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The object of this study is the processes of perception
and redistribution of longitudinal loads in the struc-
ture of a tank container placed on a flat wagon during
a shunting collision. In this paper, the task was solved
to ensure the strength of the tank container during rail
transportation.

In order to identify the stress concentration in the
tank container, mathematical modeling of its longi-
tudinal load under the condition of being placed on a
flat wagon during a shunting collision was carried out.
The resulting accelerations were taken into account
when calculating the strength of the tank container.
It was established that the maximum stresses occur in
the zone of interaction of the paw with the vertical rack
and amount to 938.2 MPa, which is significantly higher
than the allowable ones. It has been proposed to improve
the tank container by introducing reinforcing elements
into its structure. The results of the strength calcula-
tion proved the feasibility of the proposed improve-
ment. The maximum stresses in the tank container are
about 215 MPa. Also, as part of the research, a modal
analysis of the improved tank container was carried out.
It was established that the safety of transportation of a
tank container by rail transport from the point of view
of modal analysis is ensured.

A special feature of the results is that the strength of
the tank container was improved by strengthening its
Jrame as the most loaded element of the structure.

The field of practical application of the findings is
railroad transport. The conditions for the practical use
of the results are the placement of braces of the reinforc-
ing element of the frame at an angle of 45° to the hori-
zontal.

The results of this study will contribute to new tech-
nological advancements in the design of modern struc-
tures of tank containers, as well as to improving the effi-
ciency of operation of container transportation

Keywords: rail transport, tank container, tank con-
tainer design improvement, tank container strength,
modal analysis

u =,

Received 04.11.2024

Received in revised form 26.12.2024
Accepted 16.01.2025

Published 26.02.2025

1. Introduction

For a long time now, the railroad industry has been pro-
viding a reliable segment of freight traffic between European
countries. Currently, all types of cargo from various branches
of the economy are transported by railroad [1-3]. Bulk car-
goes are quite common among such cargoes. Transportation
of bulk cargoes by railroad is carried out by tank cars.

Tank containers were used to increase the mobility of bulk
cargo transportation by rail. Currently, a large number of tank
containers are in operation owing to their design features
and processing technology. The possibility of transportation
by different types of transport also leads to quite different
loading schemes of tank containers in operation [4]. Analysis
of existing regulatory documents on design and calculation of
tank containers revealed that the most unfavorable mode of
their loading is the shunting collision that occurs during rail
transportation [5]. In this case, longitudinal forces caused by
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inertial forces, as well as reactive forces in the areas of inter-
action of fittings with fitting stops, act on the tank container.
In the case of exceeding the dynamic forces acting on the tank
container above the vertical component of the gross weight, it
moves in the longitudinal plane and there is an impact inter-
action of the fittings against the fitting stops [6]. This can lead
to their mutual damage, which makes it necessary to carry out
unscheduled types of vehicle repairs. A similar situation on the
route of a tank container as part of a train is quite dangerous
from the point of view of ecology. Taking this into account, the
issue of improvements to tank container structures in order
to prolong their durability during operation is quite relevant.

2. Literature review and problem statement

The issues of improvements to tank containers are quite
common and are covered in a considerable number of pub-




lications. So, for example, the peculiarities of the structural
and functional analysis of tank container structures are
considered in [7]. The purpose of the analysis was to identify
potential directions for improvement of tank containers to
improve their technical and economic parameters. The au-
thor provides a relevant analysis but does not propose specific
improvements to their designs. This can be explained by the
fact that the author did not determine the most loaded zones
of tank container structures in operation.

Paper [8] gives an analysis of the stress-strain state of a
tank container. The most heavily loaded areas of its structure,
as well as the deflection of its components, were determined.
As a further area of research, the reduction of the tare of the
tank container is indicated. However, the work does not high-
light the ways to achieve this goal. The reason for this may
be that the reduction of the tare of the tank container can be
achieved not only by optimizing the design but also by intro-
ducing advanced materials. It is possible that the authors at
this stage of research have not yet chosen a way to reduce the
tank container’s tare.

The study of the stress state of a tank container for the
transportation of food products is reported in [9]. Analysis of the
results made it possible to establish that the most loaded node of
the tank container structure is the node of interaction of the jar
with the frame. Frequencies of self-oscillations of the tank con-
tainer were detected. A direction to improve the design of the
tank container not only from the point of view of its strength but
also to reduce the tare is proposed. Along with this, the authors
did not investigate the case of loading of its structure during a
shunting collision when carrying out the corresponding calcu-
lations of the tank container. This can be explained by the fact
that, perhaps, the design of the tank container in question is not
suitable for operation under the given mode.

Work [10] highlights the peculiarities of determining the
strength of a tank container under operational loads. In this
case, to improve the strength of the tank container, three
options for improving its design are proposed. The conducted
strength calculations confirmed the expediency of using each
of the improvement options. The authors indicated further
ways of development of this research. However, mathemati-
cal modeling of the dynamic load of tank containers was not
carried out in the work, and the normative values of the loads
were taken into account when carrying out strength calcula-
tions. This can be explained by the fact that the authors con-
sidered the case of the tank container’s perception of the max-
imum permissible load in accordance with the load standards,
that is, excessive load modes were not taken into account.

The study of the strength of a tank container of an im-
proved design during rail transportation is carried out in [11].
A structural feature of the tank container is the presence
of flexible connections in the lower corner fittings and the
production of the jar from composite material. The results of
the strength calculation proved the capability of the proposed
structural improvements. However, with a number of advan-
tages of this design, it also has a significant drawback - the
high cost of production, which, under conditions of serial
production, causes the need for significant capital investments.

Paper [12] highlights the specificity of determining the
strength of a heavy-duty tank container during rail transporta-
tion. In this case, the authors used experiment and numerical
simulation. The impact of the technological gap on the load of
the tank container at different speeds of collisions was deter-
mined. Solutions for improving the design of the tank container
are proposed, but the results of their implementation are not giv-

en. This, perhaps, can be explained by the fact that the authors
planned to conduct such research as part of subsequent work.

The specificity of determining the strength of a 40-foot
tank container for the transportation of liquefied natural
gas are carried out by the authors of paper [13]. In this case,
the authors used the finite element method, which was im-
plemented in the Ansys Mechanical program. The results of
the calculations showed that the fatigue strength of the tank
container is observed. However, in this case, the mode of
shunting collision of the tank container was not investigated
as the most unfavorable case of its load in operation. Perhaps
this can be explained by the fact that this type of tank con-
tainer is not allowed to be lowered from the slides during the
shunting collision of platform wagons.

Work [14] reports the results of strength analysis of a
tank container of standard size 1 AA according to ISO under
the main operating modes of loads. The dependence of the
strength of the tank container on the force factors acting on
it is determined. In this case, the authors did not propose any
solutions to improve its design. This can be explained by the
fact that the authors set themselves the task of determining the
most loaded areas of the tank container structure in operation.

New methods for designing and calculating tank contain-
ers were proposed by the authors of work [15]. A feature of the
highlighted method is taking into account the fluctuations of
the free surface of the liquid and its interaction with the walls
of the jar. This makes it possible to accurately describe the pro-
cess of dynamic loading of a tank container under operational
conditions. The accuracy of the proposed method is confirmed
by theoretical, simulation and experimental comparisons of
the results of modeling the dynamic load of the tank container.
However, the authors did not propose solutions for its improve-
ment. Apparently, this is explained by the fact that the main
task for the authors was to determine the load capacity of the
tank container structure under operational conditions.

Paper [16] gives a procedure for determining the dynamic
characteristics of a tank container for vegetable oils during
collisions. The authors used the method of electrical strain
measurement. The results of its application made it possible
to detect the accelerations acting on the tank container. It was
established that the obtained acceleration significantly exceeds
the normative values. This proved the need for further research
on improving the designs of tank containers. However, such
solutions are not given in the work. Perhaps the authors planned
to consider them in the framework of subsequent studies.

Our review of the literature [7-16] proves that the issues
of improving tank containers to ensure their durability in
operation were solved by introducing the latest materials
into their construction, dissipative connections, etc. But such
improvements require significant capital investment. Some
researchers in their works focused on determining the load
of tank containers in operation. That made it possible to for-
mulate recommendations regarding the conditions of their
safe operation. However, no solutions aimed at improving
containers under the most unfavorable operating mode of
loading (shunting collision)? were offered. Therefore, there is
a need to conduct further research in this area.

3. The aim and objectives of the study

The purpose of our study is to determine the characteris-
tics of the longitudinal load on a tank container placed on a
flat wagon during a shunting collision. This will make it pos-



sible to determine the most loaded areas of the tank container
structure and propose solutions for its improvement.

To achieve the goal, the following tasks are set:

- to investigate the longitudinal load on a typical struc-
ture of a tank container during a shunting collision;

- to propose a solution to improve the design of the tank
container and investigate its load capacity during a shunting
collision.

4. The study materials and methods

The object of our study is the processes of perception and
redistribution of longitudinal loads in the structure of a tank
container placed on a flat wagon during a shunting collision.

The main hypothesis of the study assumes that the use of
braces in the frame of the tank container could contribute to
reducing the load on the interaction node of the lower corner
fittings with the paws of the tank container.

When conducting the research, it was assumed that the
pressure from the transported cargo on the walls of the tank
container is evenly distributed. A simplification of the study
is that the structure of the tank container is monolithic, that
is, it does not take into account the presence of welding seams
between its components.

To study the strength of a tank container with a jar sup-
port on paws, appropriate calculations were performed. Tank
container TK25 was chosen as the prototype. Graphic works
on constructing a spatial model were reproduced in Solid-
Works (France) (Fig. 1).

Fig. 1. Spatial model of a tank container

The strength calculation was carried out using the finite
element method in SolidWorks Simulation (France). When
constructing a finite-element model of a tank container, tet-
rahedra were used (Fig. 2). Their optimal number was calcu-
lated graph-analytically [17, 18]. Taking this into account, the
model has 170406 elements with a maximum size of 120 mm
and a minimum of 24 mm. The number of nodes was 56409.

When devising the calculation scheme, it was taken into ac-
count that the following loads act on the tank container (Fig. 3):

- vertical static load P,;

- horizontal force acting on the bottom of the jar Py;

- pressure from the bulk cargo on the jar P;

- reactions in the fitting stops Py to the action of horizon-
tal loads perceived by the tank container.

These loads are specified in the normative document
DSTU ISO 1496-3:2013 Cargo containers of series 1. Technical
requirements and test methods. Part 3. Tank containers for lig-
uids, gases, and bulk goods under pressure. Foreign analog of

this standard: “ISO 1496-3:1995+1SO 1496-3:1995/Amd 1:2006
Series 1 freight containers. Specification and testing. Part 3:
Tank containers for liquids, gases, and pressurized dry bulk”.

To determine the dynamic load acting on the tank con-
tainer, mathematical modeling of its longitudinal load was
carried out using the model given in [19]. However, it is taken
into account that the tank container does not have its natural
movements in the vertical plane. The movement of cargo in
the jar was modeled by mathematical pendulums.

The Runge-Kutta method [20, 21] was used to solve the
mathematical model. It was implemented in the Mathcad
software package [22,23]. The initial conditions are set to
zero [24, 25].

When calculating the strength of the tank container,
it was attached to the fittings. The construction material
is low-alloy steel 09G2S [26]. Permissible stresses acting
in the design of the tank container were assumed equal
to 310.5 MPa, in accordance with DSTU 7598:2014. Freight
cars. General requirements for calculations and design of
new and modernized cars of 1520 mm gauge (non-self-
propelled). Foreign analog of this standard: “EN 12663-2.
Railroad applications - structural requirements of railroad
vehicle bodies - Part 2: Freight cars”.

Fig. 3. Calculation diagram of a tank container

5. Results of determining the longitudinal load on
a tank container placed on a flat wagon during a
shunting collision

5.1. Results of determining the longitudinal load
on a typical structure of a tank container

To determine the dynamic load acting on a tank container
placed on a flat wagon during a shunting collision, a calcula-



tion model was built, which is shown in Fig. 4. It is taken into
account that the tank container is placed on a 13-401 model

inertia of the flat wagon; fj. - force of dry friction; mp — mass
of the bogies of the flat wagon; I - moment of inertia of the
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Fig. 4. Calculation diagram of a flat wagon loaded with tank containers

flat wagon.

The tank container was considered as an attached mass
relative to the frame of the flat wagon, which has flexibility
in the longitudinal direction due to the presence of gaps
between the fitting stops and fittings [27]. It is taken into ac-
count that the tank containers placed on the flat wagon have
the same jar loading with bulk cargo:
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where My, — mass of the flat wagon frame; S, — impact force
on the auto coupling (3.5 MN); I - longitudinal moment of

tia (reduced) of the i-th tank container with
bulk cargo that does not move in the jar;
I;; — moment of inertia of the pendulum;
X, ¢, z — coordinates characterizing the longitudinal, angular
around the longitudinal axis and vertical movement of the
flat wagon, respectively; x;, ¢; — coordinates characterizing
the longitudinal and angular movement of the tank container
around the longitudinal axis, respectively; &; — value of the
angle of deviation of the jth pendulum from the vertical axis.

Our calculations showed that in the absence of gaps be-
tween fittings and fitting stops, the acceleration of the tank
container is about 40 m/s2. If there is a gap between fittings
and fitting stops of 30 mm, the acceleration of the tank con-
tainer is about 300 m/s2.

This acceleration value is taken into account when cal-
culating the strength of the tank container. Based on the cal-
culations, the main strength indicators of the tank container
were obtained (Fig. 5, 6). Therefore, the maximum stresses
occur in the zone of interaction of the paw with the vertical
rack and amount to 938.2 MPa (Fig. 5). The obtained stresses
are higher than permissible.

The maximum movements occur in the middle part of
the bottom of the jar of the tank container and amount to
11.4 mm (Fig. 6).
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Fig. 6. Movement in the nodes of the tank container

This distribution of movement fields can be explained
by the schemes of applying loads to the jar, as well as its
fastening.

5.2. Results of improving the structure of the tank
container and determining its load during a shunting
collision

In order to ensure the strength of the tank container, it
is proposed to improve its frame by introducing reinforcing
elements into the structure (Fig. 7).

Fig. 7. Tank container frame

The reinforcing element is made in the form of a fork, the
end parts of which (braces) are placed at an angle a=45° to
the horizontal (Fig. 8). The nodes of interaction of the braces
on the left and right sides of the tank container are connected
by a longitudinal belt. This element is made of the same pro-
file as the frame belts.

The spatial model of the tank container is shown in Fig. 9.

To determine the expediency of such an improvement, a
calculation of the strength of the tank container, as well as its

modal analysis, was carried out.
=7

= 7

Fig. 8. Tank container frame (bottom view)

When constructing the finite-element model, tetrahedra
were used, the number of which was 182,213, and the num-
ber of nodes was 60,189 (Fig. 10). The maximum size of the
element was 120 mm, and the minimum - 24 mm.

The calculation scheme of the tank container, its fixing
scheme, and construction material are identical to those
used in the calculation of the typical structure of the tank
container.

The calculation results are shown in Fig. 11, 12. The maxi-
mum stresses recorded in the hole zone are 215 MPa (Fig. 11),
which is below the permissible level.

Fig. 9. Spatial model of the improved structure of the tank
container

Fig. 10. Finite element model of the improved structure of the
tank container
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Fig. 11. The stressed state of the improved structure of the
tank container

The maximum displacements occur in the lower part of
the jar and amount to 2.6 mm (Fig. 13). In this case, their
dislocation is observed closer to the cantilever part of the



jar from the side of the longitudinal force on the flat wag-  On the basis of our analysis, frequencies and forms of self-os-
on (Fig. 14). The displacement values were recorded along cillations of the tank container were obtained (Fig. 15).

the horizontal axis passing through the lower part of the jar. URES (mm)

2.6
l2.4
22

-1.9
-1.8
1.5
13
1.1
0.9
0.6
0.4
0.2
0.0

Fig. 12. The most loaded areas of the tank container

In order to determine the safety of transportation of a tank
container, a modal analysis of its design was carried out. In Fig. 13. Movement in the nodes of the improved structure of

this case, we applied the calculation scheme shown in Fig. 3. the tank container
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Fig. 14. Distribution of movements along the length of the jar
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Fig. 15. Forms and frequencies of oscillations of the tank container (at a scale of 15:1): @ — the first mode; b — the second mode;
¢ — the third mode; d — the fourth mode; e — the fifth mode; f— the sixth mode



The safety of transportation of the tank container was as-
sessed by the first natural frequency of oscillations. According
to the calculations, it takes a value of 20.91 Hz (Fig. 15, a). That
is, transportation safety from the point of view of modal anal-
ysis is observed since this frequency is more than permissible.

6. Discussion of results based on determining the load on
the improved tank container during rail transportation

To identify the load of a typical design of a tank container
with a jar support on paws, mathematical modeling of its load
was carried out. The study was carried out under the condition
of placing a tank container on a flat wagon during a shunting
collision (Fig. 4). It was established that in the case when the
gap between the fitting stop and the fitting is equal to 30 mm,
the acceleration per tank container is about 300 m/s2. The re-
sulting calculations were used to determine the strength of the
tank container. It was found that the maximum stresses occur
in the zone of interaction of the paw with the vertical rack
and amount to 938.2 MPa (Fig. 5). These stresses exceed the
allowable by almost three times. In this case, the maximum
movements occur in the middle part of the bottom of the jar of
the tank container and amount to 11.4 mm (Fig. 6).

To ensure the strength of the tank container frame, it
is proposed to introduce reinforcing elements into its struc-
ture (Fig. 7). These elements are made in the form of a fork, the
braces of which are placed at an angle a=45° to the horizon-
tal (Fig. 8). The nodes of interaction of the braces on the left and
right sides of the tank container are connected by a longitudinal
belt. To justify the proposed improvement, a calculation was
performed on the strength of the tank container. It was estab-
lished that the maximum stresses occur in the hole zone and
amount to 215 MPa (Fig. 11), which is lower than permissible.
The maximum displacements occur in the lower part of the
jar and amount to 2.6 mm (Fig. 13). Therefore, the strength of
the tank container is assured. Also, as part of the research, the
frequencies and forms of self-oscillations of the tank container
were determined. The calculation results showed that the safety
of operation of the tank container is ensured because the first
natural frequency of oscillations exceeds 8 Hz (Fig. 15).

This improvement can be implemented not only when
creating new designs of tank containers but also during their
modernization.

The results of our research have certain advantages in
comparison with known ones. For example, in contrast to
works [7, 8, 12], the authors not only proposed solutions for im-
proving the tank container but also provided their correspond-
ing scientific justification. In this study, the most unfavorable
case of loading a tank container in operation, as opposed to
work, is considered [9, 13]. In order to determine the dynamic
loads on the tank container, mathematical modeling was car-
ried out, and the normative values of accelerations laid down in
the relevant documents were not used, in contrast to work [10].

In comparison with the design improvement specified
in [11], the proposed implementation is economically more
profitable because high-cost materials are not used. In con-
trast to works [14-16], we have not only identified the load of
a typical design of a tank container but also provided solu-
tions for its improvement.

As a limitation of this study, it can be noted that when
determining the load on a tank container, its nominal dimen-
sions were taken into account, that is, operational wear was
not taken into account.

The shortcoming of this research is that when modeling
the dynamic loading of a tank container, it is assumed that the
impact on the car coupling of the flat wagon is absolutely hard.

The prospect for further research is determining the load
capacity of the improved tank container when transported
by other types of transport since it is a mobile transport unit.

The results of this study will contribute to technological
advancements in the design of modern structures of tank
containers, as well as to increasing the efficiency of operation
of container transportation.

7. Conclusions

1. The longitudinal load on a typical structure of a tank
container during a shunting collision has been studied. Math-
ematical modeling was performed to determine the dynamic
load on a tank container placed on a flat wagon during a shunt-
ing collision. It was established that in the absence of gaps be-
tween the fitting stops and the fittings, the acceleration acting
on the tank container is about 40 m/s2. The maximum accel-
erations are obtained for the case when the gap between the
fitting stop and the fitting is 30 mm. In this case, the accelera-
tion is about 300 m/s2. The results of calculating the strength
of the tank container showed that the maximum stresses occur
in the zone of interaction of the paw with the vertical rack and
amount to 938.2 MPa. These stresses are higher than permissi-
ble. The maximum movements occur in the middle part of the
bottom of the tank container jar and are 11.4 mm.

2. A solution has been proposed to improve the tank con-
tainer by introducing reinforcing elements into its structure.
The reinforcing element is made in the form of a fork, the end
parts of which are placed at an angle «=45° to the horizontal.

The longitudinal load on the improved structure of the
tank container during a shunting collision has been investi-
gated. The maximum stresses were recorded in the hole zone
and amounted to 215 MPa. The obtained stresses are lower
than permissible. The maximum movements occur in the
lower part of the jar and amount to 2.6 mm.

A modal analysis of the tank container was carried out. It
has been established that the safety of the movement from the
point of view of the results of the modal analysis is ensured
since the first natural frequency of oscillation exceeds 8 Hz.
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