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Abstract: Freight railway transport represents a key part of intermodal transport systems. It
ensures the long-range transportation of goods by land, in transport units, for varying
distances. Containers are the standard transport units used for intermodal transport.

Requirements for reliable and safe transport leads to new design solutions. The presented
research is focused on the innovative design of a container structure. Structural solutions of
a universal container frame were proposed to increase the efficiency of container
transportation. A feature of these solutions is the introduction of reinforcing elements into

the structure, which reduces the force factors in the highest load areas of the structure. These
elements are made in the form of a fork and provide unloading of the longitudinal beams of
the frame, during operation. In order to substantiate the proposed solutions, appropriate
calculations of the container frame, as a rod system, have been carried out. The most rational
variant of the container frame was selected. The frame's profile was determined, and the
strength calculation was carried out using FEM (Finite Element Method). Two load cases

were analyzed: one load case for the longitudinal load, where the maximal stresses were up

to the value of 165.4 MPa and the other for lifting the container, where the maximal stresses

were up to 138.4 MPa. The results of the numerical calculations have proven the feasibility
of the proposed solutions.

Keywords: railway transport; container transportation; container design;, FEM; design
improvement
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1 Introduction

Railways ensure the transport of huge amounts of goods (as well as passengers)
worldwide [1-3]. Europe is known for its strong efforts to reduce the harmful effects
of transport on the environment [4-6]. These efforts are supported by such transport
systems, which represent effective and economical ways to move large quantities
of goods, with the simultaneous use of ecologically friendly power sources [7].
Intermodal transport, with containers, is a perspective mode to transport the material
with minimization of operation, loading and unloading the transported units [8-10].
The containers, combined with freight flat wagons, are one of the most
environmentally friendly ways of transporting goods. Railway transport has several
advantages compared to road land transport, mainly due to lower rolling resistance
[11-14], drag and higher vertical load per axle [15-18]. Moreover, railway tracks
are able to withstand higher vertical loads [19] [20]. Furthermore, an advantage is
the possibility of setting up long trainsets [21-23], which can be moved in long,
even very long distances.

As mentioned above, container transport is one of the most popular types of cargo
transportation, from various modes of transport. This is explained by their mobility
and the absence of the need to reload cargo operations at special points. Currently,
a wide variety of containers are used, which differ not only by their design and
processing principle, but also by their load capacity (Fig. 1).

a) b)
Figure 1
Universal containers: a) a size 1AA [24], b) a size 1CC [25]

Simultaneously, the process of container transportation containers by various types
of vehicles is accompanied by loads of different natures to their structure [26-28].
This can lead damage of their structure, during operation.

Regarding the damage, the main modes of container loads in operation were studied,
and it was established that the most unfavorable load schemes occur during railway
transportation, namely during a shunting collision of flat wagons [29-32], which are
loaded by containers. In this operating mode, the longitudinal force of 3.5 MN acts
on the rear stop of an autocoupler. Therefore, the container experiences significant
dynamic loads that can cause damage. Most of this damage is on the longitudinal
beams of the frame, namely, the areas of their interaction with the fittings. In such
a situation, there is a risk of damage to the container, collapse of the cargo on the
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route, as well as the safety threat of the train. Therefore, the container's design needs
to be improved to ensure its strength under operational conditions.

To identify existing developments in container improvements, an analysis of
scientific publications on the topic of the study was conducted. For example, in
article [33], the authors proposed a design of a universal container in which
sandwich panels form wall cladding. It is noted that such an implementation
contributes to improving the safety of transported cargo by reducing the magnitude
of the dynamic loads acting on the container during operation. The results of the
conducted modeling of the container load confirmed that such a solution is justified.
However, implementing containers in the proposed design is financially constrained
since it requires significant capital investments. A similar drawback is also found
in publication [34], where the Authors proposed the implementation of sandwich
components as the container floor covering and the end walls.

A container design with a frame formed by closed profiles is proposed in the
research [35]. This solution is justified by increasing the moment of resistance of
the frame components when perceiving the operational loads. The calculations
showed that the stresses in the design of such a container are less than those in the
design of the prototype. However, the authors of the work did not propose solutions
to reduce the loading of the container in the concentration areas with the highest
stresses. The authors of the publication [36] proposed a container design for fruit
and vegetable cargo. The work justifies such a design with appropriate strength
calculations. However, the work does not consider the longitudinal loading of the
container and does not indicate any structural solutions for the possibility of its
reduction. A similar drawback is also found in the publication [37], which proposes
a container design for transporting fruit and vegetable cargo.

The study of the influence of container flexibility on the strength of its structure
during rail transportation is highlighted in the work [38]. Based on the calculations,
requirements for the safe operation of the container were formulated.
The peculiarities of the container loading during its water transportation were
investigated in the study [39]. The conducted studies also allowed the form
requirements for the safety of container transportation along the studied route.
However, no structural solutions were proposed to improve its structure in the
research presented in the works [38] [39].

The literature review of publications [33-39] shows that the issue of improving the
container frame to improve its strength in operation has not been given the needed
attention. Therefore, it is necessary to conduct research in this scientific direction.

The purpose of the presented research is to scientifically substantiate the structural
design of the frame of a universal container with reinforcing elements in the frame.
This will help reduce the damage they cause during operation and, accordingly,
reduce maintenance costs. To achieve the stated goal, the following tasks were
defined:
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e Determine the force factors in the container frame, taking into account various
structural options for its execution

e Select the profile of the container frame and calculate its strength under
operational loads

2 Materials and Methods

It is proposed to improve its design to ensure the container's durability during
operation. It is planned to install additional elements to the lower part of the
container frame, which will relieve the most loaded areas of its design (Fig. 2b,
Fig. 2c). At the same time, Fig. 2a shows the initial version of the container design
without reinforcing elements in the frame.

a) b) <)
Figure 2
Container frame design options: a) an option 1; b) an option 2; ¢) an option 3

Reinforcing elements of the frame are presented in the form of a fork, the end parts
of which perceive part of the load from the fittings and transfer it to its middle part.
The frame was calculated as a rod system in the PC software complex "LIRA —
CAD" to substantiate the proposed solution. The calculation was carried out using
an example of a container with a standard size of 1CC.

The purpose of this calculation was to determine the force factors that arise in the
frame during the most loaded modes of operation of the container:

e The effect of the vertical loads on the container frame when it is lifted by the
upper fittings

e The effect of the longitudinal load on the container frame placed on a flat
wagon during a shunting collision

The rod systems of the container frame were fixed by the corner fittings. When
studying the vertical load of all three variants of the container, the fastening was
carried out by the upper fittings and the longitudinal loads were defined to the lower
ones. The supports of all three models are defined in lower corners as it is depicted
in Fig. 3 by purple color. The maximal load corresponding to the container mass of
24 t was considered. It was considered from the side of the vehicle movement.
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A sliding support was used on the opposite side. For the case of the container
perceiving vertical loads, calculation schemes were formed, as shown in Fig. 3.

s gl

L
L
L

a) b) c)
Figure 3
Design schemes of the frame when it perceives vertical loads: a) option 1; b) option 2;
¢) option 3

3 Research Results and Discussion

The diagrams of force factors acting on the container frame when it perceives
vertical loads were obtained based on the calculations performed using the options
of the PC "LIRA — CAD" software. The orange color indicates a positive value of
the force factors, and the blue color indicates a negative one. The vertical load
applied to the container frame was considered 240 kN, i.e., it corresponds to the
container's gross weight with the given size. Therefore, the maximum longitudinal
forces arise in the container's vertical uprights for the container's structural design
according to option 1, and they are numbered to the value of 41.2 kN (Fig. 4a).

Figure 4

Diagrams of the force factors acting on the container frame when it perceives the vertical loads
(the option 1): a) a diagram of the longitudinal forces; b) a diagram of the transverse forces;
¢) a diagram of the bending moments

The maximum transverse forces in the container frame arise in the longitudinal
beams of the container. This can be seen in Fig. 4b. These forces have an alternating
character. In the center of the longitudinal beams, these forces are equal to zero and
increase to the end parts to the value of 27.8 kN. Bending moments also arise in the
frame. This is depicted in Fig. 4c. Their maximum values are recorded in the upper
strapping and numbered to the value of 19.2 kN'm. This bending moment also has
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an alternating character for each section of the frame. As it can be seen, the given
load is symmetrical.

The results of the calculation of the container frame according to option 2 are shown
in Fig. 5. The maximum values of longitudinal forces are observed in the middle
part of the upper strapping of the container, and they have the value of 23.1 kN
(Fig. 5a). This zone of the frame works in compression. Therefore, the longitudinal
forces have a negative value. The maximum transverse forces in the container frame
are observed in the lower corner parts, equal to 19.5 kN (Fig. 5b). These forces have
an alternating character.

Figure 5
Diagrams of the force factors acting on the container frame when it perceives the vertical loads
(the option 2): a) a diagram of the longitudinal forces; b) a diagram of the transverse forces;
c) a diagram of the bending moments

Regarding the maximum bending moment, it can be concluded that it occurs in the
vertical uprights of the corner parts of the frame, which is equal to the value of
19.8 kN'm (Fig. 5¢). This moment has an alternating character.

Finally, Fig. 6 shows the results of calculating the force factors in the container
frame according to option 3.

Figure 6

Diagrams of the force factors acting on the container frame when it perceives the vertical loads
(the option 3): a) a diagram of the longitudinal forces; b) a diagram of the transverse forces; c) a
diagram of the bending moments

Therefore, when the container perceives the vertical loads, the maximum value of
the longitudinal forces is traced along the middle part of the upper strapping. They
equal to the value of 23.6 kN (Fig. 6a). The maximum transverse forces occur in
the end parts of the braces, namely the zones of their interaction with the fittings,
and they are 19.2 kN (Fig. 6b). These forces have an alternating character similar
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to the previous cases. The maximum value of the bending moment occurs in the
container's corners and is equal to the value of 20.5 kN m. (Fig. 6c¢).

A diagram of the movements of the container components when they are subjected
to the vertical loads is depicted in Fig. 7. At the same time, the maximum
movements occur in the strapping for all three variants of the container's structural
design. This can be explained by its’ design peculiarity and the applying load
scheme.

a) b) c)
Figure 7
Deformation of frame structures when they perceive the vertical loads (an enlarged scale):
a) the option 1; b) the option 2; c) the option 3

The container was calculated in the following research stage when it perceives
longitudinal loads. The calculated schemes of the frame are shown in Fig. 8. It was
taken into account that longitudinal loads are perceived by the longitudinal beams
of the lower part of the frame.

a) b) c)
Figure 8

Design schemes of the frame when it perceives longitudinal loads: a) option 1; b) option 2; c) option 3

A mathematical model of the dynamic load of the container was carried out to
determine the value of longitudinal loads, provided that it is placed on a flat wagon.
In this case, the mathematical model formed in the previous work of the authors
[35] was used:

n
Mpw -Gy =P — Z[FFR “sign(qy — q2)] (1
i=1
Mc - Gy = [Fpg - sign(qy — q2)]
where Mrw, Mc are inertia coefficients that characterize the mass of the flat wagon
frame and the container, respectively; P is the force acting on the stops of the flat
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wagon automatic coupling device; Frr is the friction force between the flat wagon
frame and the container.

It was considered that the magnitude of the longitudinal force, acting on the
automatic coupling device's stops is 2.5 MN [40]. Based on the solution of this
mathematical model, the acceleration acting on the container was about the value
of 20 m/s?. The achieved value corresponds to the maximal permissible value of
20 m/s? [41]. This acceleration was considered when determining the magnitude of
the longitudinal load acting on the container. This load was 480 kN.

The longitudinal forces arise in the container (Fig. 9), taking into account the
application of the longitudinal load to the beams of the container frame.
The maximum value of the longitudinal force in the frame design, made according
to Option 1, it is concentrated in the longitudinal beams, which are located along
the wagon running direction (Fig. 9a). This force is 240 kN, and it is distributed
according to the law of the triangle. The beam works in compression, so the value
of this force is negative. In the container frame, made according to Option 2, the
maximum value of the longitudinal force is also observed in the longitudinal beams,
and it is equal to the value of 156 kN (Fig. 9b). These forces are less than 35% of
those occurring in the container frame, due to the use of a fork, made according to
Option 1.

The maximum value of the longitudinal force in the container frame made according
to Option 3 is also recorded in the longitudinal beams, which is 130 kN. This can
be seen in Fig. 9c. The obtained value of the longitudinal force is lower almost by
46% over those that occurred in the frame of the container made according to the
Option 1 and lower by 13% than those occurred in the container frame made
according to the Option 2.

Figure 9

Diagrams of the longitudinal forces acting on the container frame when it receives the longitudinal
loads: a) option 1; b) option 2; ¢) option 3

Fig. 10 shows the container frame components' displacement diagrams when
subjected to longitudinal forces. The largest displacements for all three frame
designs are in the vertical uprights and transverse beams of the upper part of the
frame.

According to the results of the calculations, it can be concluded that the smallest
force factors arise in the container frame made according to option 3 (Table 1).
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Table 1

Force factors acting on the frame of an improved container design

Variant Vertical loads due to: Longitudinal load due to:
ofa Longitudinal | Lateral Bending .
container | force [kN] force [kN] |moment [kN-m] Bending moment [KN-m]
1 41.2 27.8 19.2 240
2 23.1 19.5 19.8 156
3 23.6 19.2 20.5 130

The mass of the frame made according to the 1% vvariant is about 950 kg, the 2
version is about 1080 kg and the finally, the 3™ version is about 1100 kg.

At the next stage of the calculation, the profile of the beams of the frame of this
container was selected. When the structure operates in a "tension-compression"”
mode, the profile of the frame was selected according to the area 4:
A F
=17 2
[0] ()

where F is the force acting on the container frame; [o] is the value of the allowable
stress of the frame material.

a) b) )
Figure 10
Deformation of frame structures when they perceive the longitudinal loads (an enlarged scale):

a) option 1; b) option 2; ¢) option 3

In the case of the bending moment M acting on the frame structure, the selection of
the execution profile is carried out according to the moment of resistance W of the
section:

M
W= 3)

Based on the calculations, a rectangular pipe with the cross-section dimensions of
180x180 mm with the following parameters W = 162.8 cm3, 4 = 4.5 cm? and a mass
of 1 linear meter m = 24.39 kg was selected as the frame profile.

Considering the selected profile of the container frame, its spatial model was built
in SolidWorks software, which is shown in Fig. 11. Simulation computations of the
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strength of the container frame were performed using the finite element method in
SolidWorks simulation software [42-44] based on this model.

When creating a finite element model, tetrahedra were used [45]. The number of
elements in the model was 51708 and was determined graphically. The number of
nodes is 16824. The design scheme of the container is shown in Fig. 12. It includes
a vertical load P,, as well as a longitudinal P,, applied to the container fittings in
front of the train. The vertical load acting on the container includes a load due to
the container's weight and the weight of the cargo transported in it. In this case, the
container's weight was applied, considering the options for the SolidWorks
Simulation software package.

The frame material was selected from steel grade 09G2S, which, for the given
operating mode, has permissible stresses of 210 MPa [40]. The model was fixed to
the fittings [46] [47].

—

4"
M ,. T
e | :'-__,_

. '
~ug 0

c) d)
Figure 11
Schemes of the container: a) a spatial model of the container frame; b) a design diagram of a container
when it perceives the longitudinal loads; c¢) the most loaded areas of the container frame; d) a finite
element model of the frame of the container

The calculation results are shown in Fig. 13 to Fig. 15. The maximum stresses in
the frame were recorded in the zone of interaction of the longitudinal beams with
the fittings (Fig. 14). These stresses were 165.4 MPa, and they were lower than the
permissible values, by 21.2%.
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von Mises (MPa)
165.4
. 148.9
-132.3
1158
-99.3
B 82.7
-66.2
-49.6

33.1
16.5
0.0

Figure 13
A distribution of stresses in the container frame structure

The maximum displacement occurs in the middle part of the fork, which is about 3
mm (Fig. 15). This stress dislocation is explained by applying loads to the container
frame and fastening it.

URES (mm)
3.026
l2.723
-2.421
-2.118
-1.816
1.513
+1.210
-0.908

0.605
0.303
0.0

Displacements in the nodes of the container frame structure

Figure 15

The calculation was also carried out to lift the container by the upper fittings.
The calculation results also ensured the strength of the container frame for this
design mode. The maximum stresses in the frame were 138.4 MPa and concentrated
in the racks. The maximum displacement was recorded in the middle part of the
fork, which was 2.9 mm.

The limitation of this study is that when calculating the strength of the container
frame, the authors did not consider the presence of welds between its individual
components.

The further development of this study will be the optimization of the container shell
and the study of its loading under other design modes.
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Conclusions

Determining force factors in container frames, considering various structural
variants of its execution, was completed. Two calculation schemes of the frame
loads were taken into account: the first as the vertical loads on the frame, when it is
lifted by the upper fittings and the second as the longitudinal load on the frame
placed on the flat wagon during shunting collision.

The calculations showed that Option 2 is the most rational of the considered variants
of the structural design execution of the container frame. The value of the
longitudinal force in such a frame is lower, by almost 46%, than those that occurred
in the container frame made according to Option 1 and lower by 13% over the
container frames made according to Option 2.

The profile of the container frame was selected, and its strength under operational
loads was calculated. It was found that maximum stresses occur in the frame when
it has longitudinal loads. These stresses arise in the zone of interaction of the
longitudinal beams with the fittings, and their values are 165.4 MPa. These stresses
are 21.2% lower than the permissible values. The maximum displacement shows in
the middle section of the fork, which is about 3 mm.

In the case of lifting the container by the upper fittings, the maximum stresses in
the frame are concentrated in the racks and they are 138.4 MPa. The maximum
displacement is found in the fork's middle section and is 2.9 mm.

The work conducted contribute to the creation of recommendations for the design
and modernization of containers, with improved the technical, economic and
operational characteristics.
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