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IIposederno modenrosanns ounamiunoi nasam-
majicenocmi Konmeinepa-yucmepru npu nepeee-
3enni Y cknadi KomobiH06aH020 N0i30a HA 3ANI3HUY -
Homy nopomi. Po3pobnerno mamemamuuni mooei,
KL 6pAX06YIOMb MONCUGL Bapianmu 63aeMO0i
KOHmeliHepis-yucmepn 3 pamoro 6azoHie-niam-
¢opm. Pospaxynxu npoeedeni cmocoéHo Kom-
meunepa-yucmepuu munoposmipy 1CC, po3mi-
wenozo na eazoni-naam@opmi mooeni 13-4012M.
Bpaxosano, wo nepesezenns xonmeiinepa-uuc-
mepHnu 30ilICHIOEMbC. HA 3ANIZHUMHOMY NOPOML
“Tepou Illunxu” axeamopieto Yopmnozo mops.
Bcmanosneno, wo HaiiGinowa eeauuuna npu-
cKopenv Oic Ha KOHMelHep-uUCmepHy 6 6unaoKy
HasA6HOCMI nepemiujens eazona-naamgopmu 6io-
HOCHO nanyou ma KoHmelunepa-yucmepru 6i0Hoc-
HO pamu. 3azanvnHa eeauuunHa NPUCKOPeHHs npu
yvomy cknana 6ausvio 0,9g.

Hocaioxnceno cmiiikicmv Konmeunepa-uuc-
mepHu npu nepee3enti Ha 3aNIZHUMHOMY NOPOM.
Pospaxosano donycmumi Kymu Kpeny 3aniznuy-
1020 NOpomy, npu AKUX 3a6e3nevycmvcs cmii-
Kicmo KoHmeliHepa-uyucmepHu 6i0HOCHO pamu
sazona-naamgopmu.

IIposedeno xomn’tomepre moodentosanus ou-
HAMIMHOT HaBAHMAXHCEHOCMI KoHmelHepa-uyuc-
mepHu npu nepese3eHti Ha 3aNZHUMHOMY NOPOMI.
Poszpaxynox nposedenuii 6 cepedosuuii npozpam-
Ho20 3abesneuenns CosmosWorks. Busnaueno
nONAA MAa MUCENIbHI 3HAMEHHA NPUCKOPEHb, SKI
ditomv Ha Kowmeunep-uucmepny. 30iticieno ne-
pesipky adexeammocmi po3podienux mooeneu 3a
F-xpumepiem.

IIpogedeni docaidscenns cnpusmumymo 3a-
Oesnewennro Gesnexu ma CMEOPeHHIO pPeKoMeH-
dauiti w00 nepesesenv KoMOIHOBAHUX N0i30i6 HA
3QNIBHUYHUX NOPOMAX MOPEM, a4 MAKONC NPoeK-
myeannio KoHmenepis-uUCMepH 3 NOKPAu,eHUMU
MEeXHIKO-eKOHOMIMHUMU, MIUHICIIHUMU MA eKON0-
2IMHUMU XAPAKMEPUCMUKAMU

Kmouosi cnosa: xonmeiinep-uyucmepna, ou-
HAMIMHA HABAHMANHCEHICNb, MOOENIO6AHHS HA-
eanmasicenocmi, Koegpiyienm cmiixocmi, 3ani3-
HUMHO-NOPOMHI nepese3enHst
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1. Introduction

The development of foreign economic relations between
Eurasian states contributes to the creation of combined
transport systems. One of the most common vehicles for
combined transportation are containers and tank containers.

To reduce the time of goods delivery from the consignor
to the consignee, transportation of combined trains on rail
ferries has become widely used (Fig. 1).

In order to ensure the stability of flat cars with con-
tainers (tank containers) on decks, they are attached with
multi-turn means (chain ties, mechanical jacks, buffer stops
and brake shoes).
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Attachment of containers (tank containers) relative to flat
car frames is carried out according to a typical scheme, i.e.
by fitting on fitting stops.

It is important to note that the dynamic processes
accompanying railway rolling stock, including containers
(tank containers) during carriage by sea differ signifi-
cantly from operating conditions on main tracks. This
may cause the tipping of containers (tank containers) rel-
ative to the placement on the flat car and threaten the rail
ferry safety. In additio n, the presence of free bulk cargo
surface in the tank container contributes to an additional
dynamic load on it and deterioration of stability during
transportation by sea.



Fig. 1. Loading of combined trains on rail ferry:
a — dry cargo containers; b — tank containers

Therefore, it is necessary to study the dynamic load
of tank containers and to make recommendations for
the safety of transportation by rail ferries. These studies
will also help to create tank containers with improved
technical-economic, strength and environmental charac-
teristics.

2. Literature review and problem statement

The results of optimization of the bearing structure of
the tank container are given in [1]. The paper proves the
expediency of designing and commissioning tank contain-
ers as vehicles. An advanced design of a tank container for
the transport of light petroleum products is developed. It is
important to note that the loads that may affect the tank
container when transported by rail ferry are not taken into
account.

Requirements for bearing structures of modern vehicles
are covered in [2]. These requirements are proposed to be ap-
plied in manufacturing new vehicle designs as well as those
undergoing modernization. However, no attention is paid
to the study of the dynamic load of tank containers when
transported by rail ferries.

Measures to improve the stability of rolling stock under
operating load conditions are discussed in [3]. The results
of mathematical modeling are confirmed by experimental
studies.

Determination of the impact load of vehicles is carried
out in [4]. Accelerations are considered as components of dy-
namic load. Calculations are made by mathematical model-
ing. At the same time, the stability of tank containers under
operating load conditions is not determined in these works.

Determination of the dynamic load of containers under
operating conditions is carried out in [5]. Mathematical
models are justified by computer simulation and verification.

At the same time, the study of the dynamic load of tank
containers when transported by rail ferry is not carried out
in the work.

The study of the dynamic load of vehicles during trans-
portation by rail ferry is carried out in [6, 7]. The results
of mathematical modeling are computer-verified. However,
the case of the dynamic load of the tank container when
transported as part of a combined train by rail ferry is not
taken into account.

Determination of strength indices of the T11 tank
container, placed on the flat car, in maneuvering collision
is carried out in [8]. The results of theoretical studies are
confirmed by experimental ones, carried out by the method
of electrical strain gaging. Modeling of the dynamic load of
vehicles during operation on main tracks is carried out in [9].
To improve the dynamics of vehicles, it is proposed to use
promising designs of LEILA and SUSTRAIL trucks.

Determination of the dynamic load of tank containers as
part of combined trains during transportation by rail ferries
is not investigated in these works.

Modeling of the longitudinal load of the tank container,
placed on the long-wheelbase structure of the flat car, is
carried out in [10]. Numerical values of the accelerations
acting on the tank container are given, taking into account
possible displacements of fittings relative to fitting stops.
The issue of studying the dynamic load of the tank con-
tainer when transported by rail ferry is not given attention
in this work.

Determination of the dynamic load of vehicles in maneu-
vering collision is performed in [11]. The mathematical mod-
el that allows obtaining accelerations acting on the vehicle
is given. The results obtained are confirmed by computer
simulation. However, the dynamic load of tank containers as
part of combined trains is not determined.

The analysis of literature [1—11] suggests that due atten-
tion has not been given to determining the dynamic load of
tank containers when transported by rail ferry. This makes it
necessary to carry out appropriate research and to formulate
recommendations that will help to improve the efficiency
of tank containers and traffic safety at the present stage of
development of the transport industry.

3. The aim and objectives of the study

The aim of this study is to determine the dynamic load
characteristics of tank containers when transported by rail
ferry. This will increase the safety of transport of tank con-
tainers by rail ferries, as well as facilitate the development of
tank containers with improved technical-economic, opera-
tional and environmental performance.

To achieve this aim, the following objectives are defined:

—to carry out mathematical modeling of the dynamic
load of tank containers when transported by rail ferry;

— to examine the stability of tank containers relative to
flat car frames when transported by rail ferry;

— to carry out computer simulation of the dynamic load
of tank containers when transported by rail ferry;

— to verify the developed models of the dynamic load of
tank containers when transported by rail ferry.



4. Mathematical modeling of dynamic load of tank
containers when transported by rail ferry

Mathematical models (1)—(3) have been compiled to
determine the dynamic load of tank containers when trans-
ported by rail ferry. Three schemes of interaction of tank
containers with the flat car frame have been taken into
account:

—no displacement of the flat car with tank containers
relative to the deck. That is, when the rail ferry oscillates,
the flat car and tank containers placed on it completely fol-
low the vessel oscillation trajectory (Fig. 2, a);

— displacement of the flat car relative to the deck and no
displacement of tank containers relative to the flat car frame
(Fig. 2, b);

— displacement of the flat car relative to the deck and
tank containers relative to the flat car frame (Fig. 2, ¢).

At the same time, the angular displacements of the rail
ferry relative to the longitudinal axis (roll) are taken into
account as a case of the highest load of flat cars with tank
containers during sea transportation [12, 13].
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The origin of the coordinate system is in the center of
mass of the rail ferry.

For the railway ferry: D — weight water displacement;
B — width of the rail ferry; 2 — height of the rail ferry side;
A, — coefficient of oscillation resistance; z, — coordinate of
the center of gravity of the rail ferry; p” — wind load; F(¢) -
law of action of the force that excites the displacement of the
rail ferry with cars placed on its decks.

For the flat car: I, — moment of inertia of the flat car
relative to the longitudinal axis; p}. — wind load on the side
projection of the flat car; h,. — height of the lateral projec-
tion of the flat car; M7, — moment of forces arising between
the flat car and ferry deck; M}, — moment of force arising
between the flat car and tank container.

For the tank container and bulk cargo: I; — pendulum
moment of inertia; m; — mass of the j-th pendulum in the
i-th tank container; ¢ — distance from the plane z;=0 to
the point of attachment of the j-th pendulum in the i-th tank
container; /; — length of the j-th pendulum; I, — reduced
moment of inertia of the i-th tank container and bulk cargo,
which does not participate in the displacement relative to
the tank; z, — height of the center of gravity of the tank
container; m, — mass of the body equivalent to the i-th tank
container with part of the bulk cargo, which does not partici-
pate in the displacement relative to the tank; M — moment
of forces arising between the tank container and flat car.

As a prototype, the 13-4012M flat car
was chosen. The studies were carried out re-
garding the tank container of 1CC type size,
loaded with gasoline up to 95 % of the tank
capacity [14]. It is taken into account that
the transportation of tank containers is car-
ried out on the “Geroi Shipki” type rail ferry
through the Black Sea.

Bulk cargo movement was described by a
set of mathematical pendulums [10].

Differential equations (1)—(3) are solved
using the Runge-Kutta method implemented
in the MathCad software environment [15, 16].

The transition from second-order differ-
(3) ential equation systems (1)—(3) to first-or-

der differential equation systems (4)—(6) was
conducted to apply standard algorithms for
solving the systems using the rkfixed function
of Mathcad.

Fig. 2. Schemes of displacements of tank containers as part of combined trains when transported by rail ferry:
a — no displacement of the flat car with tank containers relative to the decks; b — displacement of the flat car relative to
the deck and no displacement of tank containers relative to the flat car frame; ¢ — displacement of the flat car relative to
the deck and tank containers relative to the flat car frame
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Initial displacements and velocities are assumed to
be zero.

The results of the calculation in the form of dependen-
cies of the accelerations acting on the tank container on
the wave-to-course angles relative to the rail ferry body are
shown in Fig. 3. These dependencies are described by the
equations shown in the Fig. 3.

It was found that in the absence of
displacements of the flat car and tank
containers relative to the starting posi-
tion, the total acceleration acting on the
last container car from the bulwark was
about 0.3g.
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B Fig. 3. Accelerations acting on the tank
container when transported by rail ferry

In the presence of displacements of the flat car relative to
the deck and at the stability of the tank containers relative
to the frame, the total acceleration acting on the last tank
container from the bulwark was about 0.6g. This value of
acceleration exceeds that acting on the tank container when
operating on main tracks by 17 % [17].

In the case of displacement of the flat car relative to the
deck and tank container relative to the frame, the total ac-
celeration acting on the last tank container from the bulwark
was about 0.9g (Fig. 4). That is, this value of acceleration
exceeds 40 % of that acting on the tank container when op-
erating on main tracks.
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Fig. 4. Accelerations acting on the tank container placed on
the flat car when transported by rail ferry

Each color of the curve in Fig. 4 corresponds to the value
of acceleration obtained for a certain wave-to-course angle
relative to the body of the rail ferry with the flat cars placed
on it (the signatures of the angles are shown on the side of
the ordinate axis).

So, the maximum accelerations acting on the tank con-
tainer correspond to the wave-to-course angles with respect
to the rail ferry body — 60° and 120°.

3. Study of the stability of tank containers relative to the
flat car frames when transported by rail ferry

The obtained values of accelerations are taken into ac-
count when examining the stability of the tank container
relative to the flat car frame.

To ensure the stability of the tank container relative to
the flat car frame, the following conditions must be fulfilled:
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where M, is the value of restoring moment; M, is the
value of tipping moment.

It is found that the stability of tank containers for the
most unfavorable load case is ensured at a roll angle of up
to 10° (Fig. 5). In the second scheme, the stability of tank
containers is ensured at roll angles up to 12°, while in the
third — up to 25°.
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Fig. 5. Dependence of the stability factor of the tank
container relative to the flat car frame on
the rail ferry roll angle

Therefore, to ensure the safety of sea transportation of
bulk cargo in tank containers, it is important to comply with
the relevant conditions, namely to keep the roll angles of the
rail ferry within 10°.

6. Computer simulation of dynamic load of tank
containers when transported by rail ferry

To study the dynamic load of tank containers when
transported by rail ferry, computer simulation was per-
formed using the finite element method implemented in the
CosmosWorks software package (France) [18, 19].

Spatial isoparametric tetrahedra are used as finite el-
ements. The optimal number of elements is determined by
the graphoanalytic method. Basic data on the finite element
model of tank containers placed on the flat car during trans-
portation on the rail ferry are given in Table 1.

Table 1

Data on the finite element model of tank containers placed on
the flat car when transported by rail ferry

Parameter Value
Number of Jacobian points 4
Number of nodes 396.934
Number of elements 1192935
Maximum element size 70
Minimum element size 14
Minimum number of elements in the circle 9
Ratio of elements upsizing 1.7
Maximum aspect ratio 13.317
Percentage of elements with aspect ratio less than 3 36.7
Percentage of elements with aspect ratio less than 10 15.4

The model for determining the dynamic load of the
tank container placed on the flat car when transported
by rail ferry is shown in Fig. 6. It is taken into account
that the flat car is subjected to vertical load from the tank
containers P (Fig.7) placed on it, horizontal load on
the fitting stops P/¢ from the fittings, and also the load
exerted through the nodes for fastening the chain ties P,.
Due to the spatial arrangement of the chain ties [20, 21],
the load transmitted through them to the flat car frame was
decomposed into three components according to the angles
of spatial arrangement.

The flat car was fixed in the areas of support on the run-
ning gear, as well as working surfaces of mechanical jacks. To
do this, on the main longitudinal beams of the flat car frame
in the area of interaction with the bolsters, circular plates,
the diameter of which is equal to the diameter of the working
parts of mechanical jacks were installed.

The tank container is subjected to vertical-static load
P¥, bulk cargo pressure P, and wind load P,.

Attachment of the tank container was carried out in the
areas of its support on the flat car. 09G2C steel was used as
structural material. The results of the calculation are shown
in Fig. 8.

The maximum accelerations acting on the tank container
are concentrated in the frame from the tension of the chain
ties and are about 0.9g. At the top of the tank container,
acceleration was 0.3g.
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Fig. 6. Model for determining the dynamic load of the tank container when
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Fig. 8. Distribution of fields of acceleration acting on
the tank container when transported by rail ferry

7. Verification of the developed models of dynamic load
of tank containers when transported by rail ferry

To verify the adequacy of the developed models of the
dynamic load of tank containers when transported by rail
ferry, calculation was performed according to the F-crite-
rion [22, 23].

S;
F=3

)

where §2, is the adequacy variance; S’ is the reproducibil-
ity variance.

As a variation parameter, the rail ferry roll angle is tak-
en into account. The results of the calculation are given in
Table 2.

Divergence between the results of mathematical model-
ing and computer simulation of the dynamic load of the tank
container when transported by rail ferry is shown in Fig. 9.
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= is determined by the Student test:
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simulation of the dynamic load of the tank
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Table 2

Results of simulation of dynamic load of the tank container
when transported by rail ferry

Acceleration acting on the tank container, m/s?
Roll angle, deg. Mathematical Computer
modeling simulation
5 3.8 3.4
10 7.4 6.7
15 11.3 10.2
20 15 13.5
25 18.2 16.4
30 21.5 19.4

The results of the calculations suggested that the
estimated value of the F-criterion is F,=0.81 with the
table F;=4.53. Therefore, the hypothesis of adequacy is
not rejected.

8. Discussion of the results of determining the dynamic
load of tank containers when transported by rail ferry

The dynamic load of the tank container when transport-
ed by rail ferry is determined. For this purpose, mathemat-
ical models describing the oscillations of the tank container
at angular displacements of the rail ferry relative to the lon-
gitudinal axis are developed. The feature of the simulation
is that various schemes of the tank container interaction
with the flat car placed on the rail ferry deck are taken into
account. It is found that the maximum acceleration occurs
in the presence of displacements of the flat car relative to
the deck and the tank container relative to the frame. The
numerical value of acceleration was about 0.9g. This value
exceeds the acceleration acting on the tank container when
operating on main tracks.



Therefore, to ensure reliable operation of tank con-
tainers, it is necessary to take into account the loads act-
ing on them when transported by rail ferries at the design
stage.

The factor of stability of the tank container relative
to the flat car frame is calculated. Permissible roll angles
of the rail ferry that ensure the stability of the tank con-
tainer relative to the frame are determined. For the most
unfavorable load case, the stability of the tank container is
ensured at roll angles of up to 10°. These calculations will
help to increase the safety of transport of tank containers
on rail ferries.

Computer simulation of the dynamic load of the tank
container when transported by rail ferry was carried out.
The strength model takes into account the loads acting on
the tank container from bulk cargo, as well as from the flat
car fitting stops. The simulation results made it possible
to determine the fields of acceleration dislocation relative
to the tank container and their numerical values. The re-
sults obtained were verified by the F-criterion.

Thus, the research made it possible to determine the
dynamic load of the tank container when transported as
part of a combined train on a rail ferry.

It is important to note that the above mathematical
models do not take into account the stochasticity of the
disturbing action, that is, sea disturbance. In this study,
no attention was paid to determining the dynamic load
of the tank container, taking into account different levels
of tank filling with bulk cargo. It was also assumed that
there was a sliding lid on the bulk cargo surface, that is, its
surface perturbations were not taken into account.

At this stage, studies are limited to computer simula-
tion of the dynamic load of the tank container when trans-

ported by rail ferry. For the further development of this
issue, it is important to conduct a physical experiment.

9. Conclusions

1. Mathematical modeling of the dynamic load of tank
containers when transported by rail ferry is carried out. It
is found that the maximum acceleration acting on a tank
container during sea transportation by rail ferry occurs
in the case of displacement of the flat car relative to the
deck and tank containers relative to the flat car frame.
Taking into account the horizontal component of free-fall
acceleration, the total acceleration is about 0.9g and cor-
responds to the wave-to-course angles relative to the ferry
body — 60° and 120°.

2. The stability of tank containers relative to the flat
car frames when transported by rail ferry is investigated.
The stability of tank containers for the most unfavorable
load case is ensured at a roll angle of up to 10°.

3. Computer simulation of the dynamic load of tank
containers when transported by rail ferry is carried out.
The maximum accelerations acting on the tank contain-
er are concentrated in the frame from the tension of the
chain ties and are about 0.9g. At the top of the tank con-
tainer, acceleration was 0.3g.

4. Verification of the developed models of the dynamic
load of tank containers when transported by rail ferry is
made. The divergence between the results of mathematical
modeling and computer simulation was about 10 %. The
results of the calculations made it possible to conclude
that the hypothesis about the adequacy of the developed
models is not rejected.
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