
WMYy4Ha HeUPOHHA Mepedica.
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Modeling and using intelligent multi-agent system in smart city: ontological approach

The article discusses the problems of using intelligent multi-agent systems in solving a set of
problems in managing and planning processes in a modern city. The concept of constructing intelligent
multi-agent systems in systems that support the concept of a Smart City based on ontological modeling
is considered. The proposed approach makes it possible to build formalized ontological models and
flexibly configure an intelligent multi-agent system to solve problems of coordinating the work of all
services of a modern city. The transition from a city in the usual sense to a Smart City is extremely
necessary due to the huge gap between the increased complexity of the political, social and economic
environment of modern settlements and the already outdated administrative and technological
infrastructure, unable to function effectively in the new conditions. The article shows the need to rethink
the key elements and general concept of the Smart City. The definition of a Smart City as a multiagent
intelligent system is presented. An ontological approach is described, which involves minimal
interference in the work of city services, ensures smooth changes and can be carried out by several
teams of specialists in parallel. Currently, the method is used by the authors in a project aimed at
developing Smart City — a digital ecosystem of services that allows achieving a synergistic effect
between various subsystems (transport, ecology, energy, urban design, etc.).

Keywords: modeling, ontology, metaontology, information system, multi-agent system, intelligent
multi-agent system, Smart City.

Introduction. Nowadays, more and more attention is paid to the concept of “Smart City”. The use
of modern technologies to design a Smart City to achieve a synergistic effect between various
subsystems (transport, logistics, security, energy, administrative sector, etc.) is described in [1].

In [2, 3] the Smart City concept is shown for:

— narrow tasks (for example, optimizing energy consumption, improving air quality, noise
insulation, regulating transport systems);

— global projects (for example, maintaining the identity of a particular city/village and its urban
structure, i.e. historical, cultural, environmental or aesthetic aspects).

An approach is used in a broader sense in the form of the concepts of “Smart Village” or “Smart
Region”.

The relationship between energy, transport and city infrastructure is of great interest [4].

Numerous goals of sustainable development of the city's infrastructural environment can be achieved
with the help of possible innovative solutions, in particular, such as:
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— optimization of the functioning of all city services;

— reduction of travel time to places requiring the intervention of relevant city services;

— improvement of the operation of transport support of all services of the city (choice of routes,
reduction of time of arrival to the city of an accident, fire, etc.);

— reduction of energy consumption by services supporting the infrastructural functioning of the city.

Analysis of recent research and problem statement. In [5, 6] it is considered as a Smart City,
being a complex system, to achieve the effective functioning of which cooperation between architects,
lawyers, investors, experts in the field of transport and energy, information technology, politics, and
sociology is necessary.

The use of information received from the target audience makes it possible to adjust behavior and
communications between representatives of the city government and city residents, which gives every
citizen a feeling of involvement in the life of the modern city [7].

New technologies (for example, virtual or augmented reality) contribute to more effective planning
and involvement of residents in city development.

From a technical point of view, the Internet (Internet of things, people, energy, services) is used for
the general exchange of information [8, 9]. From a systems point of view, cyber-physical or socio-cyber-
physical systems are used [10, 11].

In the Smart City, the management of urban structures changes, moving away from standard dynamic
plans to adaptive control algorithms that ensure coordination of territorial units [12, 13].

All elements of a Smart City can be represented by corresponding Demand Agents and Resource
Agents, which interact with each other and represent all existing requests and resources [14, 15].

Such a multi-agent model, being a digital platform with a limited and time-varying amount of
resources, contributes to the dynamic modification of the functioning of the Smart City (Smart Resilient
City) [16].

The multi-agent approach is a view of the city as a digital platform and ecosystem of smart devices,
where agents of people, things, documents, robots and other components can directly interact with each
other, based on the “order-resource” principle and providing the most optimal management solution.

Such a platform creates a smart space and becomes the basis for the self-organization of individual
citizens, their groups, and entire systems in conditions of sustainability and adaptability [17].

In the Smart City concept, an important role is played by the factor of interaction (interface) of
technical systems of different categories of citizens (children, pensioners, youth, people with different
levels of IT literacy, etc.) [18, 19].

To assess the Smart City, different methodologies are used, for example, the Smart City Index [20],
which includes an assessment of the level of “digitalization” of various processes of urban subsystems
(for example, security, energy management, heat supply management, public transport management).

The purpose and tasks of the research. The purpose of the article is to research and solve problems
associated with the management of urban structures (the functioning of which is supported by
appropriate transport support), when all elements of a smart city are represented by interacting demand
agents and resource agents, which are elements of the corresponding intelligent multi-agent system,
design, development and operation which is performed using ontological modeling.

Materials and methods of research. One of the promising approaches to the creation of intelligent
systems is the use of multi-agent technologies [21, 22].

Multi-agent system of the modern city. A multi-agent system consists of autonomous software
objects (agents) capable of perceiving a situation, making decisions, and interacting with other agents.

The design of intelligent multi-agent systems involves the use of parallel and asynchronous
interactions of software agents of the system until the agents reach the so-called “competitive
equilibrium”, which is interpreted as a kind of “consensus” (balance of interests), when none of the
agents can improve their performance anymore.

This approach makes it possible to switch to a distributed solution of the problem in the modern city,
where the interests of all participants (subjects) of planning and management of the modern city and his
services can be presented and taken into the account.
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In this case, the processes of planning and management in the modern city and his services can be
considered as a non-deterministic process of self-organization of agents, since each agent makes the
decision on its own to establish or break connections both with the system itself and with other agents
of the system at an arbitrary point in time, eliminating possible conflicts with other agents.

Designing intelligent multi-agent systems requires a lot of efforts from developers both at the design
and development stage, and at the stage of implementation and operation.

The basic principles of building multi-agent systems based on ontologies were formulated in [21,
22], which shows the structure of a typical multi-agent resource planning system, the data model of
which is built on the basis of a project management ontology.

The presented work develops well-known principles in terms of creating basic ontology for planning
and developing models and methods for making decisions in planning and management in the modern
city and his services, as well as in implementing complex of software tools, in which ontologies allow
not only expanding the set of restrictions, but also rebuilding scenarios for providing subjects of modern
city with information resources of the system [23, 24].

A system is considered complex multi-agent if it has the following properties:

— openness;
adaptability;

— the presence of many partially autonomous and interconnected components (agents);

— lack of centralized management.

The overall behavior of such systems consists of connections between constituent agents whose
autonomy is limited by the factors imposed on them by the system to which they belong. Table 1 shows
the classification of multi-agent complex systems.

Table 1. Classification of intelligent multi-agent systems

Random Complex multiagent Deterministic

Uncertainty = 1 0< Uncertainty <1 Uncertainty =0

Full autonomy of agents Partial autonomy of agents Lack of autonomy for agents
Unorganized Self-organization Organized

Unpredictable behavior Emergent behavior Predictable behavior

Agent connectivity indicates the number of agents with which the original agent can interact.

Agent autonomy indicates the degree of freedom of behavior of the agent.

The complexity of the system increases as the autonomy of the agents increases. In extreme cases,
when agents are given complete freedom, the behavior of the system becomes random.

Emergence indicates that a system has special properties that are not inherent in its individual
elements. These properties appear as a consequence of the interaction of agents.

The property of nonlinearity is inherent in systems in which the connections between agents are
nonlinear.

Disequilibrium is a property indicating the susceptibility of operations to the influence of
unpredictable destructive events.

Self-organization is a property that manifests itself when disruptive events occur (receipt of an
unexpected request, delay, falsification, attack, etc.), then the system urgently identifies the affected
areas and is rebuilt to eliminate/reduce the effect of the disruptive event.

Self-organization can lead to self-development, as a result of which agents self-organize to improve
the performance of the system.

Co-evolution is a property of multiagent systems that allows them to develop together with their
environment.

Smart city is an adaptive, resilient and sustainable city that offers its guests and residents a high
standard of living, work and entertainment with minimal impact on the environment.

Adaptability, stability in development and the ability to quickly recover are emergent properties of
multiagent systems [25 — 27].
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It follows from this that in order to transform a city into a smart one, it needs to go through
“digitalization”, i.e. be based on technologies such as: multi-agent systems, artificial intelligence,
Internet of things, social networks, etc., as well as a set of necessary sensors [19].

Problems of the modern city. The complexity of effective city management in new conditions is
discussed in [20, 28]. Among the important problems of urban “space” we should, in particular,
highlight:

— the presence of unorganized, environmentally harmful services provided to city residents;

— lack of adequate communication channels between city residents, guests and city administration;

— lack of monitoring of the quality of services and knowledge about effective city management in
a complex environment [29];

— imperfect methods of strategic planning.

In a typical modern city, various types of services are provided, including:

— education;

— health services;

— social services;

— roads and transport;

— food supply;

— water supply;

— sewerage;

— waste management;

— economic development;

— urban planning;

— public safety;

— environmental health;

— tourism;

— entertainment;

— construction;

— housing services;

— tax collection.

Unfortunately, in our time, each important service is provided separately, and there is practically no
coordination of services of the city.

This management method leads to a significant waste of resources, a significant threat to the
environment and an increase in the number of diseases associated with its pollution. As a result, the
number of unpredictable events increases (eg, policy changes, changes in service demands, unsuccessful
use of resources, etc.).

Important factors in city government are, in particular, a rigid, departmental structure that interferes
with the coordination of services, and the use of outdated technologies that cannot cope with the
dynamism of city life. Due to the limited knowledge of individual subjects, none of the personal
ontological and cognitive models can claim to be an exhaustive conceptual representation of problematic
situations that arise when managing a city.

By exhaustive conceptual mapping we mean:

— identifying all, including the so-called “hidden” prerequisites for the emergence of a problem
situation;

— knowledge and understanding of cause-and-effect relationships between factors separated in
space and time that determine the symptoms of a problem situation.

Obtaining a description of a problem situation (its conceptual representation), which is recognized
by all participants in the processes in the Smart City (in particular, the city administration, city services,
city transport, transport infrastructure, vehicles that provide and support the work of city services,
residents and guests of the city, etc.), involves the implementation of an iterative procedure based on
solving the following interrelated tasks:
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— formation on the basis of personal ontological models of individual subjects (participants in
processes in the Smart City, especially transport that supports the functioning of all city services) of an
ontological model of a problem situation;

— construction, based on personal cognitive models of individual subjects, of a cognitive model of
a problem situation recognized by all interested parties.

During the implementation of the iterative procedure, the personal ontological and cognitive models
of individual subjects (participants in processes in the Smart City) are adjusted.

The cognitive model of a problem situation serves as the foundation for the subsequent presentation
of a problem situation in the form of a multi-connected control object, which makes it possible to
formulate the specification of the corresponding intelligent multi-agent Smart City system using the
formation of a conceptual space, strategy and agents of the system.

The reasons for the occurrence of problematic situations, in addition to errors caused by the mental
activity of subjects, include, in particular:

— lack of knowledge about the true causes of these situations;

— limited conceptual representation of problem situations; insufficient potential of the models used
to represent the PS in the form of a multi-connected control object.

The basis for developing a consolidated solution to resolve problem situations in the city is the
identification (both of the situation itself and its components) based on formalization in the form of
appropriate ontological and/or cognitive models.

The set of models of problem situations in the city creates the prerequisites for a better understanding
of the content of these situations. Studying the properties of an object through modeling creates the basis
for forming a consolidated opinion on approaches to resolving problem situations in the city.

One of the tools for constructing formal models of a Smart City is the apparatus of cognitive
modeling, the apparatus of ontological modeling is focused on formalizing the weakly structured
knowledge of subjects involved in resolving problem situations that arise, in particular, when:

— management of various Smart City services;

— solving problems related to infrastructure facilities of the Smart City.

Transforming the modern city into Smart City. Let's consider a city where there is a local
government body — the city administration, responsible for serving citizens. This administration decided
to improve the quality of services and reduce the costs of their operation.

A top-down approach to solving a problem, attempting to create a requirements specification for the
entire city before work begins, is unacceptable in a dynamically changing urban environment, since the
requirements become outdated even before they are completed.

The proposed evolutionary transformation method can achieve smooth transformation.

Frequently changing requirements dictate the use of the proposed method:

Consider all services (including both direct transport and those provided to city services) from the
point of view of their priority (importance, value) for the city.

Create a specification of requirements to improve the quality of the selected service.

Develop and implement an adaptive scheduler only for the selected service.

Evaluate and update the solution demonstrating an increase in target indicators.

Select the next service and repeat steps 2, 3, 4, making sure that they cooperate/compete with existing
service services.

As the number of changed services increases, it is necessary to constantly monitor and make changes
directly to the Smart City.

At the same time, it is necessary to ensure continuous access to qualified specialists to maintain and
improve the urban ecosystem, which will allow it to be supplemented with new services capable of self-
service and self-improvement.

Note that complex adaptive systems can work effectively in complex conditions. The rigid structures
of deterministic systems break down when placed in complex environments, as seen in many declining
urban economies around the world.
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At the same time, complex structures easily adapt to changes and are able to quickly recover/change
under external influences, which makes them more stable. This implies the need to find a way to
transform a modern city into a complex adaptive urban system.

The urban system is required to be sustainable [30]. The evolution of Smart City services can be
illustrated using the example of urban transport using different types of energy carriers.

The increase in pollution from diesel vehicles in large cities is already critical. In this case, intelligent
adaptive planning helps accelerate the transition from diesel to electric vehicles and initiates the
expansion of electric vehicle charging points.

Multi-agent planners in Smart Cities are capable of ensuring the interaction of city services in order
to maximize Smart City performance indicators.

A typical city service consists of:

— the Real World resources and needs;

— the Virtual World software agents-schedulers of the Real World resources in real time;

— knowledge base containing information about services that support the functioning of the city and
its services;

— interfaces for transmitting information about events from the Real to the Virtual World, as well
as instructions for transferring resources from the Virtual to the Real World.

Application of service concept in the Smart City system. Let's consider an example of the work
of emergency response services (ambulance service, fire service, rapid mine clearance and response
service, gas service, water utility services, power grid services, heating network services, police) in the
Smart City.

One of the approaches to formalizing knowledge in the Smart City concept is based on the use of
appropriate ontological models.

They can be presented in the form of corresponding ontographs with a description of the main entities
of the subject area in the form of classes, attributes and relationships.

In this case, both a database (DB) and a knowledge base (KB) are used to adapt the support system
for the Smart City concept to provide access to services [19].

The task requires:

— formalization of knowledge about all aspects of the Smart City;

— providing easy access to databases and knowledge bases for various services;

— supporting interaction on digital platforms and ecosystems [16].

A city model based on ontologies can identify major objects such as buildings, roads, transport, bus
stops, traffic lights, energy sources, recreational areas and others.

These objects can also have a detailed description — the building can be the restaurant, the business
center or the residential building with many properties — attributes (number of floors, date of
construction, etc.).

The ontological model also describes people (their activities, requests, requirements and business
processes in which they take part) [26, 27, 31, 32].

Formalized knowledge can be used by city services not only as a source of raw information, but also
to adapt to the situation and adjust work, ensuring the sustainability of city development.

The use of ontologies (ontological models) is especially relevant when it is necessary to understand
the essence and structure of the subject area under consideration (including knowledge and data
describing the objects of this subject area). In the problem under consideration, this is the understanding
of employees of the relevant city services and/or software agents of an intelligent multi-agent system.

Ontologies allow you to reuse knowledge about objects in the subject area when solving different
classes of problems. Formally, the ontological model is specified by the set [5, 6]:

0={C,R, A}, (1)
where O is an ontology;

C is a set of objects in the subject area;
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R is a set of relationships between the objects of the subject area;
A is a set of axioms (laws and rules that describe the laws and principles of the existence of objects in
the subject area).

In the subject area under consideration:

Oss = {CSSr Rgg, Ass}a (2)

where Ogg is an ontology that shows such a subject area as the life of the city (all its services),

Css = U; Css,— set of objects of each city service (Css,),

Rss = U; Rgs; U Uy j R, — set of relationships between objects within each city service (U; Rgs,;) and
relations between objects of different city services (U; RSSU),

Ags = U; Ags; — a set of rules and laws (including regulations) that determine the functioning of city
services (Css;,)-

For the design of ontologies, there is a special toolkit - ontology editors, which are tools for
describing the formal model of the subject area, and also provide additional opportunities for ontology
analysis and use the logical inference mechanism.

Protégé is the most popular freely distributed ontology editor, designed to which, in the form of
plugins, you can connect visualization tools, build queries to the ontology, and obtain conclusions [32].

The metaontology for the example under consideration, implemented in the Protégé ontology editor
[32], is presented on the Fig. 1.

Application of the proposed approach to the Smart City concept includes descriptions of ontologies
(which are parts of the metaontology shown on the Fig. 1):
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Fig. 1. Metaontology of the Smart City
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— ambulance service, which includes:
o object classes (ambulance, ambulance crew, crew member, medical equipment, route, road, hospital,
patient, relative);
o relationships (the crew belongs to the ambulance, the equipment belongs to the crew, the ambulance
follows the route);
o properties of object classes (for a crew member: identifier, qualification, availability);

— fire service, which includes:
o classes of objects (fire fighting vehicle, fire fighting crew, crew member, fire extinguishing
equipment, route, road, fire location, victims, rescued);
o relationships (the crew belongs to the fire brigade, the equipment belongs to the crew, the fire brigade
follows the route);
o properties of object classes (for a crew member: identifier, qualification, availability);

— rapid mine clearance and response service, which includes:
o classes of objects (demining service vehicle, demining service crew, crew member, equipment for
rapid demining and response, route, road, location of detection of an explosive object, demining site
(landfill), victims, rescued);
o relationships (the crew belongs to the demining service vehicle, the equipment belongs to the crew,
the rapid demining and response service vehicle follows the route);
o properties of object classes (for a crew member: identifier, qualification, availability);

— gas service, which includes:
o classes of objects (gas service vehicle, gas service crew, crew member, equipment for quickly
eliminating gas pipeline depressurization, route, road, place where gas pipeline depressurization was
detected, victims, rescued);
o relationships (the crew belongs to the gas service vehicle, the equipment belongs to the crew, the gas
service vehicle follows the route);
o properties of object classes (for a crew member: identifier, qualification, availability);

— water utility services, which includes:
o classes of objects (vodokanal service vehicle, water utility service crew, crew member, equipment
for quickly eliminating a broken water supply pipe, route, road, location where a broken water supply
pipe was detected);
o relationships (the crew belongs to the water utility service vehicle, the equipment belongs to the
crew, the water supply service vehicle follows the route);
o properties of object classes (for a crew member: identifier, qualification, availability);

— power grid services, which includes:
o classes of objects (energy network service vehicle, energy network service crew, crew member,
equipment for quickly eliminating damage to energy networks, route, road, location of detection of
damage to energy networks);
o relationships (the crew belongs to the energy network service vehicle, the equipment belongs to the
crew, the energy network service vehicle follows the route);
e properties of object classes (for a crew member: identifier, qualification, availability);

— heating network services, which includes:
o classes of objects (heating network service vehicle, heating network service crew, crew member,
equipment for quick repair of heating network damage, route, road, location of detection of heating
network damage);
o relationships (the crew belongs to the heating network service vehicle, the equipment belongs to the
crew, the heating network service vehicle follows the route);
e properties of object classes (for a crew member: identifier, qualification, availability);

— police, which includes:
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e object classes (police car, police crew, crew member, weapon for crime prevention/investigation,
route, road, crime scene);

o relationships (the crew belongs to the police car, the weapon belongs to the crew, the police car
follows the route);

o properties of object classes (for a crew member: identifier, qualification, availability).

The system under consideration is intended for planning, coordination and management of all city
services based on information about objects and subjects of the subject area under consideration, related
to the interests of various categories of users, and recommends to the user those resources of the
intelligent multi-agent system that meet their information needs.

The considered intelligent multi-agent system uses the ontology representation language OWL and
its processing tools [4, 34].

To represent knowledge, ontologies and thesauri of the subject area are used. In this case, the
thesaurus is built by the user using the corresponding ontology independently.

The user of the system can access ontologies created by other users, revise them, set the context for
obtaining an information resource based on them, copy the necessary fragments from them, but cannot
change them.

The intelligent multi-agent system used in the Smart City provides a search for ontologies containing
user-entered terms, as well as a search for ontologies similar to the ontology selected by the user.

An ontological model that describes the semantics of interaction between users and resources of an
intelligent multi-agent system in the common information space of a Smart City provides knowledge
for performing actions related to processes for solving the problems of a modern city and managing
these processes.

On the Fig. 2 shows the ontograph [31, 32, 36] of the subject subdomain Ambulance Service.

At this stage, it is advisable to write scripts for agents, which will be stored in meta-ontologies and
ontologies that describe subject sub-domains corresponding to specific services, and will be available
to agents when there is a need to solve a specific problem.
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Fig. 2. Ontograph of Ambulance Service
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All policies, rules and regulations governing the operation of services should also be stored in an
appropriate ontology. In addition to the ontology, the knowledge base also contains all data about objects
that are usually stored in client databases [34].

On the Fig. 3 shows the ontograph of the subject subdomain Fire Service.
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Fig. 3. Ontograph of Fire Service

Creation of virtual world of Smart City. The creation of a Virtual World involves the creation of a
digital infrastructure that supports the exchange of information between numerous agents of the
corresponding intelligent multi-agent system.

The Virtual World is a space in which agents determine conditions (“agree”) on the distribution of
resources for certain requests.

In the Virtual World of the fire service, the interaction of crew members with each other or with other
fire crews, as well as with hospitals, the interaction of roads with routes, patients with hospitals, etc.
carried out by exchanging messages between the corresponding agents. Adaptability is achieved by
agents matching resource requirements and capabilities.

If, for example, the road to the selected hospital is difficult due to traffic jams on a certain road, the
agent of that road will immediately report the problem to the agents of other roads, which initiates an
exchange of messages between them to determine a new route to the hospital or determine a route to
another hospital. The described example demonstrates the advantage of multi-agency and ontological
approach in solving Smart City problems.

Designing interfaces between the Real and Virtual Worlds Information about destructive events
occurring in the Real World must be transmitted to the Virtual World, and all planning decisions made
by agents in the Virtual World must be transmitted to the Real World.

Initially, information exchange can be carried out through the exchange of messages between people
acting as operators (for example, drivers, fire fighters), using their smartphones or specially designed
portable communication devices, and agents.
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However, the most preferred method is the exchange of information between epyphysical Real World
resources (for example, vehicles, robots, conveyors) and agents using Internet of Things technology.

Ambulance route planning is easily expanded, for example by adding doctors and facilities required
by patients transported by fire transport.

This requires additional agents. The next step is to add agents to schedule the use of other hospital
resources, such as equipment, operating rooms, etc. The design must proceed step by step and each step
must be tested in practice before the next one is put into operation.

Conclusion. The transition from a city in the usual sense to a Smart City is extremely necessary due
to the huge gap between the increased complexity of the political, social and economic environment of
modern settlements and the already outdated administrative and technological infrastructure, unable to
function effectively in the new conditions.

The article shows the need to rethink the key elements and general concept of the Smart City. The
definition of a Smart City as a multiagent intelligent system is presented.

The method of evolutionary transformation of the activities of city services is described based on the
use of an ontological approach, which, in particular;

— provides for the minimization of the so-called "manual™ management of the activities of
city services due to the connection to the management of artificial intelligence, which is
supported by relevant intelligent multi-agent systems;

— ensures the smoothness of changes in the management of the city and its services;

— optimizes the activities of transport support of these services (in particular, due to the
laying of optimal routes for the movement of ambulances, fire engines, etc.), ensures;

— supports the simultaneous work of several teams of specialists, avoiding the occurrence
of possible conflicts associated with the duplication of some functions in different services of
the city.

Currently, the method is used by the authors in a project aimed at developing Smart City — a digital
ecosystem of services that allows achieving a synergistic effect between various subsystems (transport,
ecology, energy, urban design, etc.).
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MoaenoBaHHS TAa BAKOPUCTAHHSI iHTe1eKTYaJIbHOI MYJbTHAT€HTHOI CHCTEMH B Smart
city: oHTOTIOTiYHMIA miaXin

Y ecmammi pozensidoaromvca npobremu GUKOPUCIAHHS THMETEKMYATbHUX MYTbIMUASEHIMHUX CUCTEM Y
BUPIWEHHT KOMNIEKCY 3A60aHb VAPAGIIHHA MA NIAHYBAHHS Npoyecié y cyuacHomy micmi. Pozenswymo
KOHYenyito nooyoosu iHmenekmyaibHux MyIbMUd2eHmHUx cucmem, wo niompumyoms KoHyenyito Smart
City (po3ymnoco micma) HA OCHOBI GUKOPUCMAHHA OHMONOSIYHO20 NIOX00Y  (OHMONOSIYHO2O
bazamopisneo2o MoOenosants). 3anponoHo8anull Nioxio 0ac MONCIUGICIMb NobYOysamu (hopManiz06ami
OHMOJIO2IYHI MOOEN] MA SHYUKO HANIAWMYBAMU IHMELeKMYalbH)Y MYIbINUALEHMHY CUCIeM) OISl BUDIULEHHS
3a0ay Koopouxayii pobomu 8cix cayxcd cyuacrozo micma. Ilepexio 6i0 micma y 36U4aiHOM)Y PO3YMIHHI 00
posymnoco micma (Smart City) € 6Kkpati HeoOXIOHUM uHepe3 BenUde3HUll po3pue MIdC 3POCIAIOUO00
CKJIAOHICMIO NONMUYHO20, COYIANbHO20 ™A EeKOHOMIYHO20 CepedosUuid Cy4acHUux noceieHb md 6dice
3aCmapinor  aOMIHICMPAMUGHOIO Mda  MeXHONOSIUHON  THPPACMPYKMYpPOI0, He30AmHON  eheKmueHO
Qynxyionyeamu 6 HOGUX ymoseax. Y cmammi NOKA3aHO HEOOXIOHICMb NEePeoCMUCIEHHS KIOYOBUX
enemenmie ma 3azanvtoi xonyenyii Smart City. Hasedeno eusnauenns Smart City sx mynomuaeeHmHor
inmenexmyanvnoi cucmemuy. Onucaro oHMONO2IYHULL NIOXIO, AKUL nepeddayac MiHIMAIbHe BMPYYAHHSL 8
pobomy MicbKux cuyach, sabesnedye niaeHi 3MiHu ma mooice 30MUCHIOBAMUCS NAPAieIbHO KLTbKOMA
KomaHnoamu cneyianicmis. Hapazi memoo suxopucmog8yemocs agmopamu 8 Npoekmi, Cnpamo8aHoMy Hd
possumoxk Smart City — yughposoi exocucmemu nociye, aka 003604€ O0CAMU CUHEPSIUHO20 eheKm)y Mixc
PI3HUMU niOCUCmeMaMy (MPaHCOpm, eKOJI02is, eHepeemuKa, MICoKUli OU3ALH Moujo).

Kntouoei cnoea: mooeniosanHs, OHMONORIA, MemMAOHMON02id, iHopmayilina cucmema,
MYIbIMUAZEHMHA CUCMeMA, IHmeNeKmyanbHa Myismuazenmua cucmema, Smart City.
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Use of modified basalt fiber in transport construction

Basalt fiber is a promising material that can be used to create a new class of building materials. It
has a number of advantages, including high strength, low weight and resistance to chemicals. One of
the disadvantages of basalt fiber is its low alkali resistance. In an alkaline environment, the fiber is
destroyed, which limits its use in building materials exposed to alkalis. The paper investigates the effect
of heat treatment on the alkali resistance of basalt fiber. It was found that heat treatment at a
temperature of 500 °C increases the alkali resistance of the fiber by 80%. This is due to the compaction
of the fiber structure and the formation of iron-oxygen tetrahedra on its surface, which are resistant to
alkalis. The authors of the article substantiate the feasibility of using heat-treated basalt fiber in
transport construction. This material can be used to manufacture new types of building materials that
are resistant to alkalis.

Keywords: basalt fiber, transport construction, heat treatment, fiber structure, alkali resistance of
fibers, X-ray diffraction patterns, spectra.

Introduction. Among the characteristics of fiber-reinforced concrete, its flexural and compressive
strengths are usually distinguished. The value of this indicator in fiber concrete exceeds the value of
conventional concrete by 10...15%. Only fiber concrete or fiber and rod or wire reinforcement are used
in structures. Domestic and foreign experience shows that fiber concrete is a versatile material and is
increasingly used in the field of transport construction.

Analysis of recent research and problem statement. The length of the road network with cement
concrete pavements in countries such as Germany is 31%, the United States — 35%, and Belgium — 41%.
The average service life of cement concrete pavements is more than 20 years. Even in those countries
where asphalt pavements have economic advantages over cement concrete pavements, in order to
improve and develop a competing technology, government subsidies support the construction of cement
concrete pavements at the level of 10...20 % of the total volume of road construction with capital types
of pavements [1,2]. In the 70s, the Soviet Union began massive construction of cement concrete
pavements using machines with sliding formwork on caterpillar tracks. However, the practice of
operating such pavements in the Soviet Union revealed a number of significant drawbacks. Failures in
temperature joints, peeling of the concrete surface layer, chipping of slab edges and corners, and the
formation of potholes appeared. Premature damage to pavements was usually caused by violations of
construction technology, a shortage of high-quality cements, the use of low grades of concrete,
insufficient air entrainment in concrete, and excessive exposure to saline solutions at the early stage of
concrete hardening [3,4].

Unlike the Soviet Union, in many countries of the world, the construction of cement concrete
pavements continued in parallel with the construction of asphalt pavements. Stable transport and
operational characteristics and high durability have proven their superiority over pavements built with
organic binders.

Cement concrete pavements have a high distribution capacity, low abrasion wear, and a high
coefficient of adhesion that is not highly dependent on the moisture content of the pavement. The
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strength and deformation characteristics of cement concrete practically do not change with changes in
temperature, humidity and loading rate. VVehicles driving on roads with such pavements consume about
5...10% less fuel than asphalt concrete roads. In addition, there are large raw material resources for the
production of cement concrete pavements [5,6].

Modern technologies for the construction of cement concrete pavements involve full automation of
the main processes for placing and compacting concrete mixtures, treating the concrete surface,
arranging thermal joints and caring for concrete.

In recent years, there has been a trend toward the creation of road concrete with increased strength
and durability. This is achieved by modifying the structure of concrete with chemical additives:
plasticizing, air-entraining and gas-forming [7,6]. A new generation of high-quality concrete (High
performance concrete) has been developed that has increased frost resistance, early strength (at least 35
MPa after 24 hours) and other high construction and technical properties. Such concretes are also used
in our country, including at transport construction sites.

In industrialized countries (USA, Canada, Australia, Great Britain, Germany, Sweden, Norway,
Spain and many others), the construction of road pavements made of rigid cement concrete mixtures
compacted by rolling is expanding [8,9].

Rolled concrete means rigid cement concrete transported by heavy-duty dump trucks or concrete
mixers to the construction site and compacted with rollers of various types. Such concrete can be used
in the construction of dams and dam retaining walls. In Europe and North America, concrete is used in
transport construction for pavement layers for roads intended for heavy vehicles (container ships, heavy
military vehicles, forestry machinery); container terminals, parking lots access, rural, forest roads with
high traffic loads; secondary roads and streets, local roads and highways, road accesses to airports,
airfield runways; as a reinforcement layer for the reconstruction of old road surfaces [10].

The analysis of the technical and operational characteristics of all types of fibers currently used in
road construction suggests that it is most advisable to use basalt fiber as a reinforcing element in cement
concrete [11,12,13].

Given the shortage of funds, there is a need to develop a program for the construction of highways
using fiber concrete in the structural layers of the pavement that is acceptable from a financial and
technical point of view.

Modern conditions of road construction dictate the widespread use of industrial waste - slag, burnt
shale from coal mine dumps, ash, as well as virtually inexhaustible resources - chalk deposits and
igneous rocks (basalts), which are currently of little use in transport construction. Given the conditions
and international experience, it is advisable to accelerate developments in the field of fiber concrete
technology and calculation, to use fiber concrete structures more widely in the design of transport
construction facilities, and to use materials that are optimal in terms of cost and volume of deposits in
Ukraine as fiber.

Basalt fibers are one of the most effective modern materials, characterized by high physical and
mechanical properties and can be used in a wide range of temperatures.

The production of fibrous concrete in modern construction based on basalt fibers is promising
because they work in aggressive environments (resistance to acids and alkalis), have good operational,
physical and mechanical characteristics. All these properties of basalt fibers make it important to create
high-performance building materials and products for various areas of the construction industry. [14]

It has been established [15] that the fiber in solution during cement hydration is characterized by
insufficient alkali resistance.

The purpose and objectives of the study. As noted earlier [15], prolonged storage of fiber in
solution contributes to its dissolution. In this regard, it is relevant to develop methods for modifying the
surface layer of basalt fiber that will provide high corrosion resistance.

The efficiency of using basalt fiber in cement concrete can be increased by heat treatment of the
fiber.

Materials and methods of the study. To study the effect of heat treatment on fiber properties, the
fiber was subjected to heating in the temperature range from 300 to 700 °C with a step of 100 °C. The
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isothermal exposure was 30 minutes. Cooling took place at room temperature in an air environment

(Table 1).
Table 1: Fiber modified by heat treatment gradient
Manufacturer 300°C 400°C |  500°C 600°C 700°C |
Armbud :
_ Changes in Changes in
Normal color | Normal color Lightened color — more color — more
color red red

The temperature treatment time was chosen empirically and amounted to 30 minutes.
In the course of the research, a significant change in fiber color was noted depending on the
processing temperature (Table 1). The probable explanation for this fact is the oxidation of iron in the
fiber structure, which resulted in the fiber acquiring a red hue.

Mass loss during dissolution, %.

e initial

— 3000C
e 4000C
— 5000C

Test time, days

28

Fig. 1. Fiber weight loss during dissolution as a function of test time

Mass consumption during dissolution, %
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Fig. 2. Mass loss during dissolution depending on temperature treatment after
aging in an alkaline environment for 28 days
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As a result, it was found that an increase in temperature from 300 to 500 OC increases the alkali
resistance of the fiber. The mass loss during aging in an alkaline solution after 28 days is about 5 %,
while the original fiber loses more than 30 % of the fiber mass during this time. Further increase in the
temperature of isothermal aging is not effective due to the decrease in alkali resistance of fibers and
economic inexpediency.

When analyzing the microstructure of both the initial and heat-treated reinforcing component, there
are no special changes (Fig. 3). This applies to both the size (diameter) (Fig. 3 a, d) and the surface of
the fibers (Fig. 3 b, d). The diameter of the individual fibers varies in a wide range — from 2 to 30
microns. The surface of the fiber is quite smooth, but in some parts it is covered with globular
formations, presumably carbonation products, up to 1 um in size.

However, if the surface of the original fiber is highly coordinated (Fig. 4 (a, b), a-c), then after heat
treatment it is covered with globular formations (Fig. 4 (b), d-f). The samples of the original anisotropic
material have "eaten out™ areas, longitudinal "furrows" in the direction of fiber elongation, which may
indicate their internal structure (Fig. 4 (a, b), b, ¢). In this case, the destruction occurs along the weakest
part - the interface, presumably, of individual fiber strands from aluminosilicate chains. If we consider
the area of confirmed corrosion, it has a clear boundary (Fig. 4 (a), b) and a leaching depth of up to 400
nm (Fig. 4 (b), c). However, the actual amount of damage is greater due to corrosion of the entire surface
layer of disordered aluminosilicate glass. There is a globular substance on the fibers themselves, which
can be attributed to both X-ray amorphous calcium carbonate and alkali reaction products with the
aluminosilicate material of the fiber itself.

A A R

e T
d b dide i 2 e

Fig. 3. Microstructure of basalt fiber:
a, b —initial; ¢, d — after heat treatment at 500 °C
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Fig. 4 (a). Effect of alkaline environment of the model system on the
microstructure of basalt fiber: a...c —initial; d...e — after heat treatment at 500 °C

Fig. 4 (b). Effect of alkaline environment of the model system on the
microstructure of basalt fiber: a...c —initial; d...e — after heat treatment at 500 °C

No obvious traces of leaching were found on the fibers after heat treatment (Fig. 4 (b), d-f). The
absence of longitudinal «furrowsy is noteworthy, which is a consequence of the high resistance of the
modified basalt microfiber to alkaline environment. In general, it can be said that the surface
morphology of the heat-treated fiber does not undergo serious changes under the influence of the
aggressive environment of cement milk (Fig. 3).
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The low alkali resistance of the original basalt fiber can be determined by several factors. As a result
of the rapid cooling of the melt during the formation of fibers, a heterogeneous volumetric and surface
loose high-temperature structure is fixed in them. At the same time, the fiber is characterized by surface
defects (microcracks, micropores, bond breaks, etc.). All this together intensifies the process of
dissolving the silicate framework.

During the heat treatment from 300 to 500 °C, defects are healed, the chemical composition and
surface structure of the fibers change as a result of Fe*> — Fe*® oxidation and the formation of iron-
oxygen tetrahedra [FeO4]Na with the involvement of alkaline cations on the fiber surface. The above
processes are most active at 500 °C, a temperature close to the glass transition temperature (the transition
from the solid to the plastic state).

At higher temperatures, structural changes associated with pre-crystallization processes (600 °C) and
crystallization (700 °C) begin in basalt fibers, especially on their surface. Structural changes associated
with crystallization are accompanied by the formation of various kinds of defects that make the material
more chemically active and lead to accelerated interaction with alkali. At the same time, fiber weight
loss increases.

To explain the processes occurring in the fiber structure during its heat treatment, X-ray diffraction
patterns (Fig. 5) and spectra (Fig. 6) of the original and heat-treated fibers were obtained.

X-ray diffraction data were used to obtain an idea of the microstructural state of the initial and heat-
treated basalt fiber.

The X-ray diffraction patterns of the basalt fiber are typical of structured amorphous materials with
a characteristic broadened intensity profile in the region of angles around 30° (Fig. 5).
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Fig. 5. X-ray diffraction pattern of basalt fiber before (1) and after (2) heat
treatment

A characteristic feature of the fiber X-ray diffraction patterns is the presence of a single reflection
32.5°, with this reflection being most intense in the X-ray pattern of the initial fiber. Based on the general
ideas about the rock-forming mineral phases of basalts and on the basis of XRD diagnostics performed
using the diffraction database, this reflection can be attributed to Ca(Al.Si,Os).

The presence of this mineral in the X-ray diffraction patterns can be interpreted as a consequence of
the finely plastic form of the crystallites. These nanoscale minerals on the surface of the fibers are
attributed to newly formed phases during the drawing process. During heat treatment, they disappear
from the fiber surface due to structural changes.

Comparison of the infrared spectra of basalt fiber before and after thermal modification showed a
modification of the absorption band profiles of aluminosilicate groups in the region of 1000...300 cm™
(Fig. 6).

In particular, the heat treatment causes a decrease in the intensities of the absorption bands 1019 and
1052 cm™, which are characteristic of the valence vibrations of Si-O-Si (Al) bonds in the anionic chain
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groupings (Q?) of clinopyroxenes. In view of this, there is an increase in the intensity of the bands of the
framework structural fragments (Q“) in the range of wave numbers 1084...1300 cm™.

\[\/ .r
¥
A

A

\Wave nnmber, cm!

Fig. 6. Comparison of diagrams of normalized profiles of infrared spectra of the
initial (a) and heat-treated (b) fiber

These circumstances indicate an increase in the level of polymerization, since an increase in the
concentration of framework groups (Q*) occurs due to a decrease in the number of chain fragments (Q?).
This results in a densification of the basalt fiber structure, which ultimately has a positive effect on the
fiber's resistance to alkaline attack. Such structural shifts become possible due to the Fe*? — Fe*
transition as a result of heat treatment under oxidizing conditions, as noted by many researchers.

In order to select the basalt fiber most suitable for reinforcing the cement matrix, taking into account
the wide geography of fiber application in the construction industry and the constantly growing volume
of road construction in Ukraine, the fibers of the largest producers of basalt fiber were analyzed.

Based on a variety of initial properties, for a more accurate selection of basalt fiber, we analyzed the
raw material composition, the ratio of geometric characteristics (length and diameter) of the fiber, as
well as the methods of its production (Table 2).

Table 2: Properties of basalt fibers from different manufacturers

Company Technology Raw materials Diameter, um
Technobasalt - Invest Centrifugal dispersion Basalt 13...20

LLC (SiO: — 53%)

Plant of building Melt blowing by vertical Underlying basalt 3...5
materials and basalt air jet (SiO; — 49%)

products, LLC

Basalt fiber & composite Duplex process Basalt 1...3
materials, LLC (SiO: — 53%)

Armbud, LLC Centrifugal dispersion Basalt 1...3
(Si02 — 52%)
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One of the important initial parameters of a fiber is its composition. To increase the adhesion to
cement stone, it is necessary that the fiber is characterized by a silicate composition, since concrete has
an alkaline environment.

The elemental composition of basalt fiber (Table 3) from different manufacturers is characterized by
slight variations in the elements.

Table 3: Composition of basalt fiber

Plant of building Basalt fiber &
Technobasalt - materials and basalt composite materials, | Armbud, LLC
Components Invest LLC products, LLC LLC
Fiber Nel Fiber Ne2 Fiber Ne3 Fiber Ne 4

Na 1,87 3,6 2,3 1,62
Mg 3,07 1,8 1,8 2,52
Al 5,331 6,4 6,9 5,41

Si 19,43 18,4 19,2 18,03

P 0 0,2 0,2 0,23

K 0,33 0,6 0,5 0,59
Ca 3,i 3,2 2,9 3,23

Ti 0,69 0,5 0,5 0,44
Mn 0 0,1 0 0

Fe 3,64 4,2 3,5 7,05

0 62,19 61 62,2 60,75

S 0,46 0 0 0,03

The resistance of basalt fibers in aggressive environments can be judged by the chemical composition
of the raw material from which they are extracted. For example, alkali resistance increases with the
introduction of structure-sealing oxides such as zirconium, aluminum, iron, tin, etc. Fiber resistance is
also significantly affected by the technology and production method.

All this together can determine the possible submicron inhomogeneities associated with different
Fe*/Fe™ contents in the fiber, according to a number of researchers [11...12], determines the possible
submicron inhomogeneities associated with the presence of iron outside the silicon-oxygen network,
which in turn makes the fibers unstable to oxidation, and can also lead to crystallization at elevated
temperatures.

As noted earlier, the geometric characteristics of the fiber are also important in the design of micro-
reinforced materials. According to the literature, it is known that to achieve the optimal plastic-aggregate
state of a micro-reinforcing component in a mixture, the initial components with an optimal length-to-
diameter ratio of more than 10 should be selected [13...15]. The fiber produced by Armbud is
characterized by the required ratio of geometric characteristics.

Cement milk was used as an aggressive medium, characterized by a sufficient alkaline environment
(pH =12.9). Fluffed fiber was introduced into the specified solution (Fig. 7). The concentration of basalt
fiber in the solution was chosen taking into account the maximum fiber content in cement composites
(3...12% by weight of the binder), established on the basis of literature data. The concentration was 7%.

The samples were aged at room temperature for 7, 14, 28, 72 days. After the exposure period, to
remove the remaining cement component, the fibers were washed with a weak hydrochloric acid
solution (0.1%) through filter paper. To remove impurities, the sample was further washed with 1 liter
of distilled water. Then the basalt fiber was dried at room temperature. The solubility of the fiber was
determined by the difference in masses before and after the experiment, as a dry residue as a result of
exposure to alkaline medium. The mass loss was expressed as a percentage (Table 4). Possible fiber
losses during washing (technological losses) were assumed to be comparable for each experiment.
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Table 4. Results of the study of alkaline resistance of basalt fiber

No | Test time, days | Fiber weight | pH initial Weight Weight | pH after the Color
before the after loss, % | experiment
experiment, aging, g
g
1 7 4,9 11,9 4,2 14,3 11,9 normal
2 14 5,2 11,9 3,6 30,7 11,5 normal
3 28 5,0 11,9 3,4 32,0 11,4 poorly lit
4 72 51 11,9 2,1 58,8 11,3 illuminated

During the observation on day 7, a slight precipitation of white precipitate was detected on the surface
of the fibers, probably due to the crystallization of CaO on the keratinized surface of the basalt.

In the period from 14 to 28 days, as a result of thinning of smaller fiber villi, the total mass of basalt
fiber gradually crumbled with slow deposition of small fiber particles (up to 20%). On day 28, the
amount of white sediment increased and covered more and more large fibers. Examination of the sample
on day 72 revealed a change in the color of the fiber surface from lightly colored for small villi to gray
for larger fibers.

It was found that the change in the pH of the cement mortar significantly depends on the time the
fiber samples were in it. Thus, on day 7, no increase in pH was recorded, on day 14, a decrease of 2%
was noted, and in the period from 28 to 72 days, a decrease of 4.3% was achieved relative to the initial
one.

After 28 days of exposure to the solution, the weight loss was about 32%. Long-term storage of fiber
(72 days) in solution leads to a mass loss of up to 59%.

The above facts are consistent with the results of microstructural studies of basalt fibers (Fig. 7).
There is a significant leaching of the initial aluminosilicate materials after aging for 28 days in the
alkaline environment of cement milk. This contributes to the appearance of characteristic traces of
corrosion on the surface (Fig. 7 ¢, d), which negatively affects the reinforcing function of the anisotropic
component of the cement matrix.

Fig. 7. Microstructure of basalt fiber:
a, b - in the initial state; c, d - aged in an alkaline environment for 28 days

When operating basalt fiber in real conditions in concrete, the degree of fiber dissolution will not be
so significant, since the dissolution processes will subside as the cement stone hardens and hardens.
Nevertheless, the chemical processes occurring in concrete during its service life, in which the fiber is
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involved, should not be underestimated. In this regard, it is necessary to develop a method of fiber
modification to increase its resistance in an aggressive alkaline environment.

Conclusions.

1. The expediency of heat treatment of basalt fiber at a temperature of 500 °C with subsequent cooling
in an air environment at room temperature to increase its alkaline resistance has been substantiated. A
model of modification of basalt fiber during heat treatment based on the Fe*? — Fe™ transition as a
result of heat treatment under oxidizing conditions is proposed. The change in the coordination
environment that occurs during this process initiates the formation of bonds between (Si,Os)™* and their
transformation into a skeletal structural type with the formation of iron-containing plagioclase phases.
These processes lead to the compaction of the fiber structure and contribute to the increase of its alkali
resistance, which is confirmed by the morphostructural features of the surface of the heat-treated basalt
fiber aged in cement mortar.

2. The analysis of the main fibers currently used in the production of building materials as a micro-
reinforcing component, according to a number of variable criteria, made it possible to single out basalt
fiber as the most rational in terms of its use in the production of fine-grained micro-reinforced cement
concrete, including for road construction. A comparative analysis of fibers from 4 manufacturers by a
set of indicators: geometry, chemical composition, physical and mechanical characteristics, made it
possible to identify the fibers of Armbud, which most closely meet the requirements.

3. It was found that basalt fiber undrgoes significant dissolution during aging in an aggressive and
alkaline environment with a pH corresponding to the hydration of cement stone. At the same time, after
28 days of exposure to an alkaline solution, the mass loss is about 30%. Long-term storage of fiber (72
days) in solution leads to a mass loss of up to 59%. It becomes obvious that there is a need to develop a
method to increase the alkali resistance of basalt fiber to increase its durability.
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Onexcanopa Jlopoutenko*

'Kadenpa 3anisHMuHOI Komii Ta KomilHOro rocmogapctsa, Jlep:kaBHUH YHiBepcHTET iH(PACTPYKTypH Ta
TexHojorii, Bya. 1. Orienka, 19, m. Kuis, 03049, Vkpaina. ORCID: https://orcid.org/0000-0002-6724-0709.

Buxopucrannsa moaudikoBanoro 6a3ajbTOBOro BOJOKHA B TPAHCIIOPTHOMY
OyaiBHUITBI

bazanvmose 6onoxno - ye nepcnexmusHull mamepian, KUl Modice Oymu GUKOPUCMAHULL 075
CMBOpeHHsi H0B020 Kadcy OyoigenvHux mamepianie. Bono mac pso nepesae, sxmouaiouu 6ucoxy
MiyHicmb, HU3LKY 8acy i cmitikicme 00 Ximiunux enaugie. QOHUM 3 HeOOJIKI8 OA3AIbIMOBO20 BONIOKHA €
11020 HU3bKA JIY2OCMIUKICMb. Y JVICHOMY cepedouiyi B0JIOKHO PYUHYEMbCS, WO 00MeICYE 1020
3acmocysaniis 8 6yoisebHux Mamepianax, AKi nio0aomuvcs Gnaugy iyeie. Y cmammi 00ciodxiceno enius
mepMiuHoi 06pOOKU HA TYeOCMILKICIb OA3AIbMOB020 BONOKHA. Byno ecmanoeieno, wo mepmiuna
o0bpobra npu memnepamypi 500 °C niosuwgye nyeocmiikicmo éonokna Ha 80%. Ile siobysacmbcs 6
pe3ynbmami  YWinbHeHHs CMPYKMypu 60J10KHA 1 (OPMY8AHH HA 11020 NOGEPXHI 3ANI30KUCHEBUX
mempaeopis, sKi cmilki 00 Oii ayeie. Aemopu cmammi 06IPYHMOBYIOMb OOYLIbHICIb GUKOPUCTIAHHS
mepMiuHo 00pobieHo2o 6a3aibmo8020 80I0KHA 8 MPAHCNOPMHOMY 0yOieHuymei. Lleti mamepian modice
Oymu 6uUKOpUCMaHnutl 0Jisl BUCOMOBAEHHSI HOBUX Munie 0)0igeIbHUX Mamepianis, AKi Oy0yms cmitiki 00
8NIUBY T1)218.

Knwuoei cnosa: 6azanbmose B010KHO, mpancnopmue OyOisHUYMEO, mepMiuHa 00podKa,
cmpykmypa Qiopu, 1y20cmitikocmi 6010KOH, PEHM2EHOSPAMU, CHEKMPU.
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Formation and management of safety culture in the railway industry: best practices and
strategies

This article examines the current issue of safety culture in the railway industry, in particular, the
formation and development of a safety culture on the railways of Ukraine. In the article emphasizes the
uniqueness of the European model of railway safety culture. The purpose of the study is to
comprehensively study the principles, methods and effectiveness of the formation and management of
the safety culture in the railway industry. Recommended strategies include leadership commitment, staff
engagement, training, communications, security audits, and technology use. A comparative analysis
between the EU and Ukraine's railway system points to structural and regulatory differences,
emphasizing the need for Ukraine to adapt European practices in the field of safety. The article also
offers a structured approach to incident analysis and implementation of security practices, as well as
the application of the Plan-Do-Check-Act cycle for systemic security management. These approaches
aim to improve safety practices and ensure efficient transportation systems.

Key words: Safety Culture, Railway Industry, Risk Management, Employee Education, Awareness,
Technology, Safety Improvement, Organizational Safety.

Introduction. Today, the safety of railways is a very important topic, which focuses a lot of interest
in many countries of the world. Current aspects of railway security include the following topics: cyber
security of railway transport; countering terrorism and vandalism; safety of passengers and employees;
risk management and emergency preparedness; environmental safety and sustainable development. This
article deals with the topical topic of the formation and development of safety culture in the railway
industry of Ukraine.

To implement this practice in developed railway systems, a number of interrelated issues are
resolved, the main aspects of which are shown in the diagram shown in fig. 1. This article examines
these aspects and offers conclusions and strategies for the formation and development of a safety culture
in the railway industry of Ukrainian railways.

Analysis of recent research and problem statement. A key and necessary condition for the
sustainable development of the railway industry is to support and improve the level of safety at each
railway transport enterprise and for the railway system as a whole.

Safety culture is a system that encompasses the attitudes of a particular group to risk, safety and
threats, indicating the values that are considered key in this area.

Safety culture is the main prerequisite for the effective operation of the railway system. The safety
and maintenance management system is based on a safety culture and is an important element in all
railway organizations to maintain and improve safety.

A properly understood safety culture is based on a high level of trust and respect between employees
and management, so it must be created and maintained by senior management.

The full definition of safety culture is contained in the European Railway Safety Culture Declaration:
"Safety culture means the interaction between the requirements of the Safety Management System and
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how people understand them based on their attitudes, values and beliefs and what they actually do, as
seen from decisions and behaviour. A positive safety culture is characterized by the collective
commitment of leaders and individuals to act safely at all times, particularly when faced with competing
goals” [1].

Formation of safety culture:

How to develop and implement an Using technology to
effective safety culture in organizations of improve security:

1 1 9
the railway industry? What modem

technologies can help

Safety culture management: identify, monitor and
How to manage and maintain a prevent risks in railway
sustainable safety culture in organizations operations?

involved in rail transport?

Risk management:

Implementation of best practices: Howto:assess and

What methods and strategies can be used manage risks in the
to achieve best practices in railway railway industry, in
safety? particular those related to
security?

Fig 1. Basic aspects of safety culture implementation in railway systems

According to the findings of European national accident investigation bodies, a poor safety culture
on the railways has played a role in major rail transport accidents, including those in Great Britain and
France. As part of the research conducted in the laboratory of the Lviv Scientific and Research Institute
of Forensic Examinations of railway accidents that occurred on the railways of Ukraine, the need to
implement an effective safety management system and the formation of a safety culture was also noted.

There are many approaches to assessing and improving safety culture in the railway industry [3-20].
The European Railway Agency (ERA) has defined important standards and developed a key model,
taking into account the unique needs of the railway industry [1]. This model acts as a reference basis for
evaluating and improving the safety culture, ensuring compliance with the highest standards of
reliability and safety.

In turn, the International Union of Railways (UIC) provides guidance on safety culture, emphasizing
a global approach to ensuring safety in different regions of the world [2]. These recommendations take
into account the challenges and peculiarities faced by the railways of different countries, offering
practical strategies and methods for improving the safety culture at all levels of management and
interaction of the participants of the railway transport system.

These two influential organizations work together to establish high standards of safety and culture in
the rail industry to ensure the efficient and reliable transportation of passengers and freight, reducing
risks and improving the overall safety status of the rail system worldwide.

The European Union Agency for Railways (ERA) has introduced its "Safety Culture Model," which
serves as a conceptual and evaluative framework for analysing and improving safety culture within
railway organizations. The model is divided into three key components [1]:

Cultural Factors: tthese are levers that determine the development of organizational culture.

Behavioural Models: these are shared ways of thinking and acting that reflect the organizational
culture.

Railway Safety Foundations: key principles that must be considered in behavioural models to achieve
sustainable safety performance and organizational excellence.

These three components encompass four cultural factors and four fundamental railway safety
principles, forming a total of 24 attributes. These attributes serve as a valuable tool for railway
organizations to identify their cultural strengths and weaknesses, contributing to the development of a
positive safety culture in the railway industry. Figure 2 shows the European Railway Safety Culture
Model.
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Considering the European integration vector of Ukraine, it is important to implement European
practices in the field of security in the railway industry.
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Fig 2. The European Railway Safety Culture Model
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In order to ensure the safety and efficiency of operations in the railway industry, the availability of a
skilled workforce with relevant competencies is a critical element. Employees of the industry daily
perform such operations as inspection, maintenance and modernization of infrastructure and rolling
stock. As demands on the rail network continue to grow, it is important that these industry workers
receive ongoing training to ensure their skills and competencies are up to date with industry
requirements.

The purpose and tasks of the study. The purpose of the study is to comprehensively explore the
principles, methods, and effectiveness of forming and managing safety culture in the railway industry,
with a focus on identifying best practices and developing strategic approaches. The research aims to
contribute valuable insights into enhancing safety measures within railway operations.

The purpose of the study is a comprehensive study of the principles, methods and effectiveness of
the formation and management of safety culture in the railway industry with an emphasis on identifying
best practices and developing strategic approaches. The study aims to provide valuable information on
improving safety measures during railway operations.

The tasks of the research include:

- study of the existing literature on safety culture in the railway industry;

- analysis of case studies, research articles and reports related to security practices;

- research on successful safety initiatives implemented by railway organizations around the world;

- determination of specific practices and strategies that have proven their effectiveness in increasing
safety culture;

- assessment of the current state of safety culture in the railway industry;

- studying the effectiveness of existing programs and security policies;

- development of a strategy for the formation and improvement of safety culture based on identified
best practices;

- comparison of the practice of safety culture in the railway industry with other highly reliable
industries; comparison with international standards and recommendations.
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- providing recommendations to railway organizations on strengthening the safety culture and
improving the overall safety system.

Materials and methods of research. The formation of a safety culture in the railway industry
requires a comprehensive approach, involving the engagement of personnel at all organizational levels
and considering the industry's specifics. Best practices include:

1. Leadership and Management Engagement:

- Prioritizing safety and demonstrating leadership commitment.
- Leaders actively communicating with staff about the importance of safety rules and setting an
example in following these rules.

2. Training and Education:

- Regular training and reminders of safety rules.
- Organizing seminars, training sessions, and other educational events on safety issues.
3. Employee Involvement:
- Involving employees in decision-making processes related to safety.
- Establishing feedback mechanisms for employees to report potential hazards and safety
violations.
4. Setting Safety Goals and Policies:
- Establishing specific safety goals and tracking their achievement.
- Measuring safety indicators to assess the effectiveness of measures and risk management.

5. Enhancing Communication:

- Ensuring effective safety information exchange across all organizational levels.
- Encouraging open communication and reporting of incidents, even minor ones.

6. Safety Audits and Evaluation:

- Conducting regular audits and evaluations of the safety management system to identify
weaknesses and potential improvements.

7. Compliance with Regulations and Standards:

- Ensuring compliance of all processes and procedures in the railway industry with established
standards and regulatory requirements.

These practices contribute to creating a robust safety culture in the railway industry, ensuring the
effectiveness and safety of railway transportation systems.

Managing safety culture in the railway industry requires a systematic and comprehensive approach
aimed at forming and maintaining a safe working atmosphere. Here are some of the best safety culture
management strategies in the railway industry:

1. Leadership and Exemplification:

- Decisive top-down leadership prioritizing safety and actively embodying safety principles in all
aspects of operations.

2. Employee Engagement:

- Ensuring active participation of employees in shaping and implementing safety strategies.
- Considering the opinions and ideas of employees for improving workplace safety.
3. Training and Development:
- Conducting systematic safety training for all staff.
- Providing opportunities for professional growth and skill development in the safety field.

4. Communication and Feedback:

- Ensuring open and effective communication across all organizational levels regarding safety
matters.
- Establishing mechanisms for collecting and analysing feedback to improve the safety system.

5. Safety Identification Building:

- Creating a specific organizational image where safety is a key component of corporate culture.

6. Effective Use of Technology:

- Implementing modern technologies and innovations to enhance safety systems and operational
efficiency.
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7. Monitoring and Analysis:
Regular monitoring and analysis of safety conditions, identifying issues, and taking appropriate

ensuring optimal protection for both employees and passengers.

measures for resolution.

8. Recognition and Motivation:

Establishing a reward and recognition system for achievements in safety, encouraging
employees to be more attentive to safety.
These strategies contribute to the creation of an effective safety culture in the railway industry,

Comparing safety culture across rail systems is challenging because of the different contexts, sizes,
cultural differences, and management strategies. However, it is possible to highlight the main aspects
for comparison, which are shown in Figure 3.

1. Degree of
security awareness.

2. Management
commitment to
safety.

3. Training systems
and training
programs.

4. Technological
solutions and
innovations.

5. Response to

| incidents and crisis

management.

6. Participation of
communities and
the public.

Fig 3. Key aspects for comparing safety culture in different railway systems

A comparison of the safety culture in the railway systems of the European Union (EU) and Ukraine
is given in the Table 1.

Ne

1

Indexes
Structure and
organization

Regulations and
standards

Safety standards
and approaches

Investments and
development

(EU) and Ukraine
EU

The EU has an extensive rail
transport system, including many
member states, each of which has
its own internal organization and
management of railways
The European Commission and the
European Railway Agency (ERA)
set safety standards and regulations
to ensure unity and a high level of
safety in the EU rail industry
The European approach to safety
includes strict standards and a high
level of automation, technology and
control over train traffic and
infrastructure
European countries are actively
investing in the modernization and
development of railway
infrastructures, in particular high-
speed railways, and
environmentally friendly vehicles
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Table 1. A comparison of the safety culture in the railway systems of the European Union

Ukraine
The railway system of Ukraine
is centralized and owned by the
state company JSC Ukrainian
Railways (Ukrzaliznytsia),
which is a monopoly operator
The Ukrainian State Transport
Safety Service is responsible for
regulating and overseeing safety
in the transport industry,
including railways
Ukrainian safety standards also
meet international requirements,
but there is a problem of
financial constraints and
equipment obsolescence
Ukraine also has plans to
modernize its rail infrastructure
and improve safety, but limited
budget resources may affect the
speed and scope of these
reforms
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Also, in the EU, great emphasis is placed on education and training of personnel in the field of safety
and technical aspects of railway transport.

The development of a safety culture in railway transport in Ukraine is crucial to ensure the highest
level of safety for both passengers and personnel. Important steps and corresponding actions of the
strategy for the development of a safety culture in railway transport in Ukraine are given in Table 2.

Table 2. Important steps and corresponding actions of the strategy for the development of a

safety culture in railway transport
Ne Important Actions
steps

Regulatory Enhance and enforce existing safety regulations and standards, ensuring that

1 Framework they align with international best practices. This includes oversight,
Strengthening | monitoring, and audits to verify compliance.

Comprehensive training of railway employees at all levels on safety

Education and | procedures, protocols, and emergency response. Encouraging continuous

2 .. . .
Training learning and skill development to keep employees up-to-date on the latest
security measures.
Promoting open communication channels where employees can freely report
Safety . . . .
3 . safety concerns, incidents, or potential hazards without fear of retaliation.
Communication . . . . .
Encouraging a reporting culture that emphasizes learning from mistakes
Leaders within the railway industry should set an example by demonstrating
4 Safety a strong commitment to safety. They should actively participate in safety
Leadership initiatives, emphasize safety as a core value, and communicate safety
expectations to all employees.
Involvement Involvement of employees in safety decision-making processes, hazard
5 and identification, risk assessment, and development of safety procedures. Such
Participation participation increases a sense of ownership and responsibility for safety.
. Carrying out a thorough risk assessment of all aspects of railway operations.
Risk . . . . Y
Identifying potential hazards and developing a risk mitigation strategy.
6 | Assessment and . . :
Regularly review and update the risk assessment to adapt to changing
Management .
circumstances.
Safety Establish clear safety performance indicators and regularly measure,
7 | Performance monitor, and evaluate safety performance. Recognize and reward
Metrics individuals and teams that contribute to maintaining a high level of safety.
. Implement modern safety technologies such as advanced signalling
Investment in . .
8 Technolo systems, predictive maintenance tools, and automated control systems that
&y can enhance safety and minimize the risk of accidents.
. Foster collaboration and information sharing among railway companies,
Collaboration . . . . . L
industry associations, government bodies, and international organizations.
9 | and . . . X .
. This can facilitate the exchange of best practices and innovative safety
Partnerships ;
solutions.
Emergency Ensure that railway personnel are well-trained in emergency response
10 | Response procedures and conduct regular drills to enhance preparedness for various
Preparedness emergency scenarios.
Public Educate the public about railway safety through campaigns, workshops, and
11 | Awareness and | school programs to instill safe behaviors and raise awareness about the risks
Education: associated with railway transport.
Continuous Encourage a culture of continuous improvement by conducting regular
12 | Improvement safety reviews, learning from incidents, and implementing necessary

changes to prevent similar incidents in the future.
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A safety culture is a collective mindset, values, and behaviours within an organization that prioritize
safety and encourage safe practices at all levels. By integrating these strategies and fostering a safety-
oriented mindset at all levels of the railway transport sector in Ukraine, a strong safety culture can be
developed, leading to safer operations and a reduced risk of accidents or incidents.

Identifying threats to train traffic safety is a critical step in ensuring a safe railway system. Threat
identification involves recognizing potential risks, hazards, or factors that could compromise the safety
of train operations. The following methods and approaches for determining threats to train traffic safety
can be identified:

1. Risk Assessments. Conducting a comprehensive risk assessment and hazard analysis to identify
potential threats. These assessments should cover various aspects, including infrastructure, equipment,
operations, human factors, and environmental conditions.

2. Safety Audits and Inspections. Conducting regular safety audits and inspections of railway
structures, tracks, stations, signalling systems, rolling stock and other critical components. Identification
of any deviations from safety standards and their immediate elimination.

3. Incident and Accident Analysis. Analysis of past incidents and accidents in the rail system to
identify recurring patterns, root causes and contributing factors. Learning from previous incidents can
help in proactively addressing similar threats in the future.

4. Safety Reporting Systems. Implementing a robust safety reporting system that will encourage
employees and stakeholders to report safety issues, incidents or unsafe conditions. Analysing these
reports can help in identifying potential threats and taking preventive measures.

5. Safety Meetings and Workshops. Organizing regular safety meetings, seminars and brainstorming
sessions with employees and stakeholders. These sessions can provide valuable insights and
perspectives on potential threats and safety improvement opportunities.

6. Job Safety Analysis (JSA). Conducting occupational safety analysis for various tasks and
operations on the railway. This involves breaking down tasks into individual steps and identifying
potential hazards and risks associated with each step.

7. Human Factors Analysis. Investigating human factors that may pose a safety risk, such as fatigue,
distraction, lack of training or inadequate staffing levels. Addressing human factors is crucial to ensure
safe train operations.

8. Safety Surveys and Feedback. Collecting feedback and information from employees, passengers,
and other stakeholders through safety surveys. These surveys can help identify areas of concern and
potential threats that might have been overlooked.

9. Collaboration with Industry Experts. Cooperation with safety experts, consultants, or external
organizations with expertise in railway safety. Participate in security audits and consultations to identify
threats and receive recommendations for improvement.

10. Utilization of Advanced Technologies. Implementation of advanced technology such as sensors,
cameras, predictive maintenance tools and real-time monitoring systems. These technologies can
provide real-time data and alerts to identify potential threats and safety issues promptly.

11.Close Monitoring of Weather Conditions. Keep a close eye on weather forecasts and conditions,
as adverse weather such as heavy rain, snow or extreme temperatures can affect rail safety. Taking
appropriate measures to mitigate the impact of adverse weather conditions on the operation of trains.

12.Simulation and Scenario Planning. Using simulation software to model and simulate various
scenarios to identify potential threats and assess the safety implications of different operational
situations.

By employing a combination of these methods, railway authorities can proactively identify threats
to train traffic safety and take appropriate preventive and corrective actions to ensure a safe and reliable
railway system.

Analysing the results of investigations into transport incidents on railway transport is crucial for
understanding the causes, patterns, and potential impacts on safety. This analysis helps in identifying
trends, improving safety measures, and implementing preventive actions. Table 3 provides a
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recommended structured approach to rail incident analysis that organizations can use to identify critical
safety issues and implement necessary improvements.

Table 3. A recommended structured approach to rail incident analysis
Ne Hunting action Recommended actions

1

10

11

12

13

14

Incident Data
Collection
Root Cause

Analysis (RCA)

Categorization of
Incidents
Frequency  and
Trend Analysis

Identification of
Common Factors:
Human  Factors
Analysis:
Equipment  and
Infrastructure
Analysis
Regulatory
Compliance
Assessment
Safety Culture
Assessment

Impact on Safety
Measures
Lessons Learned
and

Recommendations

Data Visualization
and Reporting

Implementation of
Corrective
Actions
Continuous
Monitoring
Improvement

and

Gather detailed incident data including the date, time, location, type of
incident, individuals involved, weather conditions, and any other
relevant contextual information. Ensure data accuracy and
completeness.

Conduct a thorough root cause analysis for each incident to determine
the underlying factors that contributed to the occurrence. Identify
immediate, underlying, and systemic causes.

Categorize incidents based on their nature (e.g., collisions, derailments,
signal violations, human error) and severity (e.g., minor, significant,
catastrophic) to identify trends and patterns.

Analyse incident data over a specific period to identify trends, patterns,
and frequencies. Determine if the number of incidents is increasing,
decreasing, or remaining constant, and identify any seasonal variations.
Identify common factors across multiple incidents, such as equipment
malfunctions, human error, maintenance issues, or inadequate training.
Highlight recurring issues that need immediate attention.

Evaluate the role of human factors in incidents, including factors such
as fatigue, distractions, communication breakdowns, and inadequate
training. Determine the impact of human performance on safety.
Evaluate the role of equipment malfunction, signalling system failures,
track conditions, and overall infrastructure in incidents. Understand how
these factors affect safety.

Evaluate incidents in the context of regulatory compliance to identify
whether safety regulations and guidelines were followed. Assess the
adequacy and effectiveness of existing safety protocols.

Evaluate if there are indications of a poor safety culture within the
organization by analysing incident reports and employee feedback.
Consider factors like reporting culture, blame-free environment, and
accountability.

Assess how incidents have influenced safety measures, protocols, and
procedures. Evaluate changes made post-incident to enhance safety and
prevent future occurrences.

Summarize the lessons learned from each incident and provide
recommendations for preventing similar incidents. Propose corrective
actions, procedural changes, training improvements, or equipment
upgrades.

Present the analysis findings through data visualization techniques such
as charts, graphs, and dashboards. Create comprehensive reports
summarizing the incident analysis and recommendations.

Ensure that the recommendations are implemented effectively to
improve safety. Monitor the progress and effectiveness of corrective
actions.

Establish a system for continuous monitoring, learning, and
improvement based on incident analysis. Regularly revisit incident data,
update safety measures, and conduct periodic safety reviews.
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The Safety Management System (SMS) is fundamental for ensuring high levels of railway safety.
Both railway operators and infrastructure managers share the responsibility for safety within the railway
system. The SMS's purpose is to secure business objectives safely and adhere to safety obligations in
the dynamic railway environment. Compliance with Directive (EU) 2016/798 is necessary for safety
certificates or authorizations, involving a comprehensive Plan, Do, Check, Act (PDCA) cycle. A
systematic approach considers individual requirements, their integration, and interfaces with other
railway actors, emphasizing hazard identification, risk management, and accident prevention. Effective
risk control involves three critical dimensions: technical, human, and organizational components.

The Plan-Do-Check-Act (PDCA) cycle can be applied to manage safety systems in railway transport.
Figure 4 shows the application of the Plan-Do-Check-Act (PDCA) method for the management of
railway safety systems.

" Identify Security Objectives

Conduct Risk Assessment Implement Security Measures

Develop Security Policies and ATSIRHIE A AwAECTes

| Procedures
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* Perform
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( \ Monitor and Evaluate
Review Security Performance =
¢ Security Performance

Take Corrective and

Preventive Actions Incident Reporting and

Analysis

| Continuous Improvement

\\ /// Compliance and Auditing

Fig 4. Application of the Plan-Do-Check-Act method to the management of the safety system in
railway transport

Application of the Plan-Do-Check-Act method to the management of the safety system in railway
transport.
1. Plan:

» Identify Security Objectives: Define security objectives, considering the unique security risks
and challenges associated with railway transport. Objectives may include preventing sabotage,
ensuring passenger safety, protecting critical infrastructure, and cybersecurity.

* Conduct Risk Assessment: Perform a thorough risk assessment to identify security risks
specific to railway operations. Consider aspects such as potential terrorist threats, cyber-attacks,
unauthorized access to tracks or stations, and safety hazards.

» Develop Security Policies and Procedures: Establish comprehensive security policies and
procedures that address identified risks. Include guidelines for access control, emergency response,
cybersecurity measures, employee training, and communication protocols during security incidents.
2. Do:

» Implement Security Measures: Put into action the security controls and measures outlined in
the security policies. This may involve deploying surveillance systems, access control technologies,
cybersecurity measures, security personnel deployment, and safety protocols.
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* Training and Awareness: Conduct training programs and awareness campaigns for railway
staff regarding security policies, emergency response procedures, and the use of security
technologies. Raise awareness about the importance of security and reporting any suspicious
activities.

3. Check:

*  Monitor and Evaluate Security Performance: Continuously monitor security measures using
a combination of surveillance systems, security audits, and feedback mechanisms. Regularly assess
the effectiveness of implemented security controls against predefined key performance indicators
(KPIs).

» Incident Reporting and Analysis: Establish an incident reporting system to capture security
incidents or breaches. Analyse these incidents to understand the root causes, identify vulnerabilities,
and develop strategies to prevent similar incidents in the future.

*  Compliance and Auditing: Conduct regular compliance audits to ensure that security measures
and practices align with the established security policies and relevant regulations. Address any non-
compliance issues promptly.

4. Act:

* Review Security Performance: Review the data and insights obtained from monitoring,
incident analysis, and audits. Evaluate the performance of the security system and identify areas for
improvement.

» Take Corrective and Preventive Actions: Implement corrective actions to address identified
security gaps and incidents. Also, proactively introduce preventive measures based on lessons
learned and emerging security threats.

* Continuous Improvement: Integrate the lessons learned and recommended improvements into
the security policies and procedures. Continuously update and adapt security measures to enhance
the security posture of the railway transport system.

Conclusions. The article underscores the critical importance of safety culture in the railway industry,
emphasizing its role in ensuring the safety of passengers, employees, and the overall railway system.

Drawing from global best practices, the article highlights the European Railway Safety Culture
Model as a comprehensive framework. It discusses the role of influential organizations like the European
Railway Agency (ERA) and the International Union of Railways (UIC) in shaping safety standards and
promoting a positive safety culture worldwide.

The article identifies leadership, employee engagement, training, communication, safety audits,
compliance, and technological advancements as key components of an effective safety culture. It
emphasizes the need for a dynamic safety culture that adapts to changes over time.

A comparative analysis between the European Union (EU) and Ukraine's railway systems reveals
distinctions in structure, regulations, safety standards, investments, and cultural emphasis on education
and training. The article recognizes the need for Ukraine to align with European practices in enhancing
railway security.

The article provides a set of comprehensive strategies for managing safety culture in the railway
industry. These strategies encompass leadership commitment, employee engagement, continuous
training, effective communication, safety audits, compliance with regulations, and utilization of
technology.

The article outlines methods for identifying threats to train traffic safety, including risk assessments,
safety audits, incident analysis, safety reporting systems, and collaboration with industry experts. It
emphasizes the importance of proactive measures to ensure a safe and reliable railway system.

A recommended structured approach to rail incident analysis is presented, involving incident data
collection, root cause analysis, categorization, frequency and trend analysis, human factors analysis, and
continuous improvement. This approach aims to learn from incidents, improve safety measures, and
implement necessary corrective actions.

The application of the Plan-Do-Check-Act (PDCA) cycle to the management of railway safety
systems is illustrated. This cyclical approach involves planning security objectives, implementing
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security measures, monitoring and evaluating performance, and taking corrective and preventive
actions. The PDCA cycle is presented as a systematic method for continuous improvement in railway
safety.

The suggested approaches and frameworks aim to guide the railway industry towards enhanced
safety practices, ultimately ensuring the well-being of passengers and personnel while maintaining
efficient and reliable transportation systems.

All organizations have their own security culture, regardless of whether they pay attention to it or
explicitly manage this process. Various events and accidents that have occurred in various industries
demonstrate that a low level of safety culture can lead to catastrophic consequences. Thus, companies
and regulators in various fields recognize the urgent need to actively build a positive safety culture. This
culture must not only be static, but also dynamic, constantly monitored, and ready to change or improve
over time. Ensuring a high level of security requires organizations to be aware of and implement security
principles and practices, thereby contributing to the safe and stable operation that is important to all
participants in the process.
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CynoBuii exkcneprt, JIbBIBCbKUII HayKOBO-JIOCTITHUN 1HCTHTYT CYIOBHUX €KCIIepTH3, Byl. JlummHcbkoro, 54,
M. JIbBiB, 79024.

®opMyBaHHS Ta YNPABJIiHHSA KYJbTYPOIO 0e3lleKH B 3aJi3HMYHIN ramysi:
HaWKpaui NPaKTHKM TA cTpaTerii

Y ecmammi pozenadaemuvca axmyanvhe numanns Kyiemypu 6esnexu 8 3ani3HUYHIl 2any3i, 30Kpemd,
Gopmyeannss ma po3eumKy Kyiomypu Oe3nexu Ha 3anizHuysx Yipainu. Y cmammi niokpecioemvcs
VHIKAIbHICMb €8PONEUCHKOI MOOeni Kyabmypu 6esneku Ha 3anisHuyi. Mema O0ocniodcenns noaseac 8
KOMIJIEKCHOMY OQOCTIONCEHHI NPUHYUNIB, Memooié ma eheKmueHoCmi (hopmMyeanHs ma YnpasiiHHs.
KyIbmypoio bOesnexu 6 3anisHuunit eanysi. Pexomendosami cmpamezii exaouaiomsv Gi00anicmb
KepigHUymaea, 3ay4eHHs NepcoHaNy, HA8UAHHSA, KOMYHIKayii, nepesipku Oe3neku ma 6UKOPUCHAHHS
mexnonoziu. Ilopisnanvnutl ananiz migc s3anisnuunoilo cucmemoro €C ma Yxpainu exasye Ha
CMPYKMYPHI MA HOPMAMUBHT 8IOMIHHOCTI, HALONOWYIOHU HA HeoOXIOHocmi O Yxpainu adanmysamu
€8PONEUCHKY NPAKMUKY V cihepi beznexu. Y cmammi makodic npononyemscsi CmpyKmyposanuil nioxio
00 ananizy iHYUOeHmis i 8NPOBAONCEHHA NPAKMUK Oe3neKU, d MAaKoXC 3acmocy8anHs yukiy «llian-
Bukonanus-Ilepesipka-/isy ona cucmemnoco ynpaeninus 6Oesnekoro. Lfi nioxoou cnpsamosani Ha
NOKpAWeHHs NPpakmuxy be3nexu ma 3abesneuents ehexmueHoCmi MpancnOpPmMHUX CUCHEM.

Knrouoei cnosa: xyremypa Oesnexku, 3ani3HUYHA 2ay3b, YAPAGNIHHA pUSUKAMU, HABYAHHA
npayieHuKie, 0bOIsHAHICMb, MEXHONO2IS, NIOsUWeHHs De3neKu, opeaHizayiina be3nexa.
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Surge suppressors for DC semiconductor switching devices

The recearch including the switching surges at semiconducting switches of commutation apparatus during
the time of switching DC circuit. The target of this recearch is to develop a method for calculating the
parameters of a switching surge wich consists of series of parallel-connected varistors for using in
semiconductor commutation devices. On the basis of recearching the transient processes that can to be in such
surge restrictors of voltage in semiconductor switches at DC circuits. mathematical calculation expressions
have been proposed for calculating the main parameters of the overvoltage regulator. In the issue, an
engineering method allows the calculating the parameters of varistor surge regulators alsow for hybrid and
contactless semiconductor apparatus of the DC circuits, and allows to choos lower level of surge admissible
for this class of semiconducting devices. The results of the work make it easier high accuracy at a little time in
choosing full controlled semiconductor switches with regard to the current and voltage in the design process
of modern switching semiconductor apparatus that work in the DC circuits. That helps to solve the basic tasks
of apparatus engeneerig. The voltage regulator that is proposed for DC semiconductor switching apparatus
allows to limit effectively of switching surges in the power semiconductor devices to below several times by
rated voltage level.

Keywords: switching surge, voltage regulator, varistor, semiconductor apparatus, semiconductor
device.

Introduction. In the end of 20™ centure a new stage began in the designing of power electronics. It
associated with the development of powerful full controlled semiconductor devices (SDs), in particular
a double-gate turn-off (D-GTO) thyristor, a GCT-thyristor (gate communicated turn-off thyristor) and
a high-speed power insulated gate bipolar transistor (IGBT-transistor). The high level electronic
technology facilitates to organize a growing number of production of those devices in the type of
compact integrated module structures as such as IGCTs (GCT-based thyristors) and IGBTs (BTIZ-based
thyristors). Theese devices are characterized by high reliability and affordable price. The combination
of semiconductor devices and control circuits for them in a single design with different degrees of
integration has created excellent conditions to implement various laws of controlling of high level
electric energy streams [1, 2].

The mentioned above devices have given a powerful incentive for further development of the hybrid
and contactless switching power semiconductor devices (SDs) for the direct current (DC). This
apparatus consist in their main circle new fully controlled semiconductor transformers (STs) as
switches. The advanced devices have such operational qualities as high switching durability (up to
several million cycles), an extremely high speed of performance (only several microseconds), absence
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of highly expensive and unreliable systems of forced switching, improved functional features, and
convenience of combinability with microprocessor devices, which make them really competitive on the
world market despite their high cost [3, 4].

These refined DC semiconductor apparatus (SA), contactless [5, 6] and hybrid [7, 8], have switching
surges continuously due to the energy stored in the network inductance and the load inductanceduring
of commutation. But due to the fact that the circuits at switched off at a significant load during a very
short time, the stored energy will be much higher, and dampening it will be more difficult than in earlier
developed devices with the capacitive switching of the semiconductor switch. There were the switching
capacitor combines its main function with the role of a voltage regulator [9].

In this case, it is rational to research the methods of limiting switch surges in these semiconductor
devices and to make relevant calculations. The recearch may be interesting for the developers who
professionals working in the electromechanical engineering.

Analysis of recent research and problem statement. In the DC semiconductor apparatus, damping
of the switching surge caused by stored energy in the inductance of the electrical network and in the
load at the moment of switch-off can be made by the following ways:

— by applying switching condensers [10];

— by using the same condensers wich are shunted with linear resistors [10];

— by applying energy-intensive varistors [11, 12].

In all these methods for diffusion the energy accumulated in the inductive load, it is traditional to
use a reverse diode or a reverse thyristor (in the case of a reverse system) which switch simultaneously
with the load [13]. Transient electromagnetic processes in semiconductor apparatus have been treated
in detail in sufficient [11]. Moreover, it should be noted that due to high energy accumulated in the
inductive load at the switching moment, other methods are don't quite fit because it is impossible to use
them them (usually the energy accumulated in the inductive load is too higher than the energy
accumulated in the electrical network inductance) [14]. Thereby authors shall analyse the above
mentioned methods, provided that it is necessary to dampen only the energy accumulated in the network
inductance.

The use of capacitors to limit switching surges by transferring the energy accumulated in the circuit
inductance into potential energy of the charged capacitors is a classic method implement in DC SA with
compulsory capacitive switching of the primary semiconductor switch of the SA made on the basis of
thyristors [10]. For obtaining an acceptable level of surge, it is necessary to make use of bulky,
expensive impulse capacitors, with a limited temperature working range (it especially electrolytic pulse
capacitors). This method can be valid when SA already have capacitive compulsory switching; but in
modern SA, which are constructed using fully controlled STs, the implementation of this method is not
be expedient [15].

The use of defensive capacitors with linear resistors that are enabled by a special scheme in parallel
to the capacitors has allowed significant reduction of their size. Wherein, in addition to the problems
connected with deficiencies of the special type of capacitors, there have appeared problems with
involving the need to create the schemes for switching linear resistors. They would allow their switching
on and off in due time [10]. In that reason this method is also impractical to use for reducing switching
surges in modern SA.

Voltage regulators on the basis of the two mentioned above principles are analysed in detail in [10]
. The research considers the methods of their calculation subject to constraining switching surges to a
level acceptable for SA of the direct current.

In this time, due to the developing of energy-intensive varistors that allow to diffuse the energy of
over the hundred kJ and that have suitable size and cost, sufficiently favourable conditions have been
designed for their use in modern switching SA for the deffusing of stored energy in the circuit inductance
at switching off the device [11, 16].

The mentioned above critical analysis of the different methods of damping switching surges in the
power DC switching devices describes that while using DC SA in which STs are fully controlled it is
advisable to limit the sharp increase of voltage to the level acceptable for this class of devices, less
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than 2.5 nominal voltage value Unom [17] by diffusing the energy accumulated in the inductive load by
means of the voltage regulator (VR) VR1 on the basis of the feedback diode turned on parallel to the
load, and the energy accumulated in the network inductance should be diffused by using VR2 which
based on powerful varistors connected to the input circuit of the apparatus.

As are no methods used for calculating varistor VRs integrated into the DC SA using fully controlled
power semiconductor devices, there is a need for a detailed researching of the electromagnetic transient
processes that take part in the limiters of those devices in time of switching the load. According that, it
is necessary to propose a method of calculating the parameters of varistor VRs that reduce switching
sharp increase of voltage to the acceptable level for this class of devices.

The purpose and tasks of the study. The target of this study is to develop a method of calculating
the parameters of voltage regulators wich consists the the energy-intensive varistors at a given switching
surge level in DC SA of the with full-controlled STs.

That is why, it is necessary to determine the following problems:

— to treat transients that occur in the voltage regulators for DC SA at the load switching,

— to solve the analytical expressions to calculate the basic parameters of VRs and to formulate them
as the basis of an engineering method of calculation, and

— to propose the examples of calculating the parameters of VRs and switching surges for the most
common types of DC SA.

Materials and methods of research. A calculating scheme of circuit of switching voltage regulator is
shown in Figure 1.

R B L
11— Y Y — S5 e
L] 4 ;
1 1
L R

IR2

I |
g

E c JRI

Fig. 1. An equivalent circuit of switching voltage regulators (SS is a semiconductor switch on
fully controlled devices, S is a mechanical switch available only in hybrid apparatus, L, and R,
are load inductance and active load resistance, whereas L. and R. are equivalent inductance and
resistance in the circuit)

The parameters R. and L. are calculated in the short circuit mode in the apparatus circuit

Uom 1.1
R,=—""—= and L, =L, =R, (1)

e
sCmax

where U, - the nominal value voltage in the network,
Iscmax - the maximum acceptable short circuit current, and
7 - the constant of time of the short circuit current (z=0.01 s) [17].

In this scheme the capacitor C is the parallel connected to the VR1. That capacitor limits the speed
of increase of the switching surge in STs of semiconductor apparatus at the break of the current. The
value of capacitor's capacitance is determined by the following expression

C @
[dtjcrit
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where I - the maximum acceptable switched current of the apparatus. (As example, a contactor and a
modern high speed circuit breaker this value is usually, 1si=4"lom.) [4];
liomo - @ nominal operating current, which iS L,0,.0=0.6"1,,, usually;

du . . . . .
(d_tT - a maximum acceptable speed of increase of the current in power semiconductor devices
crit

(PSDs).
The parameters of the varistors used in the VR1 have to comply with the math inequalities [4]:

Wc.max <Wc.adm

Ic.max < Ic.adm

tc <tadm ! (3)
U

U,>—-"m.11
0.8

where t; - the current duration in the varistor;

Ic.adm and tagm - the acceptable amplitude and lasting of the current impulse in the varistor. Its energy W,
does not exceed the acceptable value of energy W agm;

Wemax - the maximum value of energy diffused in the varistor;

lcmax - the maximum value of current in the varistor;

Uc - a classified voltage of varistor.

For real parameters of the switching circuit of a DC SA, the values of I and W, can be much higher
than the acceptable lc.agm and We.agm. As example, for a contactor for ,,,=630 A, the maximum switched
current lsc in the circuit in the mode of occasional switchings is equal to 4:l,.mr. Therefore, at
liom.0=0.6"liom, Le=0.5 mMHmH, the accumulated energy of inductance in the electric network is

2
Lela” _ 571 J, while in varistors CH2-2, W, 4, <150J, and in BC2-2 W, =350J [3].

Therefore, to increase the admissible energy for the VR1, the authors suggest series of parallel
connection of a varistors, which is on Figure 2.

This VR consists of n parallel branches. Each of them is containing m serial linked varistors RU1-
RUm and one ballast resistor Ry to equalize the currents in the parallel branches.

Computation of the maximum energy make in one varistor of the VR in Fig. 2, a is done for the
limiting case of lopsided distribution of current in the parallel branches. It conforms to determining the
minimum values of the parameters in an each n-th branch and the maximum values are determined in
the other ones.

If current in the n-th branch will be the maximum, the currents in the other branches will be minimal.
Clearly that the energy diffused in one varistor proportionally to the squared value of current will be
maximal for the varistor that is connected in the n-th branch where is the maximum current.

The calculation of priniple electric scheme of replacing the switching circuit of the VR1 (Fig. 2, a),
which has a given distribution of the current, at the stage of limiting the surge looks like in Fig. 2, b
(excluding the capacitor current C of the VR1, which has too small a capacity to have any actual effect
on the current distribution in the VR1), where L. is equivalent inductance in the switching circuit (Le=Lsc;
Rex0); Remax=m"RamaxtRomax aNd Uemax=n-Ucmax are equivalent maximum resistance and voltage in an (n-
1)-th branch with the minimum currents icmin; Remin=m2*RamintRomin and Uemin=m-Ucmin are equivalent
minimal resistance and voltage in stabilizing the n-th branch with the maximum currents icmax; Rdmax,
Ramin are the max and min dynamic resistances of the varistors; Ucmax, Ucmin are the max and min voltages
in stabilizing the varistors; Rbmax, Rbmin are the maximum and minimum resistances of the ballast resistor;
S1 is the switch simulating the operation of the VR (it switches off the branches with the currents icmin
at the declining voltage in the VR1 Uy below Uema).
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Fig. 2. The surge suppressor: a is a priniple electric scheme of combination of parallel and serial
connection of varistors, b is a calculation electric scheme of an equivalent switching circuit in
the VR, and c is the dependency graph of the VR operation

It is necessary to rise the voltage Uy to the value of Uemin for the flowing the current in the VR.
Besides the switch S1 can be locked to allow to flow the current in all the n branches if the math
inequality is like that

ISI >(Uemanx_Uemin)/Remin' (4)

The practice of using varistors CH2-2 for diffusion big energy in them shows that it is
recommendable to choose the varistor's value Uc as its I-V curve at the current of l10=1 A. And its
dynamic resistance is determined by the expression [4]:

Rd — leOO _Uc ,

I 100

where U,100 - the varistor's voltage at 1100=100 A.
The voltage in the varistor U, is determined by U,=Uc=I¢'Rq.
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Analytical expressions to obtain the basic parameters of the VR and their implementation into
the engineering calculation method. To satisfaction the inequality (3), the process in the circuit (Fig.

2, a, 0<t<ts) with the locked switch S1 must be in the time interval of 0<t<ts (Fig. 2, ¢). This is described
by the following equations [18]

E=L ﬂ+u

(] dt vr

Uy, :Uemin + Ic.maxRemin :Uemax + Ic.minR (5)

emax !

=1, max + (N=1)i

c.min

where uyr - the value of voltage on the voltage regulator;

E=k-U,ox 1s the maximum admissible electromotive force (EMF) of the network (k=1.1).
The calculation of the parameters of the protection circuit is shown below.

The solution is subject to the initial condition of 1(0) = I, :

iﬁmin = piﬁmax - Iimb )
I = [l+ p(n _1)]iﬁmax - (n _1)Iimb1
_t
iﬁmax = Ae %Sc -,
where p=Renin/Rermax;
limb=(Uemax-Uemin)/Remax - 2N imbalance current;

|*:(Uemin‘E)/Remin;

Uemin>E

A=let[Is+limp-(0-1)]/ [L4p-(n-1)];
25=[(1+p-(n-1))-Le}/Rerin

The amplitude value of the max current in the varistor is

Iﬁmax = iﬁmax(o) = [ISI + (n _l)limb]/[1+p(n _1)] .

(6)
The amplitude value of the limited VR voltage at the device input is
Uy max = Uy (0) = Reuinlimax +Uemin < 25U g 7
The duration of the locked state of the switch S can be found by solving the equation Uyr=Uemax
ty =7 In ﬁ. ®)

Also the switch S1 is unlocked and the current i declines to zero at the time interval 0<t<tg (Fig. 2,
¢). Meantime, the process in the equivalent circuit can be described by the equations [18]

di .
E= Lea+uvr’ U, = Reminl +U

emin -

The solution is subject to the elementary condition of i(0)=limu/p:
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-t
I=—1+ Be%”- ,
where B=k+limv/p, r.s.=Le/Ranin.

The time of the unlocked mode of the switch S1 can be determined by the equation where i=0

t,. =7, In(1+|‘ibj. )
5 =Trs .

The current flow through the VR during the time:

ty =t +t,,. (10)

The maximum energy W; .., diffused in one varistor in the n-th branch with the current of icmax iS
t trs

Wc.max = J.ic.max(u c.min + Rd.minic.max)dt + J.I(U c.min + Re.minl)dt !
0 0

or

Toae o
W, max = [ (A& 7™ = 1)U o + Ry min (A€ 77 = L))dlt +
0

(11)
tI'.S. — —
o e Be T YU i + R+ Be e et
0
The maximum energy Wy max diffused in the ballast resistance in the n-th branch is:
tsc 7% tr.s. _y
Wy max = [ (A6 77 = 1) Ry ypllt + [ (=1 + Be /7% )2 Ry et (12)
0 0

The minimal energy W, ..., diffused in the varistor in the (n-1)-th branch with the current of i ...
is:

ts(:

Wc.min = J.|:(Ae%SC - I*) P Iimb:| ’ |:U emax T Rd.max ’ (Aei%sc - I*):|dt . (13)

0

The following engineering method of calculation was suggested on the basis of the obtained
expressions in this work.

1. It is initially necessary to select from the VR varistors the type whose main parameters correspond
to restriction (3) and then to apply expression (2) to determine the value of the capacitance that shunts
the VR.

2. The parameters are defined to calculate the VR operation, provided that the variation in the

parameters U, Rq and Ry is with the range of £5%, and Ry=Rq.
3. Formula (7) helps to determine ;.. < lsi,m  (for the varistor CH2-2
g <120AW, . <150J).

f.adm — fi
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4. Expression (6) on the basis of the known | .. and Is helps to find out the number of the parallel-

n.max
connected varistors n; the n is rounded up to the next whole number. The values of | . and U

n.max
are specified.

5. Expressions (8)-(10) defind the time of the current flow through the varistor ta.

6. Expression (11) determines the maximum value of energy diffuseed in the varistor.

7. If one of the varistor parameters does not meet the accepted confines, the calculation must to be
repeated until all varistor settings satisfy the (3) and (7).

The results of calculations on a varistor VR are below. The switching surges determined by the
proposed method for the case of using the VR in hybrid DC contactors (for 220 V), which consists
common power switching SA.

Calculations were made in Mathcad on the basis of such data: lomr=0.6"lom, lsi=4liomr (the
maximum current switched by the apparatus in the mode of rare switching), and lsemax=10 MA. In this
case, the basic voltage regulating element of the VR is the varistor CH2-2 (330 V).

Table 1 contains the basic parameters for this type of the VR.

v.max

Table 1. The calculation parameters of the voltage regulator

The Thi?ltj}rlr; er The The duration
nominal arallel maximum |of the current| The maximum| The energy in the
contractor paristors current of | flow through |switching surge varistor C, uF | Ry, Q
current lnom, Venable the varistor | the varistor | Uymad/Unom
A items lemas, A to, MS Ucmin, J | Ucmax, J
100 3 103.60 0.32 2.22 3.71 6.94 1.0
160 5 105.32 0.50 2.23 6.33 | 1156 | 1.6
250 7 117.21 0.75 2.30 11.38 | 1943 | 2.2 | 0.68
400 12 113.37 1.20 2.07 1790 | 3097 | 3.0
630 18 118.81 1.85 2.31 29.90 | 50.34 | 3.9

The analysis of the calculation parameters in Table 1 illustrated that the use of inexpensive and
compact varistors CH2-2 in creating a VR can limit the level of switching surges to below 2.5 U,om ,
the using hybrid DC contactors to switch currents equal to 4:l,.,r. In this case, even in the loaded
contactor (with the effect of the stored circuit energy on the VR) when lnon=630 A, the max energy
diffused in the loaded wvaristor is three times less than the acceptable level, and the mass of the
components of the VR is less than 0.1 kg and price is about 10 USD [4].

For example, in the previously developed hybrid contactor KP81-39 (1,,,=630 A), the resistive-
capacitive VR has 14 parallel capacitors, type K75-17 (1000 V, 50 pF, and the mass of 1.25 kg) [1].
Accordingly, the mass of the VR is at least 17.5 kg, which is bigger than the considered varistor VR. It
should be added that the level of restricting voltage surges by this VR amounts to 4.5-U,..», Which means
that it exceeds the acceptable level for the existing switching devices.

Of course, a varistor VR may be based not only on varistors CH2-2. Other types of varistors and
companies can be used if they comply with the requirements. For example, the varistor types
SKP6.5.110SA and BYZ50A22.50K39 produced by Semicron. They are designed for U¢1=6.5-110 V,
they should be enabled in the VR as in a parallel series connection, and the varistor, operating in the
most adverse working conditions, must match to the restrictions (3).

Analysis of the research results on switching surges in power DC SA. The main result of the
study is that it has developed an engineering method of calculating the parameters of varistor voltage
regulators to contactless and hybrid DC SA and given for this devices acceptable surge levels. Also to
be noted that the results of this research, as well as studies of the thermal mode of power semiconductor
devices in SA [19], facilitate high accuracy at a short time in choosing full-controlled STs with regard
to the current and voltage when designing modern switching DC SA. This facilitates to solve the basic
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tasks of design stages.

But the worry findings in the study are researching only low-voltage SA (up to 1000 V), so it is
difficult to extrapolate them onto SA for higher voltage. They have been made possible with the
development of high-voltage STs based on silicon carbide [8]. It is expedient to continue research on
this issue.

The practical recommendations following from the results of the study and the proposed calculation
methods are being used by the developing company ENAS, Kharkiv, Ukraine, to modernize DC hybrid
contactors of series KP81. This study refers to the stage of developing design documentation.

Conclusion.

1. The proposed VR with a series of parallel-connected varistors is a highly straight device that
effectively limits switching surges in the circuits of power DC SA to below 2.5 Uyom. It significantly
surpasses such parameters as the dimensions, weight and cost of resistive-capacitive surge limiters
previously used in semiconductor commutation apparatus. Moreover, it can reduce the class level of
fully controlled PSDs that are used in switches of semiconductor devices for the voltage of 220 V from
class 10 down to 6.

2. The proposed engineering method has been developed to computate the VR parameters of
varistors in treated voltage regulator. In contrast to the previously researched cases, the present research
has considered calculation for only the worst case of distributing varistors in voltage regulator with
various deviations of their parameters. This facilitatates to creating VRs on the basis of quite simple
calculations to provide a suitable level of switching surges in DC SA in different operation modes,
which is quite useful.

3. The calculation method has been proposed in the study can be further used in calculating surges
in full-controlled PSDs that apply in an impulse mode as part of power electronic devices.
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B pobomi noxaszamno, wo nio uac nepemMuxkaHHs eNeKMPUYHUX Kil NOCMIUHO20 CMPYMY HA
HAanisnposiOHUKOBUX KI04UaX HANI6NPOBIOHUKOBUX anapamis 8UHUKAIOMb KOMYMAYIUHI nepeHanpyeu.
Memoio ybo2o 0ocniddcenHs € po3pobKa MemoOuKyU po3paxyHKy napamempie 00Medicy8aua nepeHanpye
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Effective method of evaluating the level of material damage under different loading
conditions

The article analyses the known experimental results of the assessment of the level of damage of
structural materials of various grades under the conditions of long-term, cyclic, static loading, and
lubricated friction. The structural changes that occur in the materials during loading have been shown
with correlate to the changes in the statistical scattering characteristics of the hardness measurement
results. This enables prediction of the kinetics of damage accumulation in materials during operation
and, therefore, prediction of their service life. This approach is relevant for the development of methods
for the assessment of the current condition and residual life of structures in the railway and other
transport industries. It is proposed to use this methodology to evaluate the level of damage to the
microstructure of materials in the contact zone and its impact on the tribological characteristics of metal
friction pairs. A new method is proposed for the performance assessment of lubricating compositions
based on industrial lubricants that contain nano-additives of different chemical compositions for higher
wear resistance of heavy-loaded steel friction pairs. The method is based on the joint analysis of the
experimental data on the wear kinetics, variation of the relative hardness, and level of damage in the
surface layers of the metal friction pairs. The structural damage of the materials in the contact zone is
determined by employing the statistical parameters of scattering of the hardness values. The
methodology has been approved for steel friction pairs where lubricants based on industrial oil and on
nano-additives of copper, magnesium alloy, graphite, and two grades of medium-carbon steels, are
used.

Keywords: hardness, rail-wheel pair, statistical data processing, lubricating composition, friction
and wear testing, wear resistance, tribological characteristics, damages.

Introduction. The determination of the current condition and residual life of the structural elements
and parts of machinery is considered to be one of the key challenges in modern-day mechanical
engineering, since the physical-mechanical properties of a material change in the process of operation
and the estimated life may prove to be unreliable. The relevance of these challenges is even greater for
the structures and parts of the machinery used in the energy and transport sectors. Determination of
residual life is based on the theoretical and experimental methods of assessment of the level of material
damage of the structure as a result of mechanical, thermal, or other actions. The theoretical assessment
may employ the methods of continuum damage mechanics (CDM) based on the phenomenological
growth models of scattered defects, i.e. pores and micro cracks. These models assume that the number
of defects in the elementary volume of the material is high enough for CDM modeling of the growth
processes thereof as this type of modeling views damage as an additional thermodynamic parameter.
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Active research efforts are currently being made to develop these models [1-4]. Some of the models
have already been used in modern software packages for strength calculations [5, 6]. However, all the
theoretical models require experimental determination of the parameters and functions present in the
defining relations. Here, the aspects of determination of specific physical mechanisms of the degradation
process of material mechanical properties and practical methods for assessing the damage level and the
nature of its change during the operation of the component, need to be considered. The relevance of
these aspects is also associated with the development of methods to improve the wear resistance and
reliability of friction assemblies, as the wear of components caused by friction is known to be one of the
main causes of failure and breakdown of machine parts and structural elements, particularly in the
energy and transport sectors.

In this context, the interpretation of the term “damage” is fairly ambiguous. In material mechanics,
damage is related to a decrease in resistance to a certain mechanical load or other external action leading
to an increase in the number of defects in the material. In contemporary physics, it has already been
proven that the loss of durability resulting from the failure process is the final stage of defect
accumulation at all structural levels of the material. Therefore, it is critical to identify and use a
comprehensive measure of damage that would be fairly simple to determine by experiment. This would
enable the researchers to employ damage as a specific parameter (scalar, tensor, function, or functional)
during the determination of the relationships between the theories of inelastic deformation that take into
account material damage.

Background analysis of the recent studies and definition of the problem. Various methods for
the assessment of the level of material damage have already been proposed in a number of research
studies. The methods could conditionally be classified as either destructive or non-destructive. The
classification is conditional, as the same methods are used in both cases. A comprehensive analysis of
the methods would require a separate publication; therefore, only a few of them are briefly reviewed in
the present paper.

Most destructive methods imply performing tests on material specimens cut from certain areas of the
structural component. The investigations of the mechanical behavior or structural condition of the cut
specimens provide the characteristics of the current damage of the material, T1(T;) where T; represents
certain parameters that characterise the level of operational load (e.g., time, passed tonnage, number of
cycles, accumulated deformation, etc.). There is a certain initial damage I, in any material; therefore,

the same method is used for the determination of the damage level, while relative parameter —= ( 2 is used

for the analysis of damage kinetics. These methods include, in particular, weight measurement methods
for the determination of material density; determination of the transverse strain coefficient and Young’s
modulus defect during uniaxial tension or compression of specimens [7]. The methods help assess the
degree of material loosening or volumetric deformation that characterizes its damage. In laboratory
conditions, the results of damage level assessments under the above methods agree fairly well with each
other [7]. The methods of quantitative metallography and fractography are used to analyze the geometric
characteristics of the specimen failure surfaces and to determine the number of defects of various types
[8,9]. It should be noted that the procedures for determining the degree of damage using these methods
are quire labor-intensive, and the efforts are made to automate them [10]. Recently, the method of
pushing out of the disc micro-specimens cut from large structural elements has become widespread as
it helps minimize the appearance of new defects that might result from this operation. The investigations
using these methods allow to assess the degree of material damage caused by mechanical, radiation,
thermal, and corrosive actions on the structure by the means of measurement of certain characteristics
of the mechanical properties of the material [11-13]. The level of defectiveness of the material
specimens could be determined using other methods of structural investigation and technical
diagnostics, such as acoustic emission, ultrasound, X-ray, electron microscopy, and others [14-19]. In
certain cases, these methods are also used for in-situ diagnosing of the material damage of structures,
predominately thin-walled ones, due to certain physical limitations of these methods. The latter
techniques require the use of special and often costly equipment.

The most common method of assessing material condition is probably the hardness method, which
has quite a few variants at present [20—25]. In general, hardness is considered to be the property of a
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material to resist the penetration of another, harder body (the indenter) into it. By its physical nature,
hardness is assumed to be related to the mechanical characteristics of the material in the context of
elastic-plastic deformation and failure.

The results of hardness measurement depend on the size, shape and material of the indenter; the
method of application, value, and speed of the load; the capabilities of the equipment used for measuring
the geometric parameters of impressions; the accuracy of calculation formulas, etc. In particular, as the
load on the indenter decreases, the hardness indicators increase and the degree of the increase depends
on the shape of the indenter. It should also be noted that most of mechanical characteristics are integral
properties of the specimen of a certain shape, and the processes of restructuration of the microstructure
on the surface versus those that take place in the middle of the specimen are different even at the stage
of uniform deformation, let alone in the zones of its localization.

Currently, only approximate correlations between hardness indicators and some standard mechanical
characteristics have been established [26, 27]. These correlations are considered purely empirical, since
hardness is a local rather than an integral characteristic in relation to the sample size.

The simplest methods to measure hardness are the ball, pyramid, or cone indentation into a prepared
surface of the part. These techniques are used to determine the macro-hardness of the material, as,
contrary to micro-structure parameters, relatively large volumes of the material are subjected to
deformation during the indentation. These methods are often used to assess the quality of parts after
thermal treatment (e.g., rails and wheels of a rolling stock) [28, 29]. However, the methods are
characterized by rather low sensitivity due to structural changes in the material arising from the
accumulation of micro-defects [30-32].

Therefore, methods for determining micro-hardness are used for the quantitative and qualitative
assessment of structural changes in the material. Determining micro-hardness as a notion implies a fairly
large number of methods [22], which differ in the shape of the indenter, load application, and result
recording techniques.

The micro-hardness methods are used to study the structural components of metals and alloys,
analyze the anisotropy of mechanical properties of microcrystals, and to investigate changes in the
mechanical properties of surface layers of parts caused by friction and wear, cavitation, corrosion, etc.
The micro-hardness method has been found to be sensitive to changes in the phase composition of
metastable materials, enabling the prediction of the kinetics of phase transformations under various
conditions of thermo-mechanical loading of the parts made from this kind of materials [33]. This method
is characterized by a fairly large scatter of micro-hardness indicator values, the main factors of which
are the non-uniformity of the material, the measurement technique or the quality of specimen
preparation, as changes in the surface micro-hardness are caused even by the mechanical cutting or
grinding of the specimens. The dispersion of micro-hardness indicators largely depends on the indenter
shape and value of the load acting on it, with the dispersion of data increasing at the decrease in the
loading degree [22]. Nonetheless, the micro-hardness method is considered by many researchers to be
a versatile method to investigate the mechanical properties of materials.

The neglect of the scale factor is a common weakness of all experimental methods for damage
research using specimens made from the structural material. The damage accumulation process is very
complex and takes place at all structural levels of the material. Hence, it depends on many factors,
including the volume of the deformed material (this is related to the differences in the accumulation of
elastic energy, conditions of dissipation of the thermal energy that builds up during deformation,
statistical aspects of micro-defect distribution, etc.). Another factor is the complexity of modeling of the
loading conditions of specimens in the experiment that would adequately represent the loading
conditions of the structural material. In most structures, structural materials function under the
conditions of non-uniform complex stress condition, and the transfer of research data from the laboratory
to real structures should therefore be carried out with some caution.

The scatter in the mechanical properties of many materials is evidently associated with the specifics
of their crystalline structure. Reducing errors associated with hardness measurement equipment and the
so-called human factor (or an instrumental factor) and using modern automated testing devices could
help establish correlations between certain characteristics of the structural state of the material and the
parameters of the statistical law of distribution of the hardness measurement results.
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Determining the nature of the scatter of mechanical properties of various structural materials and
choosing adequate statistical laws for the mathematical description of experimental data has been a
relevant problem in materials mechanics for many years. The need for research in this area is related to
the necessity of accounting for the scatter of mechanical parameters used in the estimation of the strength
and reliability of the structural elements. If the correspondence of the experimental data to a certain
statistical distribution law is established, then the distribution parameters could be used to assess the
level of damage in the structural material. At the same time, if certain criteria for assessing the value of
these parameters are present, it would be possible to predict the durability of the structure and its residual
service life.

Quantitative evaluation of a random homogeneous variable (for example, a certain characteristic X
of the mechanical properties of a material, the value of which can be represented as a series X5, X5, ..., X,
for control purposes n) is known to use dimensioned and dimensionless numerical characteristics, which
have no direct relation to the form of the law of distribution of a random variable: arithmetic mean

?=1(Xi—)?)2; standard deviation S:\/nljZ?:l(Xi—)?)z;

)?z%Z?ﬂXi; dispersion D = %
~3, (Xi-%)°
53

skewness A = 513_4 — 3, provide additional information about the shape of the distribution curve.

The scatter of values of mechanical properties within the totality with a sufficiently
large n (theoretically at n — o0) is subject to the law of probability distribution, which is determined by
the distribution function. Any finite set of values of these characteristics is a so-called statistical sample
from the totality and provides only approximate representation of its characteristics. This circumstance
is one of the main challenges when choosing a distribution law for a limited number of observation
results (in particular, in the case of labor-intensive and relatively costly mechanical tests). According to
the long-term studies, the results of which have been published in hundreds of scientific papers (for
example, in certain observational papers [34 — 36]), the characteristics of mechanical properties mainly
obey the normal or log-normal (the case where the logarithms of a random value correspond to a normal
distribution law) laws. According to paper [36], the normal law is preferable for description of the
parameters such as hardness or conditional tensile strength, while the log-normal or a variant of type IlI
exponential distribution (two-parameter Weibull distribution) is preferable for the yield strength,
threshold narrowing, and elongation. For the assessment of results of cyclic tests on strength limit, the
three-parameter Weibull law is preferable, while for data on crack propagation velocity, the log-normal
distribution is recommended. It should be noted that these conclusions apply to a limited group of
materials and loading conditions. Significantly fewer publications provide the results on the dispersion
of test data under complex stress conditions taking into account the anisotropy of materials, structural
and phase composition, etc.

For smaller statistical samples typical for mechanical testing, it is generally recommended to use log-
normal distribution or the two-parameter Weibull distribution law, as the latter only provides positive
values of a random parameter, corresponding to the physical concepts of characteristics of mechanical
properties.

Structural reliability is evidently linked to the number of defects that arise during its operation. The
overwhelming majority of studies note that kinetic curves of damage accumulation I1(T;) are nonlinear
functions of their arguments. For analytical approximation of these curves, the Avrami equation, which
contains an exponential function of a certain type known as the sigmoidal function, is often used:

coefficient of variation v = % 100%. Two more parameters, namely kurtosis E = and

y() =1 —exp(—kt™) 1)

where k, n—parameters that are easily available where the experimental data are presented in double
log plot.

This equation was originally used to describe topochemical reactions, such as isothermal phase
transformations in metastable materials. Later, it was found to also be applicable to the modeling of
other processes associated with structural transformations, such as crystallization and recrystallization,
polymerization, accumulation of corrosive damage, etc. Studies [33, 37] have shown that changes in the
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phase composition of metastable chrome-nickel steel under elastic-plastic deformation over a wide
range of low temperatures, which could be described by a modified equation of type (1), correlate well
with changes in the micro-hardness of the material.

In large-scale tests, the hardness value can be considered random. Assuming the scatter degree of
values H is associated with the level of material damage I1(T;) and changes depending on two physically

substantiated conditions H;T") > 1 and aan((TT_)i) > 0, in view of the above, it is reasonable to employ
L

0

Weibull statistics with a distribution function as in (1). The Weibull distribution is often used in
reliability theory (the weak-link model) and when describing the dispersion of certain characteristics of
mechanical properties of materials and predicting the probability of brittle failure. A detailed analysis
of the distribution, its mathematical justification, and other applications can be found in the book by H.
Rinne [38].

For a two-parameter Weibull distribution, the probability coefficient P(H) could be written down as
follows:

m

P(H)=1- exp_(%) 2

When the experimental data correspond to the theoretical distribution (2), then the parameters k, m
could be determined by logarithmising both parts of the relationship (2) twice

m-In(H) —m-In(k) = In[-In(1 —P)] =In [ln (1)] (3)

P

In coordinates y = In[—In(1 — P)]ory = In [ln (%)] and x = In(H), this is a straight line with the
slope coefficient

In[—In(1 — P)]

™ =) = (k)

(4)

Experimental data are plotted on the special probability plotting paper and the degree and nature of
their dispersion relative to the theoretical line (3) are visually assessed. For a more precise estimation,
the least squares method can be used.

In practice, due to the limited number of test results, a situation arises where the data only
approximately correspond to the distribution (2), and there is certain dispersion of the data relative to
the straight line (3). Currently, more than 20 approximate methods are known for the estimation of the
values of the distribution parameters (2) [38]. To determine parameters k,m analytical, grapho-
analytical, and numerical methods are used [38—40]. However, this paper does not focus on a detailed
review and accuracy assessment. It should be noted, that a dedicated software is available for statistical
calculations using the Weibull distribution [41, 42]. For the purpose of determination of the parameter
in the further investigations, the methodology proposed by E.J. Gumbel [43] is used, as the damage
accumulation method, developed by a team of researchers at the G.S. Pisarenko Institute for Problems
of Strength of the National Academy of Sciences of Ukraine [44], has been used for the justification.
The main idea behind the method is to determine a correlation between the statistical parameters, which
are applicable to the estimation of the degree of scatter of hardness measurement results in large-scale
tests, and the level of material damage of the structure. This method, which has been named as «LM-
hardness method», was subsequently standardized in Ukraine [45]. According to this method, the results
of n measurements of material hardness are presented as a series lgX1,1lgX,, ..., lgX,, and the shape
parameter m is determined by formula
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1
n 2

1 _
mZ(ngi — 1gX)?

i=1

m = 0,4343 d(n) ()

Since the average value of a random parameter can be determined based on a number of observations
n (i.e., for any sample), it therefore depends on n; consequently, relationship (5) contains function d(n)
referred to as the standard deviation [43]. The values of this function were calculated by the
Computational Laboratory of Columbia University and are provided in certain statistical guides. To

generate the totality d(n) — % if n - oo. The increase in data dispersion and the corresponding
decrease in parameter m indicates an increase in material non-uniformity (therefore, in some works, this
parameter is referred to as the homogeneity parameter). A higher value of the homogeneity coefficient
corresponds to a low level of dispersion of micro-hardness characteristics and, accordingly, a better
organization of the microstructure of the surface layers of the material.

It should be noted that a change in the structural state of the material is not necessarily a sign of its
damage, i.e., a deterioration of certain operational properties.

The analysis of distribution parameters above shall be preceded by a procedure of elimination of
gross measurement errors. In the standard mentioned above [45], a methodology based on the use of the
Smirnov criterion is used for this purpose.

Experimental justification of the LM-hardness method. To substantiate the ideas outlined above,
some results available in the literature and provided by the experiments on the specimens made from
structural materials of different grades are reviewed. Primarily, it should be noted that the data of this
kind are scarce and are not systematically organized. Due to the limited volume of the article and some
important issues related to corrosion damage of various kinds and damage to welded structures, the
present paper does not consider any examples of diagnosing real structures. The authors of the paper
have anticipated to address these issues in subsequent publications.

The change in material hardness under tensile test conditions was used to assess the damage degree

D inpaper[20]:D =1 — %Z—y where H—hardness of the conditionally undamaged material (measured

on the specimen before reaching yield strength o), H—nhardness of the most damaged material
(measured on the specimen in the zone of deformation localization upon reaching the conditional failure
threshold o). It was assumed that the initial hardness and yield strength had a linear relationship.

In paper [46], an attempt was made to directly link the level of material damage to the degree of
dispersion of standard mechanical characteristics (elasticity modulus, yield strength, Poisson's ratio,
conditional strength limit), which was estimated by the value of the parameter m using formula (5). In
tensile experiments, identical specimens of the length equal to five diameters, made from chromium
steel (40X) and high-strength aluminum alloy (B95), were used. The impact of “instrumental” errors
was minimized to a certain extent by providing identical experimental conditions, careful specimen
selection, and control of the measurement of forces and deformations. As a result, the obtained data did
not contain any systematic outliers (anomalous observations). The level of deformation was used as a
development parameter. According to the test results, there was no correlation between the damage
levels calculated on the basis of the scatter of mechanical characteristics. Furthermore, the damage level
was the transition highest at the stage from elastic to elastic-plastic deformation, and as deformation
increased further, the rate of accumulation of damage accumulation decreased.

This fact is considered in greater detail below, and an attempt is made by the authors to explain it, as
similar results were obtained in other experiments.

In certain studies, the correlation coefficient v was used as a parameter to evaluate the hardness data
dispersion [47, 48]. Study [47] provides data (Fig. 1) on the level of threshold damage and the average
hardness of two-phase (a + B) alloy VT6 (Ti-6Al-4V) during the static long-term strength tests under
uniaxial tension conditions at ¢ = const. Dependency v(o) was found to be close to linear. Assuming
that long-term strength decreases at an increase in the load value, this is obviously associated with
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greater damage in the material and, consequently, with an increase in the number of microstructural
defects. This leads to a larger dispersion of micro-hardness values, as evidenced by the increase in the
variation coefficient. At the same time, the average hardness (expected value) hardly changes. This
indicates a lack of correlation between the scatter level of the hardness values and its average value.

Qualitatively similar dependencies were obtained by the authors of study [48] under the condition of
cyclic pulsating loads at 0.3 Hz frequency on the specimens of heat-resistant steel 10GN2MFA
(10FH2M®A) commonly used in nuclear power sector (Fig. 2).
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Fig. 1. Dependence of the correlation coefficient and on the stress level at different hydrogen
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Fig. 2. Dependence of the correlation coefficient and average hardness on the maximal cyclic
stress levels.

The results confirmed the presence of linear correlation between the maximum cyclic stress and the
level of material damage, which was evaluated based on homogeneity parameter m, while hardness was
determined in the zone of appearance of the first fatigue crack. This experiments also demonstrated that
the previous impulse load affected the type of correlation, since the phase composition would change
under the conditions of dynamic unbalanced processes, resulting in the physical and mechanical
properties of materials. It has been concluded by the authors of the present paper that, in the absence of
phase transformations, the homogeneity parameter could be used in structural-mechanical models for
the assessment of cyclic durability.

The presented data provide evidence of validity of the main rationale behind the method, namely,
that the dispersion of hardness measurement results increases with the increase in the operating time
parameter. In the studies referred to above, the value of stresses was used for the latter, while
dependencies v(o) and m(a) were close to linear for the studied load modes. It should be noted that,
despite the difference in physical processes of damage accumulation for these loading processes (long-
term and cyclic), there are certain similarities in terms of damage accumulation occurring in the surface
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layers of the specimens, where cracks subsequently appear. A large number of microdefects leads to a
significant increase in the correlation coefficient, which, in turn, indicates a decrease in the accuracy of
determination of the parameters of statistical distribution. Regrettably, studies [47, 48] do not provide
any data on the initial damage in the specimens, since it would require operating with relative values of
the correlation coefficient in order to assess the degree of material damage.

An investigation [49] was conducted and provided results (Fig. 3) on the processes of damage
accumulation in aluminum alloys D16ChATW and 2024-T351 under cyclic loading conditions (at 110
Hz frequency and 0.1 cyclic asymmetry coefficient).
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Fig. 3. Dependence of the damage level on the maximal cyclic stress.

It should be noted that the stress value is not a definitive estimate of the level of operating life of the
respective loading modes. This is due to the potential accumulation of equivalent parameters at the long-
term load, creep deformation, or time to failure, while under cyclic loading, the number of cycles to
failure or cracking have the potential to accumulate.

In study [50], the results of investigation of micro-hardness distribution using the specimens made
of different grades of structural materials (steel 45, steel 20K, steel 12Cr18N10T (12X18H10T),
aluminum alloy D16T ([I16T) are presented according to the following test procedure: loading to the
specified value of axial deformation; hardness measurement in 30 points of specimens; unloading of the
specimen, registration of residual deformation, and repeated measurement of hardness.

Each material was subjected to four stages of testing, with the maximum deformation reaching
approximately 1%. The evaluation of hardness measurement results was performed based on
homogeneity parameter m (see (5)). The results of the experiments have suggested that the dispersion
of hardness data is greater in a loaded state versus an unloaded state.

The results of evaluation of the scatter of hardness values in unloaded specimens presents on Fig. 4.
The graphs are based on the data by study [50].

The degree of data dispersion clearly does not depend on the nature of strain hardening of the material

when such an assessment is performed using the relative indicator % where mg — value of homogeneity
0

parameter m for the undeformed state of the material. It is noteworthy that for all the investigated
materials, the greatest changes in indicator mﬁ occurred at very small deformations, in the transition
0

zone from elastic to elastic-plastic deformation.

The type of stress state also strongly influences the characteristics of the scatter of measurement
results of micro-hardness for the specimens made from different materials. Study [51] has provided data
from the experiments on thin-walled tubular specimens made of steel 45, copper M1, aluminum alloy
D16T(/116T), and stainless steel 12Cr18N10T (12X18H10T) under conditions of uniaxial tension,
compression, and torsion (Fig. 5). The materials differed by nature of strain hardening, with the greatest
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hardening observed in medium carbon steel 45, the lowest — in copper M1. For all the investigated
materials, the greatest scatter in hardness data was observed during torsion, while the lowest — during
compression, and the difference value was influenced by the nature of strain hardening of the material.
At the same time, there were hardly any changes in the average value.
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Fig. 4. Dependency between the degree of dispersion of hardness data and the level of plastic
deformation (1—steel 12Cr18N10T (12X18H10T), 2—steel 20K, 3—aluminum alloy D16 T
(J116T); 4—steel 45).
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Fig. 5. Dependence of the homogeneity coefficient on the level of plastic deformation.

The main conclusion drawn from the experimental data analysis was that the scatter of the material
hardness changed under the influence of any energy impact that led to structural changes in the material.
However, the average hardness value changed insignificantly if there were no phase transformations or
no changes in chemical composition or density of the surface layers of the material during thermo-
mechanical loading.

Various types of thermal treatment are known to cause alterations in the mechanical properties of a
material, including hardness. The degree of dispersion of micro-hardness data also depends on the heat
treatment mode due to the change in the size of crystallites, development of residual stresses, potential
emergence of new phases with different mechanical properties, etc. In view of the numerous factors that
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may influence the nature of hardness data scatter, establishing a definitive relationship between the heat
treatment mode and the parameters of statistical distribution would currently be challenging.

During static deformation of metallic materials caused by the heterogeneity of the crystalline
structure and presence of initial defects, certain microstructural changes occur as early as during the
elastic deformation stage (dislocation movement, point defects, atom movement along grain boundaries,
etc.), accompanied by the appearance of plastic deformations in individual grains. The intensity of these
processes depends on the initial homogeneity of the material, presence of phases with different
mechanical properties, various inclusions, grain size distribution, etc. According to the experimental
data and numerical simulation results, plastic deformation begins in stress concentration zones of the
surface layers of the material as they are characterized by the lowest shear strength. Surface stress
concentrators generate the deformation defects (dislocations, disclinations, meso-localized shear strain
bands, point defects) on the surface of the specimen that subsequently propagate into its deeper layers,
leading to the development of plastic deformation throughout the specimen volume.

As a result, the scatter of hardness in the elastic region increases, and the dependence of the
homogeneity parameter on stress becomes close to linear (see Fig.4). Upon reaching its conditional yield
strength 0,5, the material becomes more homogeneous, as a large portion of the grains have already
transitioned into a plastic state. Hence, the dispersion of micro-hardness decreases, and damage
accumulation in the material slows down. This process of structural changes in the initial stage of
material deformation should be considered when modeling damage accumulation processes in real
structures.

Significant changes in the correlation coefficient or homogeneity parameter occur under cyclic and
long-term loading conditions at low stress levels. Under these kinds of loading modes, damage
accumulation also occurs primarily in the surface layers of the material. If the stress level does not
exceed the static yield strength, a strong linear correlation is present between the statistical parameters
of the micro-hardness data scatter and the level of maximum stresses. The nature of this relationship
v(o) and m(o) is evidently influenced by the type of stress state and temperature.

Method for the performance assessment of lubricating compositions. One of the factors that
affect the performance and service life of machine components is wear of the contact surfaces due to
friction. The wear process of the friction surfaces is quite complex, and its intensity depends not only
on the shape and nature of the mechanical interaction between the friction components. This process is
affected by a variety of other factors, which can sometimes be challenging to formalize, such as the
presence of moisture, dust, lubrication regime, lubricant type, etc. Therefore, the possibilities for a
theoretical solution of this problem, for example, by mathematical modeling of the contact interaction
between friction pair components, are quite limited.

Local plastic deformation is known to potentially cause changes in the hardness of the surface layers
of components during the friction process of rough surfaces. This phenomenon is directly related to the
intensity of wear. However, stable correlations between these processes have not yet been established,
as experimental data are not available or have not been systematized [52]. The contact interaction of
solid rough bodies is characterized by discreteness and stochastic distribution of surface forces and heat
sources, as well as high gradients of stress, strain, and temperature. As a result, surface layers of the
material have a high concentration of defects in the crystalline structure and exhibit specific phase
transformations that are often accompanied by changes in chemical composition. Meanwhile, the
presence of lubrication, additives, and lubricating materials in the contact zone significantly influences
the course of these processes.

In view of the damages primarily to the surface layers of the material in the case of sliding friction,
it would be reasonable to assume that the degree of their damage could be determined by referring to
the degree of hardness dispersion. Specific correlation relationships can be established by a combined
analysis of data on wear intensity, changes in surface hardness of the specimens, and parameters
characterizing the level of structural damage to the material.

To improve the operational properties of traditional lubricants used for lubricating rails and wheels
of a rolling stock, various additives have been used recently, in particular, additives containing various
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nano-materials. The introduction of this kind of lubricating compositions into the friction zone can
fundamentally change the nature and intensity of the processes of friction, wear, and defect formation.
Natural metal-containing compounds (serpentine, dolomite, magnetite, aluminosilicates, etc.),
polyvalent metal salts of fatty acids, nano-powders of various metals and alloys, as well as carbon-based
materials of natural or artificial origin (graphite, diamond, graphene) are used as nano-additives. At
present, there is no single opinion on the composition and method of manufacturing lubricants
containing nano-additives, as their performance depends on the type of friction pair, operating
conditions of tribounit, compatibility of lubricating materials and parts, etc. Therefore, performance
assessment of a lubricant for improvement of the tribological characteristics of friction pairs should be
based not only on the results of laboratory research but also on data from field experiments. However,
in the case of wheel-rail friction pairs, the possibility of conducting field experiments is extremely
limited due to a certain uncertainty in the conditions of power loads, the environmental impact, long
duration, and the cost of work. Therefore, the choice of a specific lubricant from a variety of options
should be made at the stage of laboratory research. One of the objectives of these experiments was to
develop a method for performance assessment of a lubricant based on a combined analysis of data on
changes in the main tribological (wear and friction coefficient) and strength (hardness value and damage
parameter) characteristics during the experiment.

The choice of criteria for performance assessment of lubricants should be based on the assessment
of the operating conditions of a specific friction pair. For many types of tribounit, the effect of a
significantly increasing wear resistance is achieved only if there is a simultaneous significant reduction
in the friction coefficient. Therefore, in practice, a simplified approach to the performance assessment
of different types of lubricants is often used. Namely, a high-performing lubricant is considered to be
one that provides a minimum friction coefficient and maximum stability of the lubricating film under
certain temperature-force operating conditions of the friction pair. However, the value of the friction
coefficient changes during operation/experiment as a result of deformations of the microrelief and
damage accumulation, changes in temperature and physical-mechanical properties of the lubricating
material and materials of the friction pair components.

The study [53] presents the results of hardness measurement and assessment of the level of damage
to the surface layers of the specimens made of two grades of medium carbon steel. The experiment was
conducted under sliding friction conditions using lubricating materials based on industrial lubricants
with nano-additives of different chemical compositions. Application of this kind of lubricating
compositions provides the possibility to control the tribological processes occurring in the friction zone
to a certain extent. Therefore, one of the objectives of these experiments was to evaluate the
effectiveness of lubricating compositions with nano-additives of different chemical compositions for
improvement of wear resistance of steel friction pairs.

The shape of specimen, loading method and modes, measuring equipment, chemical composition of
the steels and nano-materials, manufacturing method of nano-powders, as well as other details of the

experiment, are thoroughly described in [53]. Average hardness H=%Z?=1 H; of the working surface of

the specimens was determined based on the results of 30 measurements, in this case d = 1.1124. To
assess the damage according to the methodology in [45], the hardness measurement data were presented
as a series lgH,,lgH,, ..., lgH,, and according to the Smirnov criterion, these data were checked for

gross measurement errors [45]. The average value of the series members [g H= 1 * , lgH; and the mean
n

squared deviation were determined by S = \/ﬁZ?:l(lgHi - lgﬁ)z. The level of material damage was
evaluated based on the homogeneity parameter by using formula (5), with an accuracy m of +0.05.

The results were presented in relative values: AH = HI;H" 100% and Am = ™. 100%, where

0 mo
index 0 corresponded to the initial (conditionally undamaged) state of the material.

Table 1 presents the main results of the experiments for different friction modes using lubricating
materials based on Greaseline Lithium BIO Rail 000 industrial oil and nano-additives of copper grade
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M2, magnesium alloy grade MAZ2, graphite grade GK-1, steel 20, and rail steel. Powdered nano-
additives, particle size 100 to 300 nm were obtained by electro erosion dispersion [53].

Table 1. Key results of the experiment.

Frict d Maximum Relative Change of Change of
Specimen ubri riction moge, wear friction mean hardness homogeneity
material ubricating Cgmposmon coefficient coefficient
numboer Ah, mm £/ AH, % Am, %
0.7
No. 1, pure oil 0.08 — +9.8 +31
Rail steel : : é g?t
No. 2, oil + rail steel <0.001 0.84 147 +29
powder 0.87
. 0.92
No 3, pure oil 0.095 i +13.9 +34
No. 4, oil + powder 0.91
GK-1 (TK-1) 0.084 Yl +1.3 +58
0.91
Steel 20 No. 5, oil + powder M2 0.23 115 +4.2 +63
No. 6, oil + powder 0.92
MA2 0.0015 072 +31.6 +32
No. 7, oil + steel 0.9
. — +16. +
powder 20 0.001 0.73 164 32

The coefficient of friction f (KOF) is an important indicator of the performance of friction pairs,
with its value significantly affecting the energy efficiency of machines and mechanisms. A decreasing
friction in the contact areas would evidently be expected to a decrease in wear. However, this pattern
mat be influenced by nano-additives. For different specimens, initial values f were slightly varied,
which could be attributed to the presence of undeformed particles of nano-additives and possible
differences in the surface roughness of the specimens. Therefore, for the purpose of analysis of the
influence of different additives on the change in KOF, the experimental data are presented in Table 1
depicting relative values f/f,, where f, represents the initial value of KOF, and f — its values after 1
(upper value) and 3 (lower value) hours of operation.

According to Table 1, the greatest increase in average hardness, the lowest damage level, and the
least wear were recorded for lubricating compositions No. 2, No. 6, and No. 7. This signals that these
lubricating compounds possess certain corrective properties. Lubricating compositions No. 2 and No. 7
are produced on the basis of an industrial lubricant with additives of steel nano-powders used for friction
tests. In these cases, the additives to lubricating materials do not further affect the oxidation of the
specimen surfaces, unlike the magnesium alloy additive used in composition No. 6. Magnesium, as the
main component of this additive, oxidizes due to high electrochemical potential relative to iron.
Therefore, the properties of this kind of a lubricating compound are inherently unstable. Moreover,
under the experimental conditions under consideration, the composition containing magnesium alloy as
an additive provides a friction coefficient that is too low for lubricating wheels and rails.

Lubricating composition No. 2 has the best set of properties. It is based on industrial lubricant with
the addition of rail steel nano-powder. It provides a moderate increase in hardness and minimal surface
damage, virtually no wear, and an optimal friction coefficient value. In addition, this nano-additive is
non-toxic, provides the lubricant with corrective properties, and cost moderately, since it can be
produced from scrap metal resulting from the mechanical processing of rails. Hence, it can be
recommended for lubricating rails and wheels of railway rolling stock.

Conclusions. In this study has investigated a prospective method of qualitative and quantitative
assessment of lubricants containing nano-additives of different chemical compositions to improve the
wear resistance of steel friction pairs. The method involves an aggregate analysis and kinetics of damage
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accumulation during the change of mechanical and tribological characteristics in the course of friction,
and the parameters are used to assess the level of material damage and the statistical distribution of
hardness measurement results during mass tests. In particular, the correlation coefficient and the Weibull
distribution shape parameter could be used as these statistical parameters.

An analysis of published works on the application of this method to assess the level of damage of
structural materials of different grades has been carried out under static, cyclic, and long-term loads, as
well as under friction conditions.

It has been demonstrated that, in cases of long-term, cyclic, and static loads, the degree of hardness
data dispersion increases, thereby reducing the non-uniformity of the structure associated with material
damage. An important conclusion from the analysis of the experimental data is the absence of correlation
between the statistical parameters that characterize the scattering of hardness values and the average
hardness value. Therefore, the average hardness cannot be considered a reference parameter for
assessing damage. Furthermore, in view of multicycle the conditions of uniaxial loads and long-term
loads, when the surface layers of the material are most damaged, the value of damage is proportional to
the maximum stress. This indicates the possibility of using linear damage accumulation models under
these kind of load conditions. It has also been shown that the Kinetics of the damage accumulation
process largely depends on the type of stress state.

The joined analysis of statistical characteristics of metal hardness scatter of friction pairs with the
change in tribological characteristics during friction has allowed the authors of the present paper to
evaluate the efficiency of lubricants with nano-additives of various chemical compositions. The
proposed method allows identifying the corrective properties of lubricants with nano-additives at the
laboratory research phase.

The method of this kind of comprehensive analysis, presented in this work, may be useful for an
express assessment of the impact of lubricating materials on the wear resistance of friction pairs.

REFERENCES

1. Chaboche, J. L. (1989). Phenomenological aspects of continuum damage mechanics. Theoretical and Applied
Mechanics, 41-56.

2. Betten, J. (1992). Applications of tensor functions in continuum damage mechanics. International Journal of Damage
Mechanics, 1(1), 47-59. https://doi.org/10.1177/105678959200100103

3. Krajcinovic, D. (1983). Constitutive equations for damaging materials, J. Appl. Mech, 50(2), 355-360.
https://doi.org/10.1115/1.3167044

4. Lemaitre, J., & Desmorat, R. (2006). Engineering damage mechanics: ductile, creep, fatigue and brittle failures.
Springer Science & Business Media. https://doi.org/10.1007/b138882.

5. Murakami, S., Liu, Y., & Mizuno, M. (2000). Computational methods for creep fracture analysis by damage
mechanics. Computer methods in applied mechanics and engineering, 183(1-2), 15-33. https://doi.org/10.1016/S0045-
7825(99)00209-1.

6. Kattan, P. I., & Voyiadjis, G. Z. (2012). Damage mechanics with finite elements: practical applications with computer
tools. Springer Science & Business Media. https://doi.org/10.1007/978-3-642-56384-3.

7. Lebedev, A. A. (2008). New characteristics of material degradation at the stage of development of scattered
damage. Tekh. Diagn. Nerazrushayushchii Kontrol, (4), 35-44.

8. Barter, S. A.,, Molent, L., & Wanhill, R. J. (2018). Typical Fatigue-Nucleating Discontinuities in Metallic Aircraft
Structures. In Aircraft Sustainment and Repair (pp. 41-65). Butterworth-Heinemann. https://doi.org/10.1016/B978-0-08-
100540-8.00003-0.

9. Merson, E., Danilov, V., Merson, D., & Vinogradov, A. (2017). Confocal laser scanning microscopy: The technique
for quantitative fractographic analysis. Engineering Fracture Mechanics, 183, 147-158.
https://doi.org/10.1016/j.engfracmech.2017.04.026.

10. Das G., Sridhar, D., Ghosh Chowdhury, S., Goswami, N.G., Eds. (1999) Image analysis in quantitative metallography.
In Materials Characterization Techniques-Principles and Applications. National Metallurgical Laboratory, 135-150.

11. Kharchenko, V.V.; Makaev, A.G.; Katok, O.A. (2015). Experimental study of the mechanical behavior of materials by
the method of pressing disk microsamples. Strength of Materials, 3, 32-38.

12. Wang, Z.-X.; Shi, H.-J.; Lu, J.; Shi, P.; Ma, X.-F. (2008) Small punch testing for assessing the fracture properties of
the reactor vessel steel with different thicknesses. Nuclear Engineering and Design, 238(12), 3186-3193.
https://doi.org/10.1016/j.nucengdes.2008.07.013.

13. Gafur, S., Andrey, S., Liliya, S., & Vadim, F. (2017). Assessment of damage of metallic elements in oil and gas facilities
using small punch test. International Journal of Applied Engineering Research, 12(21), 11583-11587.

103


https://doi.org/10.1177/105678959200100103
https://doi.org/10.1115/1.3167044
https://doi.org/10.1007/b138882
https://doi.org/10.1016/S0045-7825(99)00209-1
https://doi.org/10.1016/S0045-7825(99)00209-1
https://doi.org/10.1007/978-3-642-56384-3
https://doi.org/10.1016/B978-0-08-100540-8.00003-0
https://doi.org/10.1016/B978-0-08-100540-8.00003-0
https://doi.org/10.1016/j.engfracmech.2017.04.026
https://doi.org/10.1016/j.nucengdes.2008.07.013

e-1SSN 2617-9059 Transport Systems and Technologies, 42, 2023

14. Romanishin, R. I., & Romanishin, 1. M. (2019). Assessment of scattered damage in structural materials. Russ Journal
of Nondestructive Testing, 55, 111-121.Romanishin, R.1.; Romanishin, I.M. https://doi.org/10.1134/S1061830919020086.

15. Arora, V., Wijnant, Y. H., & de Boer, A. (2014). Acoustic-based damage detection method. Applied acoustics, 80, 23-
27. https://doi.org/10.1016/j.apacoust.2014.01.003.

16. Lebedev, A.A.; Nedoseka, A.Ya.; Chausov, N.G.; Nedoseka, S.A. (2001). Estimation of damage to the metal of
operating gas pipelines using the method of acoustic emission scanning. Technical Diagnostics and Non-Destructive Testing,
1, 8-12.

17. Diogo, A. R., Moreira, B., Gouveia, C. A., & Tavares, J. M. R. (2022). A review of signal processing techniques for
ultrasonic guided wave testing. Metals, 12(6), 936.. https://doi.org/10.3390/met12060936.

18. Koshowyi, V. V., Romanyshyn, I. M., Romanyshyn, R. 1., Mokryi, O. M., Sharamaga, R. V., Kyryenko, A. V., &
Semak, P. M. (2013). Development of ultrasonic tomography techniques for diagnostics of nuclear power plant piping. Strength
of Materials, 45, 512-516. https://doi.org/10.1007/s11223-013-9487-5.

19. Lord, W. A,, Stinchcomb, W.W., Duke, J.C., Henneke, E.G., Reifsnider, K.L., (1980). Survey of Electromagnetic
Methods of Nondestructive Testing. In Mechanics of Nondestructive Testing. Eds.; Springer: Boston, USA.
https://doi.org/10.1007/978-1-4684-3857-4_3.

20. Billardon, R., Dufailly, J., & Lemaitre, J. (1987). A procedure based on Vickers' micro-hardness tests to measure
damage fields. In Structural mechanics in reactor technology.

21. ASTM E18 - 16 : Standard Test Methods for Rockwell Hardness of Metallic Materials (2016). ASTM International,
West Conshohocken.

22. Broitman, E. (2017). Indentation hardness measurements at macro-, micro-, and nanoscale: a critical
overview. Tribology Letters, 65(1), 23. https://doi.org/10.1007/s11249-016-0805-5.

23. Oliver, W. C., & Pharr, G. M. (2004). Measurement of hardness and elastic modulus by instrumented indentation:
Advances in understanding and refinements to methodology. Journal of materials research, 19(1), 3-20.

24. Golovin, Y. . (2008). Nanoindentation and mechanical properties of solids in submicrovolumes, thin near-surface
layers, and films: A Review. Physics of the solid State, 50, 2205-2236.

25. Gromakovskij, D.G.; Tbatullin, I.,D.; Priluckij, V.A.; Dynikov, A.V.; Ovchinikov, LN.; Bakirov, M.B. (2000). A new
method for assessing the plasticity of structural materials and predicting the resource characteristics of machine parts and
structures. Heavy Engineering, 10, 2-6.

26. Moshchenok, V.; Lalazarova, N.; Doshchechkina, I.; Demchenko, S. (2016). Comparison of strength indicators
determined during tensile tests and hardness values. Bulletin of KhNADU, 73, 115-118.

27. Bulichev, S.1.; Alekhin, V.P.; Shorshorov, M.H.; Ternovsky, A.P. (1976) Investigation of the mechanical properties of
materials using the Kinetic diagram "load-indentation depth" with microindentation. Strength of Materials, 9, 79-83.

28. Rails are common for broad gauge railways. General technical conditions. State Standard of Ukraine: Kyiv, Ukraine,
2005. DSTU 4344:2004; (In Ukrainian)

29. Wheel pairs of freight cars: rules of maintenance, repair and formation. State Standard of Ukraine: Kyiv, Ukraine, 2015.
DSTU ISO 6001-2015; (In Ukrainian)

30. lwnicki, S. D., & Bevan, A. J. (2012). Damage to railway wheels and rails: a review of the causes, prediction methods,
reduction and allocation of costs. Int J Railw Technol, 1, 121-46. https://doi.org/10.4203/ijrt.1.1.6.

31. Izotov, V.L; Fillipov, G.A. (2005). Expert assessment of operational damage to railway wheels. Deformation and
destruction of materials, 8, 2 — 7.

32. Lebedev, A.; Muzyka, M.R. (2006). Technical diagnostics of the material using the LM-hardness method. Problems of
resource and safety of operation of structures, buildings and machines, 97-101.

33. Lebedev, A. A., & Kosarchuk, V. V. (2000). Influence of phase transformations on the mechanical properties of
austenitic stainless steels. International Journal of Plasticity, 16(7-8), 749-767. https://doi.org/10.1016/S0749-6419(99)00085-
6.

34. Kurmoiartseva, K. A., Trusov, P. V., & Kotelnikova, N. V. (2017, December). Multilevel modeling of damage
accumulation processes in metals. In IOP Conference Series: Materials Science and Engineering (Vol. 286, No. 1, p. 012018).
I0P Publishing. https://doi.org/10.1088/1757-899X/286/1/012018.

35. Davison, L., Stevens, A. L., & Kipp, M. E. (1977). Theory of spall damage accumulation in ductile metals. Journal of
the Mechanics and Physics of Solids, 25(1), 11-28. https://doi.org/10.1016/0022-5096(77)90017-5.

36. Sakai, T., Nakajima, M., Tokaji, K., & Hasegawa, N. (1997). Statistical distribution patterns in mechanical and fatigue
properties of metallic materials. Journal of the Society of Materials Science, Japan, 46(6Appendix), 63-74.
https://doi.org/10.2472/jsms.41.1014.

37. Lebedev, A. A., Kosarchuk, V. V., & Gudramovych, V. S. (1999). Micro-and macrostructural aspects of plastic
deformation of metastable steels. In IUTAM Symposium on Micro-and Macrostructural Aspects of Thermoplasticity:
Proceedings of the IUTAM Symposium held in Bochum, Germany, 25-29 August 1997 (pp. 355-362). Dordrecht: Springer
Netherlands. https://doi.org/10.1007/0-306-46936-7_34.

38. Rinne, H. (2008). The Weibull distribution: a handbook. CRC press: Boca Raton, USA.

39. Weibull, W. (1951). A statistical distribution function of wide applicability. Journal of applied mechanics.

40. Evans, J. W., Kretschmann, D. E., & Green, D. W. (2019). Procedures for estimation of Weibull parameters (p. 17).
United States Department of Agriculture, Forest Service, Forest Products Laboratory. https://doi.org/10.2737/FPL-GTR-264.

41. Horvat, A.A.; Molnar, 0.0.; Minkovich, V.V. (2019) Methods of processing experimental data using MS Excel:
Tutorial. Uzhhorod: Hoverla, Ukraina. (In Ukrainian)

104


https://doi.org/10.1134/S1061830919020086
https://doi.org/10.1016/j.apacoust.2014.01.003
https://doi.org/10.3390/met12060936
https://doi.org/10.1007/s11223-013-9487-5
https://doi.org/10.1007/978-1-4684-3857-4_3
https://doi.org/10.1016/S0749-6419(99)00085-6
https://doi.org/10.1016/S0749-6419(99)00085-6
https://doi.org/10.1088/1757-899X/286/1/012018
https://doi.org/10.1016/0022-5096(77)90017-5
https://doi.org/10.2472/jsms.41.1014
https://doi.org/10.1007/0-306-46936-7_34
https://doi.org/10.2737/FPL-GTR-264

e-1SSN 2617-9059 Transport Systems and Technologies, 42, 2023

42. Available online: www.stata.com (accessed on 18 November 2023).

43. Gumbel, E. J. (1954). Statistical theory of extreme valuse and some practical applications. Nat. Bur. Standards Appl.
Math. Ser. 33.

44. Patent of Ukraine N 52107A, Lebedev, A.A.; Muzyka, M.R.; Volchek, N.L. The method for assessing the degradation
of the material after the damage accumulation in the process of exploitation, “LM-method of hardness”, 15 January 2003. (In
Ukrainian)

45. Metal materials. Determination of the level of scattered damage by LM-hardness method, State enterprise ""Ukrainian
scientific research and training center for problems of standardization, certification and quality. DSTU 7793:2015; State
Standard of Ukraine: Kyiv, Ukraine, 2016. (In Ukrainian)

46. Lebedev, A.A.; Makovetskiy, 1.V.; Muzyka, M.R.; Volchek, N.L.; Shvets, V.P. (2006) Evaluation of damage to the
material by the dispersion of the characteristics of elasticity and static strength. Strength of Materials. 6, 5-14.

47. Lokoshchenko, A.M.; Ilyin, A.A.; Mamonov, A.M.; Nazarov, V.V. (2008) Analysis of creep and long-term strength of
titanium alloy VT6 with pre-embedded hydrogen. Physical and chemical mechanics of materials. 5, 98-104.

48. Lebedev, A.A.; Makovetskiy, 1.V.; Muzyka, M.R.; Shvets, V.P. (2008). Study of the Processes of Deformation and
Damage Accumulation in Steel 10GN2MFA under Low-Cycle Loading. Strength of Materials, 2, 5-10.

49. Chausov, M., Pylypenko, A., Maruschak, P., & Menou, A. (2021). Phenomenological models and peculiarities of
evaluating fatigue life of aluminum alloys subjected to dynamic non-equilibrium processes. Metals, 11(10), 1625.
https://doi.org/10.3390/met11101625.

50. Muzyka, N. R., & Shvets, V. P. (2014). Determination of stresses and strains in elastoplastic deformed body from
hardness characteristics. Strength of Materials, 46, 512-517.

51. Muzyka, M.R.; Shvets, V.P. (2014) Influence of the type of loading on the process of damage accumulation in the
material, Strength of Materials. 1. 130-136.

52. Meng, Y., Xu, J., Jin, Z., Prakash, B., & Hu, Y. (2020). A review of recent advances in tribology. Friction, 8, 221-300.
https://doi.org/10.1007/s40544-020-0367-2.

53. Kosarchuk, V., Chausov, M., Pylypenko, A., Tverdomed, V., Maruschak, P., & Menou, A. (2022). Nanopowders of
Different Chemical Composition Added to Industrial Lubricants and Their Impact on Wear Resistance of Steel Friction
Pairs. Lubricants, 10(10), 244. https://doi.org/10.3390/lubricants10100244.

Banepiii Kocapuyx*', Muxona Yaycoe?, Bonooumup Teepoomeo®

! Mpodecop, Kadempa TeopeTndHoi Ta MIPpUKIaAHOi MeXaHiku, JlepxaBHull yHiBepCUTET IH(YPACTPYKTYpHU Ta
TeXHOIOT#, Bys1. Kupmiisceka, 9, M. Kuis, 04071, Ykpaina. ORCID: https://orcid.org/0000-0003-2703-3542.

2 TIpodecop, Kadenpa mexaniku, HaionansHuii yHiBepcuTeT 6iopecypciB i HpUPOIOKOPUCTYBaHHs Y KpaiHu,
Bya. I'epois O6oponn, 15, m. Kuis, 03041, Ykpaina. ORCID: https://orcid.org/0000-0002-6790-6216.

3 ouenT, Kadeapa 3amisauunoi kouii Ta koniifiHoro rocrnogapctsa, JlepxaBHuil yHiBepcuTeT iHppacTpyKTypu
Ta TEXHOJOTiH, ByiI. Kupmiiscbka, 9, M. Kuis, 04071. Ykpaina. ORCID: https://orcid.org/0000-0002-0695-1304.

EdexTuBHNi MeTOX OIIIHKU PiBHA MOMIKOIKEHHS MaTepiaay
3a Pi3HUX YMOB eKCILTyaTamii

Y cmammi  npoamanizoéano  6idomi  excnepumenmanvui - pe3yibmamu  OYiHKU — CHYNEHIO
NOUKOONCEHHST KOHCMPYKYIUHUX MAMepPIianié pisHUX Mapox 3a YMO8 00820MPUBANO20, YUKIIYHOZO,
CIMAmMu4Ho20 HABAHMAJICEHHA ma Macmuivhoco mepmsa. I[loxkazano, wo cmpykmypui 3minu, AKi
gi0bysalomvcsa 6 mamepianax nid yYac HAGAHMAICEHHS, KOPEeMomy 3i 3MIHAMU CIMAMUCIUYHUX
Xapaxmepucmuk po3cilo8ants pe3yibmamie eumipioeants meepoocmi. Lle doseonsic npoenozysamu
KIHEeMUKY HaKONU4eHHs: NOWKOONCEHb Y Mamepianax nio dac excniyamayii, a omoice, npocHO3y8amu
mepmin ix cuyocou. Takutl nioxio € akmyanbHum 0Jis1 po3poOKu Memodié OYiHKU NOMOYHO20 CIAHY Md
3AMUUKOB020 pecypcy KOHCMPYKYIl 3aMI3HUYHO20 MA IHWUX MPAHCNOPMHUX 2AY3el. 3anponoHo8aHO
BUKOPUCMOBYBAMU YI0 MEMOOUKY OJisl OYIHKU PIBHA NOUWKOOICEHHS MIKPOCMPYKMYPU MAmepianie y
30HI KOHMAKmy ma Uo20 Gnauey Ha mMpubOI0iuHI XapaKmepucmuky Memanieeux nap mepmisl.
3anpononosano HoGUT MEMOO OYIHKU eeKMUSHOCIT MACMUILHUX KOMIOZUYILU HA OCHOBI NPOMUCTOBUX
macmun, AKi Micmams HAHO000ABKU PI3HO20 XIMIYHO20 CKAAOY 0/ NiOBUUEHHS 3HOCOCTIUKOCMI
cmanesux — BANCKOHAGAHMAdCeHUX nap mepmsa. Memoo 6azyemvci HaA  CRITbHOMY — AHANI3E
eKCNEePUMEHMANbHUX OAHUX WO000 KIHEMUKU 3HOULYBAHHA, 3MIHU BIOHOCHOI mMeepOoCmi ma pieHA
NOWKOOICEHOCMI NOBEPXHEBUX ulapie memanie nap mepms. Ilopywenus cmpykmypu mamepianie y 30Hi
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KOHMAKMy — GU3HAYAIOMb 3 OONOMO20I0 CMAMUCMUYHUX NAPAMEMPIE  PO3CIl08AHHS  3HAUEHb
meepoocmi. Memoouxa anpobogana 01 cmanesux nap mepms, 0e GUKOPUCTOBYIOMbC MACTUTbHE
mamepianu Ha OCHOBI IHOYCMPIANbHO20 MACAA MA HAHO000ABOK MIOI, MACHIEBUX CNIABIS, epaghimy ma
080X MAPOK cepeonbogyeneyesux cmaell.

Knwuoei cnosa: meepdicmo, napa peiika—Kkoneco, Cmamucmuyna 00pooxa 0anux, MacmuibHuil
CKAA0, 8UNPOOYEAHHS HA MePMsl MA 3HOWYBAHHS, 3HOCOCIIUKICIYb, MPUOONOSTUHI XAPAKMEPUCTIUK,
NOUKOONCEHHSL.
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