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An important role in the market of trans-
port services belongs to container transporta-
tion. Railroads, especially under the conditions
of increased competition from road transport,
must respond quickly to the needs of the market
and the growing demand for container trans-
portation, including interstate traffic. Demand
Jfor container transportation can vary signifi-
cantly during the year, which testifies to the
expediency of introducing removable equip-
ment on universal railroad freight cars that are
involved in the deliveries of containers. This
paper reports the design of a removable frame
structure for a universal platform that could
carry two 20-ft or one 40-ft container. The
proposed technical solution does not require
changes in the structure of the car and changes
in its model; with a decrease in the demand for
container transportation, it would allow this
car to be used for its main purpose.

According to the current methodology, the
efforts that operate on the frame during the
transportation of containers have been deter-
mined. The strength of the proposed struc-
ture was estimated by a finite-element method.
The maximum stresses arising in the proposed
structure are 164.4 MPa; they occur in the cor-
ners of the stops attached to the stand-up sta-
ples of the platform. The resulting stress values
do not exceed the allowable ones. The results of
calculating the removable equipment indicate
its sufficient strength. Requirements for plac-
ing cargo on the rolling stock assume a man-
datory check to fit the dimensions, which con-
Jfirmed that the container hosted by the frame
does fit them. The proposed structure makes it
possible to abandon disposable fastening parts,
improve the safety of container transportation,
and increase competitiveness in the container
transportation market
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1. Introduction

A wide range of cargoes transported by rail requires a sig-
nificant variety of types of freight cars. The transportation of
cargoes involves both universal (semi-wagons, platforms, cov-
ered wagons, and others) and specialized railroad cars (fitting
platforms, transporters, dump carts, and others). Specialized
cars have a special structure designed to transport one or more
groups of cargoes similar in their properties, which makes it
possible to make their transportation more cost-efficient. The
competitive market of transportation services requires taking
into consideration all components that affect the final cost of
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cargo deliveries. Therefore, the most important direction in the
development of railroad car construction is the transition to
such economic and progressive structures that meet the mod-
ern requirements of the transport services market. Moreover,
improving the efficiency of railroads in general, in many ways,
is associated with an increase in container transportation.

A relevant task is to transport containers on universal
platforms without the use of disposable fasteners and to im-
prove traffic safety. This creates preconditions for increasing
the competition in the container transportation market and
for reducing the cases of container displacement during
transportation because of unreliable fastening parts.



2. Literature review and problem statement

In terms of its transit potential, Ukraine ranks first
in Europe and third in Eurasia; the total length of the
network of international railroad transport corridors ex-
ceeds 3,000 km. The favorable geographical position along
international cargo flows, the existence of a developed
transport network, as well as the non-freezing Black Sea
ports, predetermine the significant transit potential of this
state. Three international transport corridors (III,V, IX)
pass through Ukraine, as well as six corridors of the Orga-
nization for Railroad Cooperation. The Ukrainian ports of
Izmail and Reni interact with the Cretan corridor No. VII.
Given this, container transportation should be considered
as the most important strategic resource that could help
establish the railroad connection between Europe and Asia.
Work [1] gives statistical data on the growth of container
transportation volumes. A container train on the route
China-Kazakhstan-Ukraine-Slovakia was launched. In ad-
dition, 8 internal container trains were launched in 2018.
The “Viking” train for the combined transportation (Lithua-
nia—Belarus—Ukraine-Moldova/Romania/Bulgaria/Geor-
gia/Azerbaijan) has been successfully in operation for many
years now, as well as the container train “ZUBR” (Esto-
nia-Latvia—Belarus—Ukraine-Moldova) whose volumes of
transportation in 2018 increased by 45 %, and others. The
transportation of containers by container trains accounts for
40 % of the total volume of container transportation in the
territory of Ukraine.

In addition, the development of a whole range of both
universal and specialized containers, which are described
in works [2-4], contributes to the growth of container
transportation. However, when designing them, there is not
enough attention paid to the ways of transporting containers
by rail, except on specialized platform cars.

Paper [5] reports methods of improving the structures of
specialized platform cars for the transportation of containers
in order to improve their technical and economic indicators
and simplify the technology of container handling. However,
there remain unresolved issues related to the improvement of
universal platform cars aimed at transporting containers. In
addition, the authors do not aim to improve the versatility of
specialized platforms.

In works [6, 7], it is proposed to use bimodal transpor-
tation technologies for container transportation. However,
the proposed variants of vehicles are not commonly used at
the railroads with a 1,520-mm track, which does not make it
possible to resolve the task of container transportation in the
coming years without raising significant funds.

A new stage in the development of railroad car construc-
tion is to design cars with a removable body, which implies
a mechanized replacement of one type of body with another.
Work [8] addresses the construction of cars with remov-
able bodies. The author notes the advantages of such cars.
This is an opportunity to reduce the shortage of cars, lower
investments in the purchase of rolling stock, as well as the
possibility of flexible adaptation to a change in the volume of
transportation or competition in the transport services mar-
ket. In addition, the maximum operation of cars throughout
the life cycle is ensured, and the issue of seasonal demand
for cars of different types is resolved. In the cited work, at-
tention is paid to the assessment of the strength of the frame
of a platform car but no specific structural solutions for the
transportation of containers were offered.

Paper [10] considers the advantages of different types of
cars when using them for the transportation of containers.
Based on the indicators examined, it was determined that
the coupled platform is the most promising means for their
transportation. However, such a solution requires significant
capital investment to build a large enough number of such
platforms.

The arrangement and fastening of containers and re-
placeable bodies in the rolling stock of railroads are regu-
lated by Chapter 9 of Annex 3 to SMGS [9]. We shall take
a closer look at one of the possible options for transporting
containers on a universal platform in accordance with the
requirements of that document [9]. A cross-stop bar is placed
on the floor in the transverse plane of the platform symme-
try, which is attached to the floor by 32 nails. Two containers
are placed close to it. Close to the end sides of the platform,
stop bars are laid, each of which is attached to the floor with
eight nails. Spreader bars are placed in the space between the
bars and fittings of containers, each of which is attached to
the floor of the platform by four nails. The end sides of the
platform are supported with short racks. Each container is
additionally fastened with four stretching wires with a di-
ameter of 6 mm in eight threads. Several similar methods of
fastening on universal platforms are considered in work [11],
which also notes that the transportation of cargoes by uni-
versal rolling stock requires many single-use fittings for
fastening cargoes inside a car. To the greatest extent, this
concerns the transportation of large-tonnage containers by
universal rolling stock. Thus, during the transportation of
containers on universal platforms, it is necessary to use a
large number of stretching wooden or wire props for fasten-
ing the cargo.

It is also necessary to take into consideration the human
factor associated with the use of poor-quality materials, in-
correct selection of components, violations in the technology
of fixing containers, which leads to an inadmissible displace-
ment of cargo during transportation. Unfortunately, such
cases of container displacement are repeated on the railroad
and pose a threat to traffic safety.

A specialized platform differs from the universal one
by its parameters and structure. In structural terms, the
specialized platform is characterized by the larger base and
length of the car, the absence of boards and flooring, and it is
equipped with elements for fastening containers.

Work [12] notes that railroad car-building plants have
mastered the production of a wide range of specialized
platforms. VAT “Dniprovagonmash” designed a platform of
model 13-4117, intended for the transportation of 20, 30, and
40-ft containers with a carrying capacity of 72 tons. VAT
“Azovmash” designed a fitting platform of model 13-1796
with a carrying capacity of 70 tons for transporting 20, 30,
and 40-ft containers. VAT “KVBZ” designed a platform
wagon of model 13-7133, to transport 20, 30, 40, and 45-ft
containers. The structure of the car is made by using steel
of the enhanced strength class for the main elements of the
bearing structure, which made it possible to increase the
carrying capacity of the railroad car to 73.6 tons. Railroad
car-building plants are developing new structures of the
coupled platform wagon for the simultaneous transportation
of two 40-ft containers. Abroad, special platform wagons are
widely used to transport containers, which make it possible
to carry containers in two tiers.

Works [13, 14] describe the experience of platform wag-
on operation, report the results of assessing the stressed-



strained state of cars; however, when the loads that act on
the platform wagon were determined, the efforts arising in
the transportation of containers using removable equipment
were not taken into consideration.

Specialized platforms have much wider possibilities to
select various variants of container transportation in terms
of their weight, size, and quantity compared to universal
platforms. However, specialized platforms are also limited
by the axle loading, as well as the difference in loading their
bogies, which should not exceed 10 tons, taking into con-
sideration the possible displacement of the center of cargo
weight during transportation.

The authors of study [15] improved supporting structures
of the platform wagon whose special feature is the presence of
rotary sectors made of a composite material with viscous or
elastic-viscous links, which makes it possible to absorb kinetic
energy, which is transferred to the frame when conducting fire
from the railroad car, as well as makes it possible to carry out
side loading /unloading of military equipment. In addition, the
cited study explores the dynamic loading and strength of the
supporting structure of the platform car but does not describe
the technical parameters of the equipment mounted on the plat-
form wagon. The scheme of fastening and applying appropriate
loads to the car frame by the installed equipment is unclear.

Works [16—-18] address the issues of new materials, improv-
ing the reliability of cars, and improving the structure of cars in
order to make them more versatile. The results reported in the
cited works made it possible to increase the reliability and ver-
satility of cars, including platform cars. However, the authors
did not resolve the issue of improving the versatility of platform
wagons in terms of the transportation of containers.

The most common way to increase the competitiveness
of a universal platform car is to refit these cars in order to
be able to transport containers, pipes, timber, etc. Study [19]
defines that the need to refit universal platform cars for the
transportation of long-sized cargoes is a relevant task, and
the most promising direction is the transportation of con-
tainers. A technique is offered to imply that universal plat-
form cars are equipped with supporting plates with fitting
stops for fastening containers. Work [20] reports the results
of testing the modernized platform cars of models 13-401-50
and 13-4012-50 and justifies the possibility of such mod-
ernization. However, this modernization technique assumes
making significant changes in the structure of the car and
requires welding operations on its supporting beams, which,
in the absence of sufficient skills of performers and improper
control over the quality of welded operations, could lead to a
significant reduction in the strength of the structure and to
decommissioning the railroad car.

Based on the above-mentioned studies, we can conclude
that refitting universal platform wagons is relevant in terms of
the increased demand for models currently in operation. How-
ever, such re-equipment should involve installing removable
equipment without interfering with the supporting structures
of the railroad car. Such a solution would make it possible to use
a car as a standard universal platform, and, in times of increas-
ing demand, following the installation of removable equipment,
as a platform wagon for the transportation of containers.

3. The aim and objectives of the study

The aim of this work is to determine the possibility
of using removable equipment for the transportation of

large-tonnage containers that are 20 and 40 feet long on a
universal platform.

To accomplish the aim, the following tasks have been set:

— to design removable equipment for the transportation
of two 20-ft or one 40-ft container weighing 30.5 tons on a
universal railroad platform;

— to test whether the railroad car with a container and
removable equipment fits the overall outline;

— to calculate the efforts acting on removable equipment;

—to assess the stressed-strained state of the proposed
structure using a finite-element method.

4. Materials and methods to study the possibility of using
removable equipment for the transportation of containers
on a universal platform

We have designed a special removable structure for fas-
tening containers on the platform, which can be installed,
if necessary, on a railroad car, and which does not require
changes to the structure of the car itself. The proposed struc-
ture is shown in Fig. 1.

Fig. 1. Semi-frame for a container

The removable equipment includes two semi-frames
where one semi-frame’s dimensions are 613x3,060x182 (the
size of the top of the stop for the container’s fittings).

4.1. Features of the structure of a semi-frame for a
container

The weight of the two assembled semi-frames is 1,411.6 kg
(one semi-frame weighs 695.6 kg). The weight of the frame
with containers is 62.4 tons with a carrying capacity of
universal platforms of at least 63 t. Each semi-frame is made
from a steel angle, whose cross-section is 125x80x12 mm,
and a steel sheet whose thickness is 10 and 20 mm. Before
installing the frames, the longitudinal sides of the platform
are opened and fixed while the end sides are closed. Two semi-
frames are installed on a car back-to-back symmetrically to
the transverse axis of the car symmetry and are connected to
each other with bolts, Fig. 2, a. To prevent the displacement,
the frame is fixed with stops that are attached without a gap
to the stand-up staples of the platform: Fig. 2, b. Each stop is
attached to the longitudinal corners of the frame with bolts
or welding. The frame is made of two semi-frames in order to
reduce the overall size when storing and manufacturing. If
necessary, the frame can be made solid. The frame has eight
hinged stops to install containers. The frame can be equipped
with both standard fitting stops and improved stops, or be
additionally equipped with devices to prevent the overturning
of containers [21]. When transporting one 40-ft container, the
central stops of the frame are put in the transport position.

When using the platform for transporting 40-ft contain-
ers only, the frame can be equipped with a simplified version
of the stop, Fig. 3.
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Fig. 2. Semi-frame for a container: @ — inner corner with
holes for connecting bolts; b — fixing stop

Fig. 3. A variant of the frame execution

4.2.Procedure for calculating the forces arising
during the transportation of containers installed on a
removable frame

We calculated inertial forces in accordance with the pro-
cedure set out in Chapter 1 of Annex 3 to SMGS [9].

The longitudinal inertial force is derived from the fol-
lowing formula:

Fi=aii Que, )

where Q.. is the weight of cargo, taking into consideration
the fittings; a; is the specific longitudinal force, which is
derived from the following formula

0, '(azz - a94)
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where ass, ag; are the specific longitudinal inertial forces,
a»=1.9 ton-force/t, ag;=1.67 ton-force/t.

The transverse inertial force is derived from the follow-
ing formula:

Fti:ati'chv (3)

where ay; is the specific transverse inertial force, which is
derived from the following formula:
2- (ak - am)
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where a,, aj are the specific transverse inertial forces of
the cargo shroud placed inside the railroad car and above
the girder, respectively, a,,=0.33 ton-force/t, a;=0.55 ton-
force/t; [ is the coordinate of the center of cargo weight;
L. is the car base.

The vertical inertial force is derived from the following
formula

Ezzav. we? (5)

where a, is the specific vertical inertial force

aV=250+k-Zc+w, (6)

we

where k=5 is the load factor per car.
The wind load is derived from the following formula:

W, =50-5, /1,000, 7

where S, is the area of the on-air surface of the cargo, m?.
We determined the forces of friction:
—in the longitudinal direction:

F/'=0,. (8)

where p is the friction coefficient;
— in the transverse direction:

Fi=0,-u(l-a,). )

The longitudinal inertial force to be damped:

AF, =F,-F}. (10)
The transverse inertial force that must be damped:
AF, =n-(F, +W,)-F}, (11)

where 7 is the coefficient accepted to equal 1.25; W, is the
wind load.

4. 3. The procedure of the theoretical assessment of
structural strength using a finite-element method

The principal method of theoretical assessment of
the strength of a structure is the calculation using a fi-
nite-element method [22-27]. The solid-state simulation
was performed in the system of automated design Solid-
Works (France). The calculation of the stressed-strained
state involved the FEMAP software package. The material of
the proposed frame structure is the steel of grade St3 whose
mechanical properties are given in [28]: the permissible
stresses are [6]=165 MPa.




The geometric 3D model of the semi-frame was split into
flat three- and four-corner finite elements with a character-
istic edge size of 10 mm (Fig. 4); the resulting grid includes
82.6 thousand elements and 88.8 thousand nodes.

Fig. 4. Fragment of the finite-element model

During the calculation of the semi-frame for strength,
we considered the simultaneous action (Fig. 5, @) of both
the longitudinal load represented by the longitudinal force
of inertia, which must be damped, AFj;, and the transverse
load represented by the transverse force of inertia, which
must be damped, AF,;. The longitudinal forces were evenly
divided into eight stops, one of each pair, and were applied
to their ends. The transverse forces were evenly applied to
the stops, which are located on one side of the platform; they
acted outwards.

Fig. 5. Schematic of fixing and applying loads to the semi-
frame F:. a — external forces; b — restriction of movements
of the estimated model

We fixed the sites of fitting installation (Fig. 5, b) from
the longitudinal and transverse movements. The vertical
movement was limited for the longitudinal and transverse
angles of the semi-frame.

5. Results of studying the possibility of using removable
equipment for the transportation of large-tonnage
containers

3. 1. The structure of removable equipment

Based on the results of the analysis of the structure of
universal platform cars and the size of common models of
containers, we designed the structure of removable equip-
ment. The proposed structure consists of two semi-frames
measuring 613x3,060x182 mm each. The frames were weld-
ed from rolled profiles, reinforced in the connection areas
with linings. Fittings in the corners of the semi-frames are
meant for the installation of containers; fixing the structure
on a universal platform involves fixing supports.

5. 2. Fitting a railroad car with a container to the
overall outline

Requirements for placing cargo on rolling stock assume
a mandatory check of fitting the dimensions. The outline of
the main load dimension was built; a railroad car with an
installed frame and a container was fit inside it, Fig. 6. In
Fig. 6, a railroad car is conditionally shown with a thin black
line, the outline of the main dimension of the load with a
thickened green line, the frame with containers with the
main and dotted blue line. Near container sizes, the numbers
in parentheses are marked with an asterisk, a conditional
container length value.
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Fig. 6. Fitting a railroad car with a container to the overall
outline

The distance between control points A and C (the height
of the dimension), and A and D (half the size of the dimen-
sion), is, respectively, 204 mm and 161 mm. Since the rail-
road car with a cargo fits the size with a significant margin,
no additional calculations are needed.

5. 3. Forces acting on the structure

According to the requirements of Chapter 1 of Annex 3
to SMGS [9], we determined the loads acting on the remov-
able equipment from containers. The resulting efforts arising
during the transportation of one 40-ft container are much
smaller than the loads arising during the transportation of
two 20-ft containers. Therefore, to assess the strength, we
considered a variant assuming the transportation of two 20-ft
containers on the platform. The maximum inertial forces



were established when the platforms are loaded with two
20-ft containers: longitudinal, 79.6 ton-force; transverse,
9.7 ton-force; which are perceived by 16 riser staples of the
platform car. A load allowed per a riser staple in the longi-
tudinal and transverse directions is 5 ton-force. Thus, the
permissible load in the longitudinal and transverse direction
is 16-5=80 ton-force, which exceeds the values of undamped
inertial forces. Consequently, the reliability of fastening con-
tainers with a frame on the platform car is ensured.

5. 4. Assessment of the strength of the proposed
structure

Based on the results of our calculations, the distribu-
tion of stresses in the structure of a semi-frame arising
under the influence of estimated loads was established. The
values of equivalent stresses that arise in the structure are
shown in Fig. 7, 8.

Fig. 7. The distribution of equivalent stresses in a semi-frame for a container (general view)
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Fig. 8. The distribution of equivalent stresses in a semi-frame
for a container (maximum stresses)

The maximum stresses arising in the proposed structure
are 164.4 MPa; they occur in the corner of the stop. The re-
sulting stress values do not exceed the allowable ones.

6. Discussion of results of studying the strength of the
proposed structure

The proposed structure of removable equipment makes it
possible to transport large-tonnage containers without mak-
ing changes in the structure of the universal platform; in this
case, the labor intensity of loading and unloading operations
is comparable to such when using specialized cars, which is
achieved by refusing one-time fastening components. The
efficiency of transportation in some cases is even higher
than that when using specialized cars. Thus, when trans-
porting fully loaded 20-ft containers with a gross weight
of 30.5 tons, the load capacity of a railroad car allows only

two such containers to be placed on it, with the length of the
clutch axles of the universal platform (14.62 m) is 1.36 times
smaller than that of the specialized one with a load length
of 60 feet (19.88 m). This makes it possible to increase the
competitiveness of universal platform cars in the container
transportation market.

The merits of this study include the relevance and time-
liness of the proposed technical solution, which does not
require, unlike others, to make changes in the structure of
the platform car. Compared to similar studies, given in the
analysis of the literature, we considered the assessment of
the possibility of using removable equipment in terms of its
strength and overall dimensions, rather than in terms of the
strength of a railroad car’s frame. Our paper discusses all the
initial data and describes the calculation procedure in detail,
which makes it possible, if necessary, to verify the results
reported here.

The results (model) ap-
ply to an actual object be-
cause of the following:

— loads on the structure
were determined according
to the approved procedure;

— determining the stress-
es employed a finite-element
method, which is the princi-
pal method to theoretically
assess the strength of struc-
tures. The direct calcula-
tion was performed using the
verified software package
FEMAP;

—the degree of discretization of the structure corre-
sponds to modern engineering practice.

Our results of calculations indicate satisfactory strength
and compliance with the dimensions. Possible operational
deficiencies and reliability indicators should be identified
and evaluated during the controlled operation of the proto-
type [29, 30]. Tt is also advisable to consider in more detail
the task of optimizing the structure in order to determine
reserves to reduce its mass and improve its strength. This is
planned to be done by selecting the optimal cross-sections
of rolled profiles, by perforating the elements, and by using
stronger grades of steel.

The limitations of the study include the lack of calcu-
lation of the platform car for strength and of the dynamic
indicators when transporting the frame with containers.
This calculation was not carried out because the calculated
efforts to fix the frame for the riser staples of the car did
not exceed the permissible values while the maximum load
capacity of the car was not exceeded. The frame is rigidly at-
tached to the car, which minimizes its impact on the possible
change in dynamic indicators, compared to known studies.

7. Conclusions

1. A structure of removable equipment has been proposed
in the form of two connected welded semi-frames, which
makes it possible to carry large-tonnage containers, 20 and
40 feet long, without making changes to the structure of the
universal platform wagon.

2. We tested whether a railroad car with a contain-
er and removable equipment fits the overall outline; the



correctness of the selected structural dimensions of the
removable frame was confirmed. In terms of the height and
half-wide size, there is a reserve of 204 mm and 161 mm,
respectively.

3. The loads acting on removable equipment from the
side of containers have been determined. When calculating,
these loads were reduced to the longitudinal inertial force
that must be damped — 79.6 ton-force, and to the transverse

inertial force to be damped — 9.7 ton-force, which were em-
ployed in the estimation model.

4. The maximum stresses obtained from the results of the
assessment of the strength of the structure of the semi-frame
are 164.4 MPa; they occur in the expected place — the corner
of the stop. They are less than the permissible stresses for the
steel of grade St3, [c]=165 MPa, which was chosen as the
material of the structure.
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