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Abstract. The article presents result of computational modelling of container dynamic load during
transportation as a part of trains of intermodal transport on a railway ferry. The computational
models were developed which account the movement of the container with regard to the frame of
the flat wagon while moving of the railway ferry. It was assumed that there is no movement of the
flat wagon with regard to the deck, since these movements were limited by fastening means. The
obtained acceleration rates, as components of the dynamic loads acting on the container, were
accounted while determining the containers stability coefficient with regard to the flat wagons.
The railway ferry heeling angles which ensure the stability of the containers were determined. The
researches will ensure safety of transportation of containers as a part of trains of intermodal
transport on a railway ferry, as well as increase the efficiency of operation of intermodal transport
in the international transport.
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1. Introduction

The development of international economic activity between Eurasian countries enables the
commissioning of competitive transport systems. To date the most priority among them is the
container transportation. Container transportation as a part of intermodal trains was expanded to
reduce the time of cargo delivery and transportation costs. These trains can run not only in relation
to main-line railways, but also in international rail and water transportations involving railroad
ferries. It is important to study the load of intermodal trains to ensure the safety of their
transportation on railroad ferries, as conditions for the container transportation by sea are
significantly different from the conditions of their operation relative to the main-line railways.
Therefore, the article focuses on the issue of researching the dynamic load of containers during
transportation as a part of intermodal trains on railroad ferries and determining the permissible
heeling angles at which the stability of containers is ensured in relation to flat wagons.

2. Previous research overview

The peculiarities of using simplified methods for measuring the stress-strain state of the
body-container of variable volume are given in [1]. The scheme of load and test methods of
body-containers for transverse and longitudinal swash is proposed in the work.

The peculiarities of invention a container for the transportation of fruit and vegetables are
covered in [2]. The requirements for the body-container are given, its construction is proposed and
the calculation of the strength using the finite element method is made in the article. It is important
to note that the study of the dynamic load of containers is not carried out in these works, and the
determination of strength indicators is carried out taking into account the regulatory values of
loads.
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An overview of the structure and properties of nanomaterials obtained by isostatic compression
is carried out in [3]. Possibilities of the implementation of this material in bearing structures of
vehicles for ensuring strength under operational load conditions is not carried out in the work.

The peculiarities of testing units of rolling stock on roller stand to determine their dynamic
properties under operating conditions is carried out in [4]. The work does not specify the
possibility of using this equipment to determine the dynamic load of containers during
transportation on railroad ferries.

Measures concerning the improvement of the automatic coupling draw gear in order to reduce
the dynamic load of wagons are highlighted in [5, 6]. The results obtained by mathematical
modelling are confirmed by computer simulation of the dynamic load of wagons.

Identification of the substantiation peculiarities of the open wagon service life prolongation
that have exhausted their normative resource is given in [7]. The study of the open wagon dynamic
load and strength was carried out taking into account the actual wear values of the bearing structure
elements of the open wagon in operation. The task of studying the dynamic load of bearing
structures of containers under operating conditions in these works is not stated.

Peculiarities of the improvement of the open wagon bearing structure to ensure the reliability
of its fastening on the deck of the railroad ferry are given in [8, 9]. The proposed technical
solutions are confirmed by calculations on strength; the results are given in the article. The
problems of determining the dynamic loading of containers during transportation as a part of
intermodal trains on railroad ferries are not considered in the work.

Other advanced methods for dynamic analysis of mechanical structures, including examples
of their application, are described in [10, 11].

3. Computational model of a container placed on a flat wagon

The aim of the research was to create a computational model describing the peculiarities on
dynamic load of containers placed on a flat wagon during transportation by a railroad ferry. To
achieve this goal, the following tasks were defined:

— to develop a mathematical model for determining the dynamic load of a container placed on
a flat wagon during transportation by a railroad ferry;

—to determine the stability coefficient of the container placed on a flat wagon during
transportation by railroad ferry.

The calculation scheme for researching the dynamic load of a container placed on a flat wagon
during fluctuations of a railroad ferry is shown in Fig. 1.
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Fig. 1. Calculating scheme for researching the dynamic load of a container placed
on a flat wagon during fluctuations of a railroad ferry

The computational model was developed to determine the dynamic load of the container
during transportation as a part of intermodal train on the railroad ferry. This model accounts the
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angular movements of the elements of the system (“railroad ferry — container”) around the
longitudinal axis (roll), as a case of the greatest load of the bearing structure of the container during
transportation by railroad ferry, as well as ensuring its stability with respect to the frame of the
flat wagon. The model does account the movements of the flat wagon. That is, it is assumed that
they are limited by fastening means relative to the deck.

Equations of motion for researching the dynamic load of a container placed on a flat wagon
during fluctuations of a railroad ferry [12] can be written in form:

D ., o) s B\ . . h B

E(B +4z2) 91+(ABE)91=pFBE+A9§F(t), (1)
) h

186, = p,'(7" + M2, )

where 0, is a generalized coordinate which corresponds to the angular displacement around the
longitudinal axis of a railroad ferry, 8, is a generalized coordinate which corresponds to the
angular displacement around the longitudinal axis of the container. The coordinate system origin
is located in the railroad ferry centre of mass.

For railroad ferry D is the weight displacement, B is the width, h is the height of the board, Ag
is coefficient of resistance to fluctuations, z, is coordinate of the gravity centre, prp is the wind
load on the uncovered projection, F(t) is the time course of force that moves a railroad ferry with
wagons located on its decks.

For the container I¢ is the moment of inertia of the container, hy is the height of the side
surface of the container, py is wind load on the side of the container, M? is force moment that
occurs between the container and the deck at angular movements relative to the longitudinal axis.

Determination of the coefficient of resistance to the fluctuation of the railroad ferry is carried
out according to the method shown in [13].

The impact of sea waves on the hull of a railroad ferry with wagons placed on its board was
not taken into account. The trochoidal law of the moving action (of sea wave) on the railroad ferry
with wagons located on its decks and the dissipative component that occurs during the fluctuations
of the railroad ferry in the conditions of the sea disturbance were taken in account during
developing the model, as well as the wave-to-course angle in relation to the railroad ferry hull and
the wind load acting on the uncovered projection of the railroad ferry, the flat wagon located on
the upper deck and containers.

It is assumed that the container has its own degree of freedom to the time when the vertical
wall of the fitting will lean against the fitting.

The research has been conducted relating to the ferry “Geroi Shipki”, which moves along the
Black Sea water area. The model 13-4012 was chosen as the basic model of the flat wagon and
the model of 1CC with a gross mass of 24 tons was chosen as a basic model of the container. The
hydrometeorological characteristics of the Black Sea area are determined according to the data
given in [14]. The speed of the railroad ferry was assumed to be equal to its operating speed of
18.6 knots (9.57 m/s) and was accounted as permanent when moving along the sea area.

Differential equations of motion were solved applying the programming environment Mathcad
[15, 16] by using the Runge-Kutta method.

It was established that the maximum acceleration value acting on the container is about
1.5 m/s? and occurs at the wave-to-course angles of 60 deg and 120 deg in relation to the hull of
the railroad ferry. The total value of the acceleration acting on the container is 3.57 m/s? (0.36 g)
taking into account the horizontal component of acceleration of free fall, caused by the angle of
the railway train ferry. At the same time, the estimated heeling angle of the railroad ferry at a static
wind action on the uncovered projection was 12.2 deg.

Studies of the equilibrium stability coefficient were performed at angular movements of the
railroad ferry relative to the longitudinal axis in order to assess the stability of containers in relation
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to the frame of the flat wagon.

The accelerations were taken into account in determining the overturning moment. These
accelerations were calculated using mathematical modelling and are the components of the
dynamic load acting on the container.

To ensure the stability of the container’s equilibrium with regard to the frame of the flat wagon,
the following condition must be fulfilled:

Mrest >1

k.= =1,
‘ Mov

3)

where the magnitude of the restoring moment M, .., is the magnitude of the overturning moment
M,,, are determined by equations:

h . h
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where M, is the gross mass of the container, F, is the gross weight of the container, By is the
width of the container, 7 is the number of fitting pieces which support the container at angular
movements relative to the longitudinal axis and hf is height of the fitting piece.

The results of the calculation in the form of characteristic curve are shown in Fig. 2.

In this case, the threshold of stability is established when the magnitudes of the restoring and
overturning moments are equal. The stability curve is indicated by blue, the trend line (black
colour) is described by the equation:

k. = 0.00556,% — 0.40066, + 8.014. (6)

The conducted studies allowed us to conclude that the stability of the container under this
calculation scheme was provided at the corners of the railroad ferry up to 30 deg taking into
account the possible movements of container fittings with respect to the fitting of the flat wagon.

\J k. = 0,00556;2 - 0,40066, + 8,0014
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Fig. 2. Dependence of the stability coefficient of the container placed
on a flat wagon on the heeling angle of the railroad ferry

4. Conclusions

The computational model for determining the dynamic load of a container placed on a flat
wagon during transportation by a railroad ferry was developed. It was stated that the maximum
acceleration value acting on the container is about 1.5 m/s? and occurs at the wave-to-course angles
in relation to the hull of the railroad ferry of 60 deg and 120 deg. The total value of the acceleration
acting on the container, taking into account the horizontal component of acceleration of free fall
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is 3.57 m/s? (0.36 g).

The stability coefficient of the container placed on the flat wagon during transportation by a
railroad ferry was determined. Taking into account possible movements of container fittings with
respect to fittings of the flat wagon, the container stability is provided at the railroad ferry heeling
angle up to 30 deg.

The conducted research will provide the development of recommendations on the safety of
container transportation on railroad ferries by sea, clarification of existing regulatory
documentation on the design and calculation of vehicles for transportation on railroad ferries
[17-19], as well as increase the efficiency of intermodal transport operations.
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