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Abstract: It is shown that in the mixed traffic of trains compared to the directions
specialized for transportation of freight and passengers, the traffic capacity is sharply
reduced, and costs on repairs and maintenance of track infrastructure increase by 1.5-2
times. The paper outlines ways to solve the problem in the distribution of directions with
mainly freight and passenger traffic to increase the traffic capacity of transportation on the
rail network. Among the activities, there is the transmission of transit freight flow on
parallel runs. Furthermore, changing the operation conditions of railways in the case of
implementing the high-speed trains traffic requires strengthening the existing railway lines
in the event of insufficient reserves.
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1

Introduction

The topicality of the paper is defined by the need to address a rather complex
problem in the distribution of directions with mainly freight and mainly passenger
traffic and increase of the traffic capacity on the rail network. Domestic and
foreign studies demonstrate that in the mixed traffic of trains compared to the
directions specialized for transportation of freight and passengers, the traffic
capacity and reliability in fulfillment of a schedule is sharply reduced and costs on
repairs and maintenance of a railway track increase by 1.5-2 times. As a result, the
transmission of transit freight flow on parallel runs is often used in practice.
Consequently, it is necessary to reconstruct such directions for developing the
freight flow that is being transmitted. The relevance of the research is also defined
by changing the operating conditions of Ukrainian railways in the case of the
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high-speed trains traffic implementation, which requires strengthening the existing
railway lines in the event of insufficient reserves.
In this regard, there is a need to substantiate, develop and implement the
specialization of railway directions on the following principles:
•

high-speed directions of passenger trains traffic;

•

directions of intensive carrying capacity;

•

directions of mixed traffic of passenger and freight trains.

The distribution of freight and passenger traffic is the main principle in organizing
high-speed traffic in Europe. The analysis of contemporary publications shows
that research on the choice of priority areas of international transportations include
a wide range of issues, the main ones are:

2

•

substantiation of logistics schemes of transportations, acceleration of the
freight delivery time;

•

increase in speed and traffic capacity;

•

reduction of operating costs for current maintenance of infrastructure;

•

research of the rolling stock/track interaction when changing the
operating conditions.

Review of the Literature

Studies conducted on the Netherlands railways [1] consider the decision making
issues faced by managers of the railway transport infrastructure in rail networks
with dedicated tracks and corridors of public usage. The strategy upon
consolidation of corridors, where the track serves passenger and freight trains is
analysed. Various characteristics of passenger and freight trains are specified and
the optimal distribution of tracks and consolidation time is analytically determined
using two different patterns of models. The realistic parameters based on the
Dutch railway system will be used in the experiments.
The optimization method for selecting a route for the everyday planning of freight
trains is proposed in [2].
The mixed traffic of trains on the same tracks directly or indirectly affects the
design, construction, operation, and maintenance of the railway system. In this
context, the article [3] qualitatively and quantitatively evaluates the impact of
some of the listed characteristics on the components of the rail system and
presents the elements of the costs for the construction of the railway infrastructure,
taking into account various exploitation scenarios.
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The choice of optimal transport decision includes the rationale of the most
profitable routes, the choice of rolling stock in accordance with the type of freight,
the freight transportation mode [4], the state of railway traffic safety [5], the
influence of train velocity [6], the work technique of border stations [7, 8], etc.
In [9], models of decision making to evaluate the effectiveness of the transport
system in Europe-Asia are presented and in [10], the model for the distribution of
transit freight on the railway network is proposed.
Article [11] highlights theoretical foundations and empirical results of analyzing
and modeling Poland's transport networks. Properties of complex networks (Scale
Free and Small World) and network-specific parameters are described.
Work [12] considers applying the simulation model of the transport system in
Poland as a tool for sustainable transport development and reasonably substantiate
the scientific and technical use of rail transport in the international carriage.
Methods of research and solving current transport issues were considered at the
International Scientific Conference Transportation of the 21st Century, June 9-12,
2019, Rin, Poland [13].
Most European countries successfully solve the problem of national passenger
traffic based on a significant increase in the speed of trains on specially built lines
[14].
The article [15] highlights the impact of existing speed limits of trains on the
amount of additional energy on the haulage of trains. On the example of the
Budapest–Kelenfold–Hegyeshalom line, the efficiency in removal of constraints
of speed limits on the tracks is shown.
The evolution of high-quality express-passenger trains in Poland is described in
[16], and in work [17], the driving mode of mixed multispeed freight trains with
the distribution of passenger and freight transport is investigated.
When solving tasks with increasing the traffic and carrying capacity, the railway is
considered as a holistic system consisting of devices and structures that due to the
imperfect technical condition can restrict the speed of trains on one or another
section. Therefore, for each barrier site on the railway, it is necessary to know the
allowable speed of trains and parameters of devices according to which one needs
to reconstruct the railway to realize these speeds [18].
It has been a considerable growth of freight and passenger transportation on the
British railway network over the past 20 years [19], which raises concerns about
its ability to absorb continued growth. A number of infrastructure initiatives aimed
at increasing the traffic capacity and reducing conflicts were implemented.
The impact of new railway infrastructure for the distribution of passenger and
freight traffic on the operational characteristics of freight trains was studied.
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On the railways of North America [20, 21], there is a rapid growth in demand for
transportation, and a rise in traffic capacity is increasingly required to meet them.
Non-uniformity in a combination of characteristics of various types of trains leads
to more considerable delays than with uniform traffic. The analysis given in the
work included the impact on the delay of various vehicles and the characteristics
of trains. The simulation program of dispatching developed by the authors was
used to analyze the model of a single-track line with characteristics typical for the
railways of North America. The purpose was to determine the impact of various
operating and infrastructure changes to reduce train delays. The reduction of
delays was considered the advantage of the project for each scenario. In contrast,
any increase in delays leads to the necessity of using additional locomotives and
extra fuel consumption, increased costs for infrastructure maintenance.
North American railways experience a growth in demand for transportations, and
increasingly require a rise in the traffic capacity of their lines, which requires
changing a cycle process of operational work and modernization of infrastructure.
In [22], it is shown that the expansion of infrastructure involves a long time and
capital-intensive operations, and as an alternative, it is proposed to reach
additional power by changing the operational work regime, which is often cheaper
and faster in realization.
Article [23] presents a model of reliable freight routing in the intermedial network
of automobile and rail transport. The model is aimed at providing an optimal
route. The main contribution of this work is that a program of actions is provided,
which allows you to determine the amount of reducing traffic capacity, which
should be taken into account when planning routes to obtain a level of reliability
specified by the user.
The implementation of large-scale investment projects (new construction,
reconstruction of railways) that foresee high investment expenses and the need to
include many factors entails the use of appropriate efficiency assessment methods.
The following principles are the basis for evaluating the effectiveness of the
project: consideration of an option (project) during the entire estimated period,
positive and maximum effect, the consideration of time factor, the impact of
inflation, uncertainty, risks, etc. The preliminary assessment is based on methods
[24-26].
Years of research have proved that the most minor operating costs upon the
maintenance of the railway track would be provided with the corresponding ratio
of the load intensity of a track, the level of dynamic load on a track from the
rolling stock, and the power of a railway track.
This principle is used in regulatory documents of Ukrzaliznytsia. For example, a
category of a railway track is determined depending on the traffic density and
from the governed speed of passenger and freight trains. In papers [27, 28], the
load intensity of a track is also determined by traffic loading and the level of
dynamic load on a track from rolling stock by the governed speed of trains.
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In [29], the railway track/rolling stock interaction results are presented under
conditions of rapid and high-speed trains traffic.
In the existing rules of engineering of Hungarian railways, there are no design
parameters for speeds exceeding 160 km/h. However, in the relevant international
standard (ENV 13803), a similar speed limit is 300 km/h. The article [30] presents
the results of comparing these rules.
A behavior pattern of the strain-stress state for the railway track based on the joint
usage of propagation equations of an elastic wave to describe the topography of a
part in the system involved in the interaction at a given moment of time, and
equations of the dynamic equilibrium of its deformation are proposed in [31].
It enables to take into consideration the dynamics during the traffics of trains at
high-speed.

3
3.1

Methods and Results of the Research
Purpose of the Research

Due to its geographical position and advanced transport infrastructure, Ukraine
has significant potential in the development of international transportation, in
particular as a transistor country in the logistics chain of trade between Asia and
Europe [32]. However, in Ukraine, a classical form in the organization of traffic,
which is to use infrastructure in the transportation of both passengers and freight
(mixed traffic) has become an obstacle in the transition toward innovation-based
development. The disadvantages of organizing such traffic are the insufficient
comfort of passengers and the impossibility of using a new progressive rolling
stock. A possible option for solving this problem is the separation of the freight
traffic from the passenger one.
Problems of operational and technical nature arising during mixed traffic are
primarily related to the disorders of the permanent way. When there is a
changeover of the train flows to parallel runs, the traffic density of freight and
passenger trains and other operational indicators change. These indicators affect
the stress-strain state of a track and, consequently, on expenses associated with
repair and maintenance of a track.
While dividing the freight and passenger transportation (even partly), the number
of trains overtaking significantly reduces passenger and freight directions, leading
to a decrease in operating expenses associated with braking, stops, and
acceleration of trains.
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The first steps in this direction were made in Ukraine: a program has been
developed, according to which freight flows should be evenly distributed in all
directions, and not concentrated on the most heavy-traffic rail lines, for example,
such as Kyiv-Dnipro. To that end, the secondary, so far little involved runs on
which one can changeover the freight flows are put in a proper condition.
Simultaneously, there are several operational and technical challenges associated
with the ratio of speeds of freight and passenger trains, a decrease in trafficcarrying capacity of railways, where high-speed traffic is being introduced [14].
The purpose of the study is to develop mathematical models for the rational
distribution of freight and passenger flows based on vector optimization to ensure
a minimum of the indicator: car-mileage (train-km), time of traffic (train-hour),
energy intensity (mechanical work of locomotives, tonne-kilometer, or electricity
costs, kWh), other technical and economic indicators.

3.2

The Mathematical Model for the Rational Distribution of
Train Flows

To solve the problem of optimal distribution of train flows between the origin and
destination, the network of railways was presented in the form of GV , E  graph,
where stations are the graph vertex (set V ), and sections between them – edges of
graph (set E ). Furthermore, the trains flow is given in a form of Pij matrix,

i, j  1, n , where n is a number of stations, and Pij is a number of trains from
point i to point j [33].
Considering that one can reach from one station to another in various ways,
following the graph between points i and j there are Wij simple ways. Each
edge e  E will be characterized by three parameters: edge length, train’s traffic
time on edge and mechanical work when driving a train on edge.
Let us denote a number of trains by X ijw , moving from point i to point j along

w -th simple route from list Wij .
Then
n 1

n

w  e, v:  

 f wX

ijw

 min ,

(1)

i 1 j  i 1 wWij

where f w is the total value of an indicator of the simple way w from list Wij .
The minimum value is determined with consideration to train flows, namely

X

ijw

 Pij ;

wWij

(2)

i  1, n  1; i  1  j  n.
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The limits upon the traffic capacity of each edge is added to these limits:
n 1

n

   I eX
w

ijw

 N e  ,

(3)

i 1 j  i 1 wWij

where N e is traffic capacity of edge e ;

I w e  is the edge indicator e for the way w :
1, e  w;
I w e   
0, e  w.

(4)

For example, Fig. 1 shows the optimization results by various indicators. One can
consider multiple optimization indicators: train-kilometers ( f1 ), train-hours ( f 2 ),
mechanical work of a locomotive ( f3 ). Thus, train-kilometers and ton-kilometers
(gross) reflect railways' technical and freight work, train-hours is the average
speed of the trains' traffic, and the mechanical work of the locomotive is the costs
of electricity or diesel fuel.
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Figure 1
Distribution of trains between Kyiv-Lviv stations by different indicators of optimization

The final decision should be taken concerning the operating costs for the passage
of freight and passenger trains, capital investments to enhance parallel runs, and
the available opportunity in investing projects.
Therefore, further improvement of the transport process will be effective in the
simultaneous specialization of railway directions.
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Modeling the Trains Flow Traffic

The approach offered by the authors is based on the alleged modeling of the trains
flow traffic. The trains flow is presented in the form of a three-dimensional
surface, which is an approximation for the real distribution of masses and speeds
of trains.
The statistical data analysis showed that the distribution of motion speeds in one
cross-section of the track for all trains of this type is approaching the normal law.
While evaluating the deviations of empirical distribution from normal upon fitting
criterion, it has been established that in most samples, these deviations are
insignificant. In subsequent calculations, we can use theoretical distribution curves
of actually implemented speeds.
When modeling the flow of trains, the standard deviation can be taken
approximately such as before the reconstruction of the railway according to the
results of the statistical processing of the speed recorder tapes. Calculations show
that in most cases, the value of the standard deviation is 5-20 km/h.
When dividing the freight and passenger traffic, the directions will be set
depending on the structure of the train flows: categories and masses of rotating
trains, and motion speeds (Table 1).
On the sections of passenger and freight traffic, the working conditions of the
track are improved due to the uniform load of both rail lines as an elevation of an
outer rail in curves is set in accordance with the speed of passenger and freight
trains, which leads to a decrease in the deterioration of track and rolling stock.
The article [34] highlights the analysis results of the measurement parameters for
the railroad track and the ratio of vertical and side wear of rails in curves of
various radii under the different operating conditions. It is shown that the set
elevations of the outer rail do not meet the current requirements of increasing the
operability of the track when minimizing the wear of rails, and therefore dividing
the freight and passenger traffic is a vital problem.

3.4

Transmission of Freight Trains on Parallel Runs

In the study of parallel runs, it is necessary to consider the technical condition of
both railway directions. For example, a passenger run may be a single-track
section or single-track with double-track inserts or double-track railways. In this
case, the freight (parallel) run can also be in one of these technical states.
Therefore, at least nine possible combinations occur.
There is a need to investigate the conditions under which the transfer of parts of
freight traffic to the parallel run can be effective. The analysis showed that in the
presence of parallel directions with two main tracks, there are almost no problems
with the transfer of the train flow. The question is considerably more complex
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when one of the directions is single-track or with double-track inserts. The results
of calculations for parallel directions represented by sections with double-track
inserts are presented in the work. The basis of such an analysis can be the Program
adopted by Ukrzaliznytsia concerning the increase of traffic capacity for sections
with double-track inserts of Poltava-Kremenchuk-Burty-Korystivka-DolynskaMykolaiv due to the construction of the second main track.
Table 1
Classification of directions by categories of trains

High-speed
passenger
traffic:

Speed
(V),
km/h
V1[160,
200]
V2[120,
160]
V3[100,
140]

Distribution graphs of trains speeds

Train distribution, %

Characteristics
of the direction

80
60
1
40
2

20

3

60

70

80

90

100 110 120 130 140 150 160 170 180 190 200

Speed, km/h

Rapid passenger
traffic of trains
mixed with
rapid traffic of
suburban trains:

V1[160,
200]
V2[90,
140]
V3[80,
120]
V4[60,
80]
V1[140,
160]
V2[90,
140]
V3[60,
80]

80
60

1

40
2

20
60

3

4
70

80

90

100 110 120 130 140 150 160 170 180 190 200

Speed, km/h

1 – day expresses; 2 – passenger rapid trains;
3 – suburban rapid trains; 4 – pickup trains.
Train distribution, %

Mixed traffic of
high-speed
passenger with
pickup freight
and suburban
trains:

Train distribution, %

1 – day expresses; 2 – passenger rapid; 3 – suburban
rapid.

80
60

1

40
2
20
60

3
70

80

90

100 110 120 130 140 150 160 170 180 190 200

Speed, km/h

A mixed traffic
of rapid
passenger trains
with pickup
freight and
suburban ones.

V1[120,
160]
V2[90,
140]
V3[60,
80]

Train distribution, %

1 – passenger rapid; 2 – suburban rapid; 3 – pickup
freight.
80
60

1

40
2
20
60

3
70

80

90

100 110 120 130 140 150 160 170 180 190 200

Speed, km/h

1 – passenger rapid; 2 – suburban rapid; 3 – pickup
freight.
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V1[70,
90]
V2[80,
100]
V3[80,
100]
V4[60,
80]

Train distribution, %
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80
60

1

40
20
60

2
4

3

70

80

90

100 110 120 130 140 150 160 170 180 190 200

Speed, km/h

1 – full-weight freight trains; 2 – full-length freight
trains; 3 – suburban trains; 4 – pickup freight trains.

It was adopted that a parallel freight run has the same technical condition as a
passenger one, and the necessary traffic density is changed by a linear law
Gt  G0  Gt . At the same time, three options were considered when the growth
of traffic density occurs with different paces on a parallel run, namely
Gt  2t , 3t , 3.5t , at G0 = 5.0 million nons / years.
From the graphs of traffic support (Figs. 3, 4) it is established, that with the
available technical equipment and Gt  5.0  4.5t the railway will provide
transportation till the 6th year of operation with the subsequent transition to a
more powerful technical condition – the construction of the second track.

Transferring (G ),
million tons / year

In the case of changeover, a part of freight Gt on the parallel run the
postponement of capital expenditures is achieved. The term in the postponement
of the second track depends primarily on the value Gt . For example, when
transferring 10 million tons/year on a parallel run, the construction of the second
track is postponed till the 9th year of operation; during the transfer of 20 million
tons/year, postponing construction is possible till the 11th year (Fig. 3).

existing
state

G1

G2

Years (t )
G (existing state)
G (double-track inserts)

G1=10

G2=20

G (double-track railways)

Figure 3
The graph of traffic support on a passenger direction when transferring 10 and 20 million tons/year on
the parallel run
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Transferring (G ),
million tons / year

With the growth of traffic density by law Gt  5.0  2.0t (the 1st option) the
parallel run can provide the necessary volumes of transportation until the 13th
year. When transferring freight flow in the 6th year in a volume of 10 million
tons/year, the reinforcement of the line will need to be performed in the 9 th year,
during the transfer of 20 million tons/year – a line in the year of transferring the
freight flow should be double-track (Fig. 4).

existing
state

G2

G1

Years (t )
G (existing state)
G (double-track inserts)

G1=10

G 2=20

G (double-track railways)

Figure 4
The graph of traffic support (freight traffic) on parallel run

Gt  5.0  2.0t

At other growth rates of traffic density (the 2nd and the 3rd options), the capacity of
the parallel run is not enough, and therefore already in the 6 th year, the line needs
to be reinforced by building a second main track.
Conclusions
1) The analysis of the technical equipment and parameters of the route for the
main directions of international transport corridors passing through the territory of
Ukraine, showed that it is impossible to meet European requirements, especially
for the maximum speed of motion without dividing the freight and passenger
traffic and restructuring the plan of a line. The results of the analysis confirm the
timeliness of the work.
2) The classification of directions of railways by categories of trains and the
structure of the train flow is specified and detailed. Five types of directions are
proposed: purely passenger, mainly passenger, rapid, mixed, and freight traffic,
which corresponds to the safety criteria, smoothness, and comfort of traveling.
3) Problems of operational and technical nature arising during mixed traffic, are
primarily related to the disorders of the permanent way. When there is a
changeover of the train flows to parallel runs, the traffic density of freight and
passenger trains and other operational parameters change. These parameters affect
the stress-strain state of a track and, consequently, on expenses associated with
repair and maintenance of a track.
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4) In the dividing freight and passenger traffic, the total effect in each direction
should be determined separately. On the sections of passenger and freight traffic,
the working conditions of the track are improved due to the uniform load of both
rail lines as an elevation of an outer rail in curves is set in accordance with the
speed of passenger and freight trains, which leads to a decrease in the
deterioration of track and rolling stock.
5) The number of trains overtaking significantly reduces passenger and freight
directions, leading to a decrease in operating expenses associated with braking,
stops, and acceleration of trains. In addition, it allows receiving additional profits
by reducing the track disorder.
6) The proposed approach makes it possible to consider the opportunity to transfer
the part of trains on parallel runs and evaluate the profit by dividing the freight
and passenger traffic. The mathematical model of mixed formation for the scheme
of traffic support for parallel railway lines makes it possible to take into
consideration the specifics of each from the parallel directions (passenger, freight,
mixed traffic) and obtain problem solving with minimal operating costs and
rational investments, including reorganization of the railway to increase.
The speed of passenger trains.
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