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The article presents results of computational modelling of
containers 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. Attention was also
paid to the movement of liquid bulk cargo in the boiler when
studied the dynamic load of the tank container. 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
containers transportation. Containers 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 (Fig. 1.). 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.

Figure 1. Loading of flat-platform wagons with containers onto railway
ferries a) dry cargo containers b) tank containers

2 ANALYSIS OF RECENT RESEARCH

Study of the strength of the tank container T11l under
operational load conditions is carried out in [Makeev 2018]. The
influence of the mesh density on the calculation accuracy of the
tank container stress-strain state is analysed, as well as full-scale
studies of its strength under shock loads.

Determination of the dynamic load of the tank container at
operating load conditions is carried out in [Tiernan 2002]. The
obtained values of dynamic loads are taken into account when
calculating the strength of a tank container in the software
environment Ansys.

For the research it would also be appropriate to be inspired by
other articles dealing with the dynamics of movement.
[Kostek 2017], [Aleksandrowicz 2017]

The loads that can act on a container during transportation as a
part of intermodal trains on railway ferries are not taken into
account when calculating strength.

The peculiarities of using simplified methods for measuring the
stress-strain state of the body-container of variable volume are
given in [Mishuta 2012]. The scheme of loading and test
methods of body-containers for transverse and longitudinal
swash are proposed in the work.

The peculiarities of invention a container for the transportation
of fruit and vegetables are covered in [lbrahimov 2015]. 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.

An overview of the structure and properties of nanomaterials
obtained by isostatic compression is carried out in [Sirota 2013].
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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 [Myamlin 2017]. 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 [Fomin 2018] and [Sapronova 2017].
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 [Fomin 2019a]. 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 [Fomin 2019b] and [Lovskaya
2015]. 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.

3 CREATING THE COMPUTATIONAL MODEL

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

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

e  To determine the stability coefficient of the container
placed on a flat wagon during transportation by
railroad ferry;

e Todevelop a mathematical model for determining the
dynamic load of a tank container placed on a flat
wagon during transportation by a railroad ferry;

e To determine the stability coefficient of a tank
container placed on a flat wagon during transportation
by 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
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 not
account the movements of the flat wagon. That s, it is assumed
that they are limited by fastening means relative to the deck.
The layout of platform wagons with containers on a railway ferry
for angular movements relative to the longitudinal axis is shown
in Fig. 2 and the following equations are used
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where 6, is the generalized coordinate which corresponds to the
angular displacement around the longitudinal axis of a railroad
ferry, 6, 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.
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Figure 2. Layout of platform wagons with containers on a railway ferry

For railroad ferry:

D is the weight displacement, B is the width; h is the height of
the board, /¢ is coefficient of resistance to fluctuations, z; is
coordinate of the gravity centre, p’ss is the wind load on the
uncovered projection, F(t) is the law of force effect that moves a
railroad ferry with wagons located on its decks.

For the container:

1« ?is the moment of inertia of the container, hy is the height of
the side surface of the container, p’s is wind load on the side of
the container, MP is force moment that occurs between the
container and the deck at angular movements relative to the
longitudinal axis.

The perturbing effect was described as a trochoidal motion of
the sea wave [Lugovskij, 1976]

x = a + Re*? sin(ka + wt) (3)

z=b — Re*? cos(ka + wt) (4)

where a and b are the horizontal and vertical coordinates of the
centre of the path along which the body that currently has the x
and z coordinates is fighting, R is the radius of the path along
which the rotation occurs, @ is the frequency of the sea wave, k
is the frequency of the wave path. The frequency of the
disturbance is determined taking into account the course angle
of the wave with respect to the hull of the railway ferry

2mv

(5)

~ kjLcosy

where v - railway ferry speed, ki~ coefficient, which depends
on the shape of the contours of the vessel, y— course angle of
the wave with respect to the hull.

The coefficient of resistance to movement of the railway ferry
was determined by the formula

MM SCIENCE JOURNAL 12020 | MARCH
3729



L/2
Ag = f_L/ 1 POT?Adt, (6)

where p — sea water density, @ - ship oscillation frequency, T -
ship oscillation period, A; - dimensionless damping coefficient,
which is determined by the graphic dependencies of the
reference literature, in accordance with the technical
characteristics of the railway ferry, L — ship length
[Blagoveshchensky 1975].

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 (y = 0°-180°)
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 [Davidan 1974]. 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.
It has been taken into account that the platform wagon is fixed
relative to the deck according to a typical scheme using chain ties
with lanyards and stop-jacks. In order to avoid rolling of wagons
with respect to rails, brake shoes are installed under the surface
of the wheels, and in the longitudinal direction, the last wagons
in the trailers are connected with dead ends. In addition, for the
purpose of braking the wheelsets, the braking system of the
wagons is connected to the special arms of the system for
supplying compressed air (Fig. 3).

Figure 3. Securing the flat wagon on the deck of the railway ferry

Differential equations of motion were solved applying the
programming environment Mathcad [Kiryanov 2006] and
[Kondratiev 2019] by using the Runge-Kutta method.

It was established that the maximum acceleration value acting
on the container is about 2.5 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 4.57 m/s? (0.47 g) taking into account the horizontal

component of acceleration of free fall, caused by the angle of the
railway train ferry (Fig. 4). 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.
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Figure 4. Accelerations that apply to a container placed on a flat wagon
when transported by rail ferry

Moreover, each colour of the curve in Fig. 4 corresponds to the
acceleration value obtained for a certain directional angle of the
wave with respect to the hull of the railway ferry (the values of
the angles are shown on the side of the ordinate axis).

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 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:

kC=MM’—;“2 1, (7)

where M. is the magnitude of the restoring moment, M, is the
magnitude of the overturning moment.

, h ) 5\ R

Moy =pK7K+Mg(gSln01 +02)7K' (8)
B . s\ h

Myose = Py 7"’005 6, +ns(My(g sin 6 + 6,) 7f, (9)

where Mg - the gross mass of the container, P, —the gross weight
of the container, Bx—the width of the container, ns- the number
of fitting pieces which support the container at angular
movements relative to the longitudinal axis, hy is height of the
fitting piece.

The calculation scheme of a container placed on a flat wagon
during transportation on a railroad ferry is shown in Fig. 5.

The results of the calculation in the form of characteristic curve
are shown in Fig. 6. 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. (10)
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Figure 5. The calculation scheme of the container placed on a flat
wagon when transported by railroad ferry

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.

\| k. = 0,00556;2 - 0,4006 6, + 8,0014

O R N W B oo~

Coefficient of stability [-]

0 10 20 30 40
Heel angle &, [deg]

—@— stability curve  --eeeeeo trend line

Figure 6. Dependence of the stability coefficient of the container placed
on a flat wagon from the heeling angle of the railroad ferry

Mathematical model (11-13) is developed to determine the
dynamic load of the tank container during transportation as a
part of intermodal train on the railroad ferry. This model which
into account the movement of the system "railroad ferry — tank
container — liquid bulk cargo" at angular movements around the
longitudinal axis. The layout of platform wagons with tank
containers on a railway ferry is shown in Fig. 7. The model takes
into account that the flat wagon on which the tank container is
placed rigidly fixed to the deck of the railroad ferry and moves
along with it.

D P B\ 4 h B
<E(BZ +4Z§)) 91 +(/19 ;) 91 =p1’;~B;+A9 ;F(t), (11)
(Toi + Xk_ymyicl) 0y + Thoy myjeiliibs — g(myze + XK. myjci)0, = Pz’(%'(- (12)
Iijé?: - m,:jC,:jlijéz + gmijlijeg, = 0, (13)

where 6;, 0, 0; are generalized coordinates corresponding to
the angular movement around the longitudinal axis,
respectively, the railway ferry, the tank container and the liquid

bulk cargo. The coordinate system origin is located in the railroad
ferry centre of mass.

The constituents included in the equation of motion the railroad
ferry are identical to those described in the system (1-2).

For tank-container with liquid bulk cargo:

lji is the moment of inertia of the pendulum, mj; is the weight of
the j-th pendulum in the i-th tank container, c; is the distance
from the plane z; = 0 to the point of fixing the j-th pendulum in
the i-th tank container, /; is the length of the j-th pendulum, /. is
the reduced moment of inertia of the i-th tank container and
liquid bulk cargo that does not participate in the movement
relative to the tank, z. is height of the gravity centre of the tank
container, m; is the mass of the body, which is equivalent to the
second tank container with a part of the liquid bulk cargo that
does not take part in the movement relative to the tank, Fy is the
force moment between the tank container and the flat wagon.
The description of the process of movements of the tank
container with liquid bulk cargo was carried out according to the
method shown in [Bogomaz 1992].
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Figure 7. Layout of flat wagons with tank containers on a railway ferry

Petroleum is accepted as liquid bulk cargo. Determination of the
hydrodynamic characteristics of the liquid bulk cargo was carried
out taking into account the maximum permissible loading of the
tank container boiler — 95 % of its total capacity in accordance
with [Commonwealth of Railways 2011]. The movement of liquid
bulk cargo was described by a set of mathematical pendulums
[Bogomaz 1992].

The results of the studies allowed us to conclude that the
maximum accelerations that act on the tank container are about
3.8 m/s? (Fig. 8). The total acceleration value will be 5.97 m/s2
(0.61 g) taking into account the horizontal component of the
acceleration of free fall due to the angle of inclination of the
railroad ferry. The graphic dependence of the stability coefficient
of the tank container relative to the frame of the flat wagon from
the heeling angle of the railroad ferry was developed (Fig. 9)
based on the calculations carried out. The stability curve is
marked with blue, and the trend line is black. The trend line
equation is as follows:

k. = 2.7286e700701, (14)

The calculation scheme of the tank container is assumed to be
identical to that considered for the dry cargo container. It can be
seen from Fig. 9 that the stability of the tank container relative
to the frame of the flat wagon, taking into account the given
calculating scheme, is provided at the heeling angles of the
railroad to 12 deg.
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Figure 8. Accelerations that apply to a tank container placed on a flat
wagon when transported by railroad ferry

7
Z . \| k. =0,00556,2 - 0,4006 6, + 8,0014
= 5
34
wv
S 3
€2
o
Q1
=
8 0
v 0 10 20 30 40

Heel angle &, [deg]

—@— stability curve = «:eeeee trend line

Figure 9. Dependence of the stability coefficient of the tank container
placed on a flat wagon from the heeling angle of the railroad ferry

Consequently, the movements of liquid bulk cargo taking into
account the assumptions made when simulated provides the
increasing dynamic load of the container of 40 %.

4 CONCLUSIONS

Based on the conducted research, it is possible to draw the
following conclusions:

A 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 2.5 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 is 4.57 m/s?
(0.47 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.

A computational model for determining the dynamic load of a
tank container placed on a flat wagon during transportation by a
railway ferry was developed. In this case, the maximum
accelerations that act on the tank container are about 3.8 m/s2.
Taking into account the horizontal component of acceleration of
free fall due to the angle of inclination of the railroad ferry, the
total acceleration value is 5.97 m/s? (0.61 g).

The stability coefficient of the tank container placed on the flat
wagon during transportation by a railroad ferry was determined.
It was stated that the stability of the tank-container relative to
the frame of the flat wagon is provided at the railroad ferry
heeling angles up to 12 deg.

The conducted researches 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 [DSTU 7598:2014], [GOST
33211-2014] and [EN 12663-2 2010], as well as increase the
efficiency of intermodal transport operations.
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