u] =,

The object of research is the processes of
emergence, perception, and redistribution of
loads in the supporting structure of a flatcar with
a floor made of sandwich panels.

To reduce the impact of dynamic loads on the
supporting structure of a flatcar, as well as the
safety of goods transported in it, it is proposed to
manufacture floors from sandwich panels.

Within the framework of the study, mathe-
matical modeling of the dynamic load on a flatcar
when it runs in a loaded state was carried out.
It was found that, taking into account the pro-
posed solution, the accelerations acting on the
supporting structure of a flatcar are reduced by
8.4 % compared to the typical one. At the same
time, accelerations acting on cargo placed on a

flatbed car are reduced by 11.7 %. The results
of calculating the strength of sandwich panels,
when arranged on a flatcar, proved the feasibil-
ity of the proposed improvement. The main indi-
cators of dynamics of the improved flatcar struc-
ture operated in an empty state were determined.
It was established that the flatcar movement is
assessed as “good”.

A feature of the results reported here is that the
improved supporting structure of a flatcar contrib-
utes not only to reducing its dynamic load but also
to improving the safety of transported cargoes.

The scope of practical application of the
results is the engineering industry, in particular,
railroad transport. The condition for the practi-
cal application of the research results is the use
of energy-absorbing material in the structure of
sandwich panels.

The study could contribute to devising rec-
ommendations regarding the design of modern
structures of railroad vehicles and increasing the
efficiency of the functioning of the transportation
industry
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1. Introduction

The development of a competitive environment in the
transport market necessitates an increase in the efficiency of
railroad transportation [1—3]. The key aspect of rail transpor-
tation of goods is to ensure their safety under operating loads.

Currently, one of the most used cars in international traffic
are flatcars. This is due to the fact that the supporting structure
of this type of car is represented by a frame that allows it to
transport a fairly wide range of goods [4, 5]. At the same time,
to ensure their stability, multi-rotating fastening means are
used or additional fasteners (racks, sides, stops, etc.) are used.

When transporting goods by rail, they experience the
effect of cyclic loads caused by rail irregularities, as well as
transient modes of movement of cars as part of a train. As a
result, there may be damage to the goods, especially in case
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of unreliable fastening. This circumstance necessitates com-
pensation of relevant losses to cargo owners [6-8].

It is important to say that the loss of stability of goods
also threatens the safety of train traffic. In the case of
transportation of dangerous goods, the loss of their stability
threatens the environmental safety of transportation.

In this regard, it is advisable to implement solutions aimed
at reducing the dynamic load of goods during transportation
by rail by improving the load-bearing structures of cars.

2. Literature review and problem statement

In [9], to reduce the load of the car body, the introduc-
tion into its design of a material with energy-absorbing
properties — aluminum foam — is proposed. The calculation




of strength is implemented with the main schemes of loads of
the car body in operation, including shunting co-impact. It
is proved that the use of aluminum foam could help reduce
the dynamic loads on the body in comparison with its typical
version.

To reduce the transverse dynamic loads that act on the
body of freight cars in operation, works [10, 11] suggest the
introduction of removable sandwich panels. The results of
calculating the strength of the body, taking into account
the proposed improvement, are given. In this case, the third
calculated mode of operation of the car, that is, movement
as part of the train, was taken into account. The calculation
was carried out using the standard values of operating loads
acting on the car body.

It must be said that in works [10, 11] the introduction of
structural elements with pliable connections is proposed on
the example of walls. Under conditions of jump fluctuations,
which are among the most common in operation, it is advis-
able to consider reducing the dynamic loads that act directly
in the vertical plane.

Paper [12] substantiates the introduction of functionally
graduated honeycomb sandwich panels in the design of the
car. The results of testing, taking into account the proposed
improvement, gave a positive decision. It must be said that
the purpose of this implementation was to reduce the tare of
the car. The use of the proposed structure of sandwich panels
does not contribute to reducing the dynamic load of its design.

To reduce the load of the vehicle, article [13] provides
appropriate solutions for its improvement. At the same time,
the manufacture of load-bearing structural elements from
pipes, of round cross section, is proposed. The side walls of
the vehicle consist of articulated shells that contain ener-
gy-absorbing material. However, the implementation of such
a solution is quite complicated in practice and requires the
creation of an appropriate maintenance system to maintain
the car in working condition.

Solutions for the construction of multilayer structures of
freight car bodies are proposed in [14]. Such improvement
could help improve the moment of resistance of the car struc-
ture and, as a consequence, reduce its workload during oper-
ation. In this case, the authors proposed the use of panels in
the form of “egg boxes”. Examples of implementation of such
a solution on different models of freight cars are given and
further prospects of this direction are indicated. However,
the studies have been conducted on the example of tank cars
for the transportation of dangerous goods.

Paper [15] investigates the peculiarities of the loading of
modern design of a railroad car with composite components
under the most unfavorable loading conditions. The main dis-
advantages of using a fiber-reinforced composite as a material
for the construction of a car are determined. The prospects
for further research in this direction by changing the angle
of placement of reinforced fibers in the material are given.
However, the introduction of such material in the railroad
car building industry requires additional investments and is
possible at the stage of manufacturing, not modernization.

Paper [16] highlights the features of the use of panels
made of composite material on freight cars. It is proposed to
use panels on railroad cars in such a way that it is possible to
modernize existing rolling stock, and not only in the manu-
facture of a new one. The results of endurance tests of com-
posite panels are given. The methodology for testing panels
is presented, as well as the expediency of their use on freight
cars is substantiated. However, such modernization does not

contribute to improving the strength of the car frame as the
most loaded unit of the structure during operation.

Our review of literary sources [9-16] proves the feasi-
bility of research into improving the structure of flatcars in
order to ensure the safety of transported cargoes.

3. The aim and objectives of the study

The aim of this study is to determine the possibility of
using sandwich panels as components of the floor of a flatcar.
This could contribute to the safety of cargo transported by
rail, as well as reduce the dynamic load of the supporting
structure of the flatcar during operation.

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

—to determine the dynamic load of the flatcar with a
floor made of sandwich panels when it runs in a loaded state;

— to investigate the strength of sandwich panels forming
the floor of the flatcar;

—to determine the dynamic load of the flatcar with a
floor made of sandwich panels when it runs in a loaded state.

4. The study materials and methods

The object of research is the processes of emergence,
perception, and redistribution of loads in the supporting
structure of a flatcar with a floor made of sandwich panels.

The main hypothesis of the study assumes that reducing
the dynamic load of the supporting structure of a flatcar
could contribute to the safety of transported cargoes [17, 18].

To reduce the impact of dynamic loads on the supporting
structure of a flatcar, as well as the safety of goods trans-
ported on it, it is proposed to manufacture floors from sand-
wich panels. The peculiarity of the sandwich panel is that
it consists of two metal sheets, between which there is an
energy-absorbing material with elastic-viscous characteris-
tics (Fig. 1). The use of a sandwich panel as an intermediate
adapter between the car frame and the load could help ab-
sorb dynamic loads that occur during jumping fluctuations
and reduce their impact on the cargo.
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Fig. 1. Structural scheme of a sandwich panel: 1 — metal sheets;
2 — material with energy-absorbing properties

To substantiate the proposed solution, mathematical
modeling of the dynamic load of the gondola car in the ver-
tical plane is carried out, that is, jump fluctuations are taken
into account as one of the most common types of oscillations
that occur during operation.

The estimation scheme of a flatcar is shown in Fig. 2. As
a prototype, the flatcar of model 13-401 was chosen. In this
case, a flatcar is considered as a system formed by four bod-
ies: a frame, two bogies (model 18-100), and a load placed on
the frame. The cargo is considered as conditional using the
full payload capacity of a flatcar.

It is assumed that the car moves along the butt rail track,
which has elastic characteristics [19, 20].
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Fig. 2. Estimation scheme of a flatcar

The system of differential equations of movement of a
flatcar takes the form:
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where Mj is the mass of the supporting structure of a flatcar;
My, M3 are the masses, respectively, of the first and second
bogies; Cjj — elastic characteristics of the elements of the oscil-
latory system, which are determined by the values of the stiff-
ness coefficients of the spring suspension springs kr; & — track
stiffness; Bjj — dissipative coefficients; Frp — friction force in the
spring set of the trolley; §; — deformations of elastic elements of
spring suspension; n; — track unevenness; F, — force arising from
the movement of cargo relative to the frame of a flatcar.
In this case:
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where ¢ is the coefficient of stiffness of energy-absorbing
material; B — coefficient of viscous resistance of energy-ab-
sorbing material.

The unevenness of the track was described by a periodic
function in the following form [19]:

n(t)=A-(1-cosot), 3)

where A is the amplitude of the irregularity; o is the oscilla-
tion frequency.

The system of differential equations of motion (1) is solved
using the software package Mathcad (USA). To this end, it
was reduced to Cauchy equations written in normal form,
followed by integration by the Runge—Kutta step-by-step
iteration method [21-24]. This method was chosen as an
estimation method because it is quite common for solving the
equations of car dynamics.

The initial conditions for solving the mathematical model
are zero [25—28]. This is justified by the fact that the calcula-
tion was carried out with the nominal parameters of the com-
ponents of the supporting structure of a flatcar.

At the next stage of the study, the thickness of the
sheets forming the sandwich panel was determined. It is

taken into account that the sandwich panel is represented
by a plate having the width a and height b. Its fixing occurs
around the perimeter. A uniformly distributed load P is ap-
plied to the horizontal plane of the sandwich panel (Fig. 3).
To determine the thickness of sheets that form a sandwich
panel, the Bubnov-Galerkin method was used [29].

In accordance with this method, the stresses acting in
the plate are determined by the following formula:
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Then, if the plate thickness is determined by stresses
relative to the X axis, we have:

P.%.(b2+p-a2)-a2-82
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In the case of determining the thickness of the plate
taking into account the stresses relative to the Y axis, for-
mula (6) takes the form:

P'g_?'(a2+u-b2)-a2~b2

0= T 2, 12)?
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According to the obtained values of sheet thickness, a
spatial model of a sandwich panel was constructed (Fig. 4)
and strength was calculated. Graphic work was carried out
in the software package SolidWorks [30, 31].
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Fig. 3. Estimation scheme of a sandwich panel
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Fig. 4. Sandwich panel spatial model

Aluminum foam is used as an energy-absorbing material.
The built models of sandwich panels were laid on the floor of



the frame (Fig. 5). When carrying out the calculations, the
nominal dimensions of the supporting structure of a flatcar
were taken into account. Welds were not taken into account
when building the model.

Fig. 5. Placement of sandwich panels on the frame of a flatcar

The calculation of strength was carried out using the
finite element method, which is currently the most used one
in calculating the strength of vehicles. We employed the
software package SolidWorks Simulation (France).

To determine the main indicators of the dynamics of a
flatcar, taking into account the fact that its tare increased,
mathematical modeling of the vertical load was carried out. It
was taken into account that the car travels over a butt irreg-
ularity. The estimation scheme of a flatcar is shown in Fig. 6.
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Fig. 6. Estimation scheme of an empty flatcar moving
over a butt irregularity

The mathematical model describing the movement of a
flatcar takes the following form:
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All components that are included in this mathematical
model are identical to those inherent in model (1).

5. Results of identifying the features of the loading of
the supporting structure of a flatcar with a floor made of
sandwich panels

5. 1. Determining the dynamic load of a flatcar with a
floor made of sandwich panels when it runs in a loaded state

The results of determining the main indicators of the
dynamics of a flatcar under the condition of movement in the
loaded state over a butt irregularity are shown in Fig. 7-9.
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Fig. 7. Acceleration of a flatcar in the center of mass
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Fig. 8. Acceleration that acts on bogies
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Fig. 9. Acceleration acting on the load

It is established that the maximum accelerations acting
in the center of mass of the supporting structure of a flatcar
occur at the moment of passing rail unevenness (joint) and
are equal to 3.8 m/s? (Fig. 7). During the subsequent oscil-
latory process, the magnitude of acceleration decreases and
amounts to 2.5 m/s%. Consequently, taking into account the
proposed solution, the accelerations acting on the supporting
structure of a flatcar are reduced by 8.4 % compared to the
typical one.

The acceleration that acts on the bogies, the first in the
course of movement and the second, respectively, is shown
in Fig. 8. The numerical value of acceleration is about 9.4 m/s?.

The acceleration acting on the load placed on the frame
of a flatcar was 2.8 m/s? (Fig. 9).

The obtained value of acceleration is 11.7 % lower than
that acting on the cargo, taking into account the typical
pattern of perception of loads.

5. 2. Investigation of the strength of sandwich panels
forming the floor of a flatcar

To determine the thickness of the sheets that form the
sandwich panel, appropriate calculations were performed.
It was taken into account that the plate has the width
a=1.914 m when using 7 sandwich panels on the frame, and
the height 5=3.0 m.

The material for the manufacture of metal sheets of
sandwich panels is steel 09G2S. The tensile strength
for this steel grade is 490 MPa, and the yield strength
is 345 MPa. Taking into account the fact that a flatcar is
loaded using full carrying capacity, the force acting on one
plate will be P=98.1 kN.



Based on our calculations in accordance with
formulas (6), (7), the value of the plate thickness
was obtained, which is equal to 6 mm.

To determine the strength of sandwich panels,
subject to placement on the frame of a flatcar,
an estimation scheme was built (Fig. 10). It was
taken into account that the sandwich panel is af-
fected by the vertical load P,, due to vertical static
and dynamic loads.

The model of the supporting structure of a
flatcar is fixed to the horizontal surfaces of the
frame heels. When building a finite-element
model, tetrahedra were used [32—-34]. The model
has 373651 elements and 127073 nodes. The
maximum size of the element is 180 mm, and
the minimum is 36 mm. Steel grade 09G2S is
intended as the material of the supporting structure. This
steel grade is typical for the manufacture of load-bearing
structures of cars.

The results of the strength calculation showed
that the maximum stresses in the frame of a flatcar are
131.7 MPa (Fig. 11). These stresses occur in the girder beam —
in the zones of its interaction with the pin beam and are due
to the fact that the model was fastened to the heels. The max-
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Fig. 12. Displacement in the nodes of the supporting structure of a flatcar

5. 3. Determination of the dynamic load of a flatcar
with a floor made of sandwich panels when it runs in a
loaded state

Due to the fact that the use of sandwich panels contrib-
utes to an increase in the tare of a flatcar by 12 %, the main
indicators of dynamics during its movement in an empty
state were determined.

The results of our calculations are shown in Fig. 13, 14.
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Fig. 11. Stressed state of the supporting structure of a flatcar

center of mass was about 6 m/s? (0.6 g), and the
acceleration of the bogies — about 8.5 m/s2. The
obtained dynamics indicators correspond to the
“good” run of the car.

6. Discussion of results of identifying the
peculiarities of the loading features of the
supporting structure of a flatcar with a floor
made of sandwich panels

To ensure the safety of transported goods
by rail, it is proposed to improve the design of
a flatcar by introducing sandwich panels. This



solution could help reduce the dynamic loads that act on the
supporting structure of a flatcar, and, accordingly, on the
cargo placed on it.

The results of mathematical modeling of the dynamic
load of the improved design of a flatcar showed that the
accelerations acting on it are reduced by 8.4 % compared to
the typical one (Fig. 7). This is due to the use of an interme-
diate adapter in the form of a sandwich panel with malleable
connections between the frame of a flatcar and the cargo.
The accelerations acting on the load placed on a flatcar are
reduced by 11.7 % (Fig. 9). The magnitude of accelerations is
given for the case of movement of a flatcar in a loaded state
over a butt irregularity.

The obtained accelerations were taken into account
when calculating the strength of sandwich panels, taking
into account their placement on a flatcar. It was estab-
lished that the maximum stresses in sandwich panels are
about 94.5 MPa (Fig. 11), that is, almost twice lower than
permissible. This is due to the fact that the accelerations
that act on the supporting structure of a flatcar, taking into
account the proposed improvement, are reduced compared
to those that act on a typical structure. Maximum displace-
ments occur in the middle part of the frame of a flatcar and
are 4.35 mm (Fig. 12).

It is important to say that the use of sandwich panels as
components of the construction of a flatcar increases its tare
by 12 % compared to the prototype. In this regard, in order to
ensure the safety of movement of a flatcar, the main indicators
of its dynamics when it runs in a loaded state were deter-
mined. It was established that the maximum acceleration of a
flatcar in the center of mass is about 6 m/s? (Fig. 13), and the
acceleration of bogies is about 8.5 m/s? (Fig. 14). Consequent-
ly, the run of movement of a flatcar can be assessed as “good”.

The advantage of our study in comparison with [9—11] is
that we proposed solutions aimed at reducing the dynamic
load, which may be appropriate for different types of cars.
In comparison with work [12], the advantage of the results
obtained is that they contribute to improving the strength
indicators of the car structure by reducing the dynamic load,
rather than strengthening the structure. It must be said that
the proposed improvement is appropriate at the stage of
modernization of cars, in contrast to the solution considered
in [13]. The solution proposed in this work is implemented
on the most common type of car in international traffic,
which could contribute to its profitability, in contrast to
the solutions reported in works [14, 15]. In contrast to the
results of work [16], the proposed improvement contributes
to improving the strength of the car frame as the most loaded
structural unit during operation.

It is important to say that the solutions proposed in this
article are also relevant in relation to other sectors of transport.

The limitation of the study is that we took into account
the movement of a flatcar on an elastic track, that is, the dis-
sipative components that occur during its oscillations were
not taken into account.

The disadvantage of this study is that we investigated
the efficiency of sandwich panels with fluctuations in the
jumping of a flatcar. That is, galloping fluctuations, which
are also characterized by vertical displacements of a flatcar,
but angular ones, were not taken into account.

Further development of this study is to determine the
feasibility of using sandwich panels as components of struc-
tures of other types of cars. It is necessary to analyze the

prospects for the use of more optimal materials for the exe-
cution of sandwich panels. The issues of experimental con-
firmation of the feasibility of introducing sandwich panels
require attention. These issues will be addressed in further
research by our prolific team.

7. Conclusions

1. The dynamic load of a flatcar with a floor made of sand-
wich panels when it runs in a loaded state has been determined.
The maximum accelerations that act in the center of mass of
the supporting structure of a flatcar occur at the time of its run
over a rail unevenness and are equal to 3.8 m/s%>. During the
subsequent oscillatory process, the acceleration value decreases
and amounts to 2.5 m/s%. Consequently, taking into account
the proposed solution, the accelerations acting on the support-
ing structure of a flatcar are reduced by 8.4 % compared to the
typical one. The acceleration that acts on the load placed on a
flatcar amounted to 2.8 m/s?, which is 11.7 % lower than that
acting on the cargo, taking into account the typical pattern of
perception of loads.

2. The strength of sandwich panels forming the floor of a
flatcar was investigated. The maximum stresses in sandwich
panels are about 94.5 MPa, that is, almost twice lower than
permissible. In this case, the permissible stress is 210 MPa.
Maximum displacements occur in the middle part of the
frame of a flatcar and are 4.35 mm.

The peculiarity of our results is that the improvement of
the strength of the supporting structure of a flatcar is achieved
by reducing the dynamic loads that act on it. That is, a distinc-
tive feature of the research results is not the strengthening of
the supporting structure of a flatcar but the reduction of the
impact of dynamic loads on it. By reducing dynamic loads, the
safety of goods transported by a flatcar also improves.

3. The dynamic load of a flatcar with a floor made of
sandwich panels when it runs in a loaded state has been de-
termined. The maximum acceleration of the supporting struc-
ture of a flatcar in the center of mass was about 6 m/s? (0.6 g).
The acceleration of the bogies is about 8.5 m/s%. The obtained
dynamics indicators correspond to the “good” run of the car.

Our research could contribute to the preparation of
recommendations for the design of modern structures of rail-
road vehicles and increase the efficiency of the functioning of
the transportation industry.
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