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Abstract

This article describes the possibilities of using universal flat wagons to transport long
cargoes and suggests measures for upgrading them, which involve the installation of
superstructures on the load-bearing structures to keep the cargo from overturning. The
study was conducted using the flat wagon model 13-401. Several options for implementing
such superstructures have been considered. The load-bearing structure of the flat wagon
was modeled as a rod system. The most rational option for upgrading was evaluated by
assessing the force factors acting in the structure under the influence of external loads.
According to the chosen upgrade option, a spatial model of the bearing structure of the
flat wagon was built, and its strength was calculated using the finite element method. The
proposed option was found to be appropriate. The results of the research can be used to
improve the efficiency of transportation of long cargoes by universal flat wagons.

Keywords: railway transport; flat wagon; bearing structure of the flat wagon; flat wagon
upgrading; structural strength

1. Introduction

Railway transport is a leading branch of the national economy and the backbone of
economic development in many European countries [1,2]. Currently, railways transport
a wide range of goods, among which are long cargoes, such as wood in whips, building
materials, pipes, etc. [3-6]. Long cargoes are mainly transported by rail on specialized
flat wagons equipped with vertical stanchions to keep the cargoes from overturning.
However, the number of such wagons is limited and does not fully meet the demand for
rail transportation of long cargoes. Other types of wagons are required, such as universal
flat wagons or open wagons.

Universal flat wagons are equipped with wooden stanchions mounted on their longi-
tudinal beams to hold long cargoes. These stanchions are fastened with brackets welded to
the vertical parts of the I-beams that form the longitudinal beams of the frame. However,
under operating loads, these wooden stanchions can be damaged, which can result in the
cargo falling apart, jeopardizing traffic safety. Thus, there is a need to upgrade the flat
wagons used for transporting long cargoes.
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Many scientific studies are devoted to designing, improving, and increasing the
efficiency of flat wagons. Study [7] deals with the use of a removable module to adapt
flat wagons to the transportation of long cargoes. The structural feature of this module
includes the use of elastic—frictional bonds that reduce the dynamic loads in operation.
An appropriate scientific substantiation of the removable module design is given. However,
the use of the removable module requires an appropriate maintenance and repair system,
which complicates its large-scale implementation.

In [8], the authors analyze the influence of dynamic loads on the strength of the load-
bearing structure of a flat wagon used for transporting long cargoes. The peculiarities of
the modal analysis of the flat wagon design are described, and it is also proposed to adjust
the theoretical models used in determining the load of the flat wagon bearing structure.
However, no solution was provided for how to improve the efficiency of the transportation
of long cargoes on flat wagons.

In study [9], the authors propose a long-base flat wagon design with a variable length
of cargo space. Their static and dynamic structural analysis makes it possible to substantiate
the design solutions proposed for the flat wagon. However, the authors did not investigate
the possibility of using this flat wagon for transporting long cargoes.

A similar disadvantage can be seen in [10]. The authors thoroughly investigate the
issue of determining the load of the flat wagon under operating conditions, but do not
consider the possibility of its adaptation to transporting long cargoes.

Study [11] is devoted to evaluating the strength of the long-base structure of a flat
wagon. The most loaded areas of the flat wagon construction are calculated by determining
the bending moments in its sections. The obtained results are confirmed by a computer sim-
ulation of the strength of the flat wagon bearing structure using the finite element method.
However, the authors did not determine the load of the flat wagon when transporting
long cargoes.

Article [12] highlights the features of determining the load of a long-base flat wagon
and describes some new materials that can be used to improve its structural strength. The
materials were tested using the example of a flat wagon loaded with containers. However,
the issue of using flat wagons for transporting long cargoes was not investigated.

The loading of the bearing structure of a flat wagon (series Smnps 194) is also studied
in [13]. This wagon is equipped with side stanchions, which make it possible to improve the
stability of cargoes against overturning during rail transportation. The authors highlight
the features of determining the strength of the flat wagon bearing structure. Special
attention is paid to the study of stresses in the areas of interaction of the stanchions with
the longitudinal beams of the frame. However, the stanchion’s height makes it impossible
to fully utilize the payload capacity of the flat wagon when transporting long cargoes, in
particular, wood in whips.

The authors also propose a method for evaluating the safety of a freight wagon against
the derailment criterion using the example of a flat wagon [14]. However, the impact of
the cargoes, including long cargoes, on the stability of the wagon against overturning was
not investigated.

This review of scientific publications has proved that the issues of determining the
loading and improving the safety of flat wagons are relevant. Moreover, the issue of
improving the efficiency of rail transportation of long cargoes through the adaptation
(upgrading) of flat wagons, which is raised in many articles, requires further attention.

In this regard, the purpose of this article is to highlight the results of a study on the
feasibility of upgrading a universal flat wagon for transporting long cargoes. The objective
of the research has been achieved by completing the following tasks:

- Determine the force factors in the upgraded load-bearing structure of the flat wagon.
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- Calculate the strength of the upgraded load-bearing structure of the flat wagon.

2. Materials and Methods

This study proposed to upgrade universal flat wagons so that they can be used for
the transportation of long cargoes by installing superstructures to prevent the cargo being
transported from overturning (Figure 1).

Figure 1. The upgrade options for the load-bearing structure of a flat wagon: (a) metal stanchions;
(b) stanchions connected by lashings; (c) frame walls connected by lashings.

All three upgrade options include superstructures made of Steel 09G2S for cargo
retention. The material of the superstructures is identical to that of the flat wagon
bearing structure.

The most rational variant of the superstructure and the stanchion thickness were deter-
mined through the calculation of the load-bearing structure of the flat wagon. The purpose
of this calculation was to determine the internal force factors acting in the superstructures
under external loads. The load-bearing structure of the flat wagon was modeled as a rod
system (Figure 2) in LIRA-CAD [15-18]. It was also taken into account that the structure
was loaded with gross weight, and the stanchions were subjected to transverse load. The
intensity of this load included the transverse inertial force AF,, from the stack and was
distributed along the stanchion height [7]:

)
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Figure 2. The design diagram of the flat wagon bearing structure.

Herewith,

Fn:nx(Fn-&-W’)—F}’,, (2)

where 7 is the coefficient used to design the flat wagon; F, is the transverse inertial load,
which includes the force from the stack and the centrifugal force; W' is the wind load; and
Fg'" is the friction force.

It was taken into account that on one side of the wagon, this load was positive (+), and
on the other side, it was negative (—). The wagon was secured on the center plates.

Taking into account the results of the calculations, diagrams of the force factors
acting in the load-bearing structure of the flat wagon were obtained (Figures 3 and 4).
Consequently, the maximum transverse force acts at the stanchion base and amounts to
194 kN (Figure 3). The bending moments had a similar distribution pattern (Figure 4). The
maximum bending moment is also at the stanchion base and amounts to 224 kN m. These
force factors have an alternating character: stretching is shown in orange and compression
is shown in blue (Figures 3 and 4).
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Figure 3. The diagram of transverse forces acting on the bearing structure of the flat wagon (kN).

The force factors in the load-bearing structure of the flat wagon with stanchions
connected by lashings (chains or ropes) were investigated by means of a computational
diagram, as shown in Figure 5. The diagram of fixation and applying loads is identical to
the one shown in Figure 2.
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Figure 4. The diagram of bending moments acting on the load-bearing structure of the flat
wagon (kN-m).

Figure 5. The calculation diagram of the load-bearing structure of the flat wagon with stanchions
connected by lashings.

Taking into account the results of the calculations, it was found that the maximum
transverse force acting on the stanchion is 101 kN (Figure 6), which is more than half that
of the force acting on the structure without tightening. This force is distributed alternately
along the stanchion height: it is negative on the side where the stanchion is loaded in its
lower part, and it is positive in its upper part. On the opposite side of the bearing structure
of the flat wagon, it has the opposite distribution; that is, on the bottom of the stanchion, it
has a positive value, and on the top, it has a negative value.

The diagram of bending moments is a parabola with its maximum in the middle
(Figure 7). On the side where the stanchions are loaded, the bending moment is 55.3 kN-m;
on the opposite side, the numerical value of the bending moment is negative.

Therefore, the use of lashing rods can reduce the load of the flat wagon structure. The
option of using side frame walls connected by lashing rods for the flat wagon was also
considered (Figure 8).
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Figure 6. The diagram of the transverse forces acting on the bearing structure of the flat wagon with
stanchions connected by lashings (kN).

Figure 7. The diagram of bending moments acting on the bearing structure of the flat wagon with
stanchions connected by lashings (kN-m).

i

Figure 8. The design diagram of the load-bearing structure of the flat wagon with frame walls
connected by lashings.

Taking into account the results of the calculations, it was found that the diagram
of the transverse forces (Figure 9) has a form similar to that obtained for the bearing
structure of the flat wagon with vertical stanchions connected by lashing rods. The value
of the transverse forces is 102 kN, which is almost equal to that obtained for the diagram
in Figure 6.
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Figure 9. The diagram of the transverse forces acting on the bearing structure of the flat wagon with
frame walls connected by lashing rods (kN).

The diagram of the bending moments is shown in Figure 10. They have the form of
a parabola with a maximum of 54.6 kN-m at the center. The obtained value of the bending
moment is 1.2% less than that obtained for the design shown in Figure 7.
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Figure 10. The diagram of bending moments acting on the bearing structure of the flat wagon with

frame walls connected by lashings (kN-m).

Therefore, long cargoes can be transported on a universal flat wagon upgraded ac-
cording to the diagram shown in Figure 1b. Such a diagram is more appropriate in terms
of material consumption, in contrast to that shown in Figure 1c.

3. Results and Discussion

The vertical stanchion thickness was determined on the basis of the stanchion pocket
profile (Figure 11). Therefore, the lower part of the stanchion should have a width b = 80 mm
and a length I = 110 mm.
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Figure 11. The stanchion pocket (top view).
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The optimal thickness of the working part of the stanchion (the contact area with the
load (Figure 12)) was chosen using the moment of resistance of its cross-section using the
option in the SolidWorks software (version 2025) package.

— workingpart

contact area with
the stanchion ﬂ
pocket

Figure 12. The side view of the stanchion.

The moment of resistance at which the strength of the stanchion was observed was
defined as the ratio of the bending moment M acting in its section to the permissible stresses

[o] of its material, i.e.,
M

G

Permissible stresses [o] for Steel 09G2S were considered equal to 310.5 MPa in accor-

dance with [19]. Then, W = 178 cm®. The corresponding geometry of the stanchion was
created in SolidWorks by varying the wall thickness 6 (Figure 13).

®)

Figure 13. The cross-section of the stanchion.

Based on the calculations, it was found that with a width of the working part of the
stanchion of 110 mm and a height of 140 mm, the thickness of its wall should be 10 mm. In
this case, W = 178 cm®. The weight of one stanchion is 99 kg. At the same time, the tare
weight of the flat wagon increases by 1.5 tons. The stanchion is shown in Figure 12.

The selected parameters of the stanchion were checked by means of the strength
calculation of the load-bearing structure of the upgraded flat wagon using the finite element
method [20-23] implemented in SolidWorks simulation. The design diagram of the load-
bearing structure of the flat wagon is shown in Figure 14.

https://doi.org/10.3390/engproc2025121008


https://doi.org/10.3390/engproc2025121008

Eng. Proc. 2026, 121, 8

90f13

Figure 14. The design diagram of the load-bearing structure of the flat wagon.

The loads taken into account were identical to those used in the design diagrams of
the rod systems. The model was fixed to the horizontal surfaces of the center plates [24-26].
Here, a rigid connection was applied [27-30]. That is, the friction forces in the center
plate/center bowl units were neglected. The upper parts of the stanchion had a bond
simulating their interaction with the lashings.

The finite element model was formed by tetrahedra [31-35]. The model had 357,265 elements
and 121,598 nodes. The maximum size of the element was 200 mm, and the minimum size
was 40 mm. The number of tetrahedra was calculated graphically and analytically. The
material of construction was low-alloy Steel 09G2S [36—40]. The results are shown in
Figures 15 and 16. The most loaded components of the flat wagon structure are the con-
necting structures between the longitudinal beams. The highest stresses in these elements
were recorded as 187.4 MPa (Figure 15), which is less than permissible.

von Mises (MPa)
187.4
.- 168.7
-149.9
-131.2
L112.5
93.7
-74.9
.56.2
37.5

18.7
0.0

Figure 15. The stress state of the load-bearing structure of the flat wagon.

The maximum displacements occurred in the upper parts of the vertical stanchions placed
behind the center of the longitudinal beam. These displacements were 2.4 mm (Figure 16).
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URES (mm)
2.41

2.17
-1.93
-1.69

1.45

1.21

0.96
-0.72

0.48

0.24

0.0

Figure 16. The displacements in the units of the flat wagon bearing structure.

The results of the calculations have demonstrated the feasibility of the proposed
solutions for improving the flat wagon design.

This study has advantages over other studies. Unlike the studies presented in [7,8,11,12],
the proposed improvement of the load-bearing structure of the flat wagon does not require
significant capital investment. In contrast to the studies described in [9,10], the solution
presented can be used for a flat wagon that transports long cargoes. The same advantage
can be seen when comparing it to the studies presented in [13,14].

The disadvantage of this study is that the authors only investigated a transverse
load in the improved flat wagon design. However, this is going to be resolved through
investigation in a further study, with the results presented in further publications. Also,
the authors plan to optimize the vertical stanchions according to the criterion of minimum
material consumption. They can also reduce the load by using an energy-absorbing filler in
the structure.

International regulatory documents [41-43] will also be considered during further
optimization of the vertical struts. This will allow the designed wagon to be operated not
only on a 1520 mm gauge, but also on a 1435 mm gauge.

The limitation of the study is that the calculations did not consider the heaped loading
mode of the flat wagon bearing structure.

The solutions proposed within the framework of the study can be used to upgrade
universal flat wagons so that they can be used for transporting long cargoes, which will
increase the efficiency of railway transportation.

4. Conclusions

1. The force factors in the upgraded bearing structure of a flat wagon have been
determined. Three upgrade options have been considered: metal stanchions, stanchions
connected by lashing rods, and walls connected by lashing rods. It has been found that the
use of stanchions connected by lashing rods is the most rational design option. Here, the
bending moment on the side of the loaded stanchions is 55.3 kN-m, and on the opposite
side, the numerical value of the bending moment is negative. By taking into account the
determined bending moment according to the moment of resistance of the cross-section, the
parameters of the vertical stanchion profile have been selected: the width of the working
part of the stanchion is 110 mm, the height is 140 mm, and the wall thickness is 10 mm.
Here, W=178 cm®. The weight of one stanchion is 99 kg. The tare weight of the upgraded

https:/ /doi.org/10.3390/engproc2025121008
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flat wagon increases by 1.5 tons. However, further upgrades, which have already been
planned, can reduce the stanchion weight.

2. The strength of the upgraded load-bearing structure of the flat wagon has been
calculated. It has been found that the maximum stresses in the load-bearing structure of
the flat wagon are 187.4 MPa, and they do not exceed the permissible limit. These stresses
occur in the structures that connect the longitudinal beams. The maximum displacements
occur in the upper parts of the vertical stanchions located at the center of the longitudinal
beam and are measured as 2.4 mm.
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