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Abstract. A study of the supporting structure dynamic loading of a covered wagon for the
military equipment transportation and for firing has been carried out. A mathematical model
has been drawn for this purpose, taking into account the vertical and angular displacements
relative to the longitudinal axis (side rolling) of the wagon supporting structure when firing.
Accelerations as the components of the dynamic load acting on the wagon supporting structure
have been determined. It was found that the accelerations acting on the wagon supporting
structure in the vertical plane were about 6.0 m/s> (0.6 g). In the horizontal plane, the
accelerations were 2.6 m/s* (0.26 g). That is, the wagon movement can be assessed as
“satisfactory”. To reduce the wagon dynamic loading during the conduct of fire, it is proposed
to install elastic vibration dampers under the support sectors. In this case, the horizontal
acceleration was about 2 m/s? (0.2 g). Taking into account the proposed technical solutions, the
wagon dynamic load is reduced by about 25% in comparison with the case of the rigid
interaction of the sector with the frame. The strength analysis of the covered wagon bearing
structure has been carried out. It was found that the maximum equivalent stresses are
concentrated in the area of the front stops and are about 315 MPa. The conducted research will
contribute to the creation of recommendations for the design of covered wagons for the
military equipment transport and for firing, as well as to increase the efficiency of the railway
transport operation..

1. Introduction

The railway industry development at the present stage of the transport system functioning requires
the commissioning of rolling stock innovative structures, in particular, wagons. In this case, special
attention should be paid to their supporting structures. It is not only about improving technical and
economic indicators and introducing new progressive materials, but also about creating
multifunctional structures.

Multifunctionality of the supporting structure means the ability to perform more than one function.
Therefore, it is proposed to put into operation wagons that would provide the possibility not only of
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transporting goods, but also of using, for example, for the country military-strategic purposes. That is
a very urgent and important task today.

It is known that flat wagons are most widely used for the military equipment transportation.
However, for the transportation of military equipment that needs atmospheric precipitation protection,
the use of these wagon types is not advisable. Therefore, it is proposed the commissioning of covered
wagons for the military equipment transportation, as well as the possibility of conducting fire effects
while moving. It is important to note that the issue of designing such wagons has not yet received due
attention. In addition, the regulatory framework in accordance with which the modern wagon
structures are designed does not take into account the loads that can act on them during the conduct of
fire. This makes necessary research in this direction and the creation of appropriate recommendations.

Features of bench tests for fatigue resistance of covered wagons dummy units are described in [1].
The static and dynamic loads of the prototypes were carried out on the hydroimpulse test bench for
testing large-sized structures. The study of the reliability of the obtained results are presented.

The results of a numerical and experimental study of the wagon supporting structure strength are
given in papers [2, 3]. A covered wagon of type 11-9962 was chosen as a prototype. The method of
electrical strain gauging was used as an experimental research method. The carried out studies
confirmed the feasibility of the technical solutions adopted while designing.

It is important to note that when designing and calculating wagons, the standard load values were
taken into account. That is, the overtime load regimes of the wagon bearing structure, including during
the military equipment transportation and the conduct of fire, were not taken into account.

Prospects for the use of extra-fine steels in rail car building are illustrated in [4]. The analysis of the
characteristics of steels with a high strength class, which are manufactured in Russia and abroad, is
carried out. An assessment of the reduction in the structure weight when using high-strength steels is
given. However, the authors did not consider the prospects for the introduction of these steels in
specialized wagon designs, including for the transportation of military equipment and fire exposure.

The features of the strength analysis of a modern covered wagon structure are highlighted in [5]. In
this case, the means of computer simulation of strength by the finite element method were used.
However, the loads that may act on a wagon during the transportation of military equipment are not
taken into account when calculating the wagon load-bearing structure. It is also not specified in the
paper, if it is possible to conduct the fire from this wagon type while moving.

Research on optimization of the wagon supporting structure is carried out in a paper [6]. To reduce
the material consumption of the wagon, it is proposed to manufacture its supporting structure from
aluminium panels. The component of these panels is a material with elastic characteristics, which
helps to reduce the dynamic loading of the supporting structure in operation. At the same time, the
authors limited themselves to taking into account the standard values of the loads acting on the wagon
in operation.

The determination of the dynamic loading of the wagon supporting structures is carried out in [7,
8]. Mathematical models that allow to obtain accelerations as components of the dynamic load acting
on the wagon supporting structures are presented. The obtained results have been confirmed by
computer simulation using the finite element method. However, the case of wagon overtime loading
when transporting military equipment and conducting fire was not taken into account.

The purpose of the article is to determine the regularities of the dynamic loading and strength of the
supporting structure of a covered wagon for military equipment transportation and for conducting fire
in a horizontal plane while moving. To achieve this, the following tasks have been identified:

e to create a computer model of the supporting structure of a covered wagon for military

equipment transportation and for conducting fire;

e to carry out the dynamic loading mathematical simulation of the supporting structure of a

covered wagon for military equipment transportation and for conducting fire;

o to determine the main strength indicators of the supporting structure of a covered wagon for

military equipment transportation and for conducting fire, and to determine the natural
oscillation frequencies of the covered wagon supporting structure.
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2. Computer model creation of the supporting structure of a covered wagon for military
equipment transportation and for conducting fire

It is proposed to create a specialized covered wagon (Figure 1) to transport military equipment and
to conduct fire while moving. A covered wagon of the type 11-217 was used as a prototype. Graphic
work on the model designing was carried out in the SolidWorks software. The peculiarity of the

wagon is that its supporting structure has a sliding roof. This makes possible to conduct fire in the
vertical plane.

L

AN
\4“ A 5

NUERERRRRA]

W
PAR
b

(3

Figure 1. Covered wagon for military equipment transportation and for conducting fire.

Also, the wagon is equipped with a movable double-folding door for loading military equipment, as
well as for conducting fire in a horizontal plane. In this case, military equipment is located on special
support areas on the wagon frame. It provides for possible to equip the support areas with wheel stops,
as well as with other devices for fastening military equipment. The wagon frame is identical in design
to the prototype wagon frame. The wagon load-bearing structure is supported by typical bogies model
18-100. The possibility of using bogies of more promising designs under the wagon body is envisaged.

2. Dynamic loading mathematical simulation of the supporting structure of a covered wagon for
transporting military equipment and for conducting fire

In order to determine the wagon dynamic loading during the conduct of fire, mathematical
simulation has been carried out. The studies were carried out in a plane coordinate system. The design
scheme is shown in Figure 2. It has been taken into account that shots are fired from three military
installations simultaneously. The muzzle energy of one piece of military equipment is about 90 kJ.
When formulating differential equations of motion, it was assumed that the wagon supporting
structure leans on two typical bogies model 18-100 having the corresponding technical characteristics.

In this case, the differential equations of motion describing the oscillations of the wagon supporting
structure during fire shots in the horizontal plane have the form:

M., -6, +c-q, =P, (sign(A1 A, )+sign(A, +A2))+P

£

1
., -6, +c-b-q, =P, -b(sign(Al—A2)+sign(Al+A2))+Mf, .

Alqu_b'qz'A2=q1+b'qz' (2)

where Mcy is the wagon supporting structure weight; lcw is the inertia moment of the wagon
supporting structure relative to the longitudinal axis; c is the stiffness of the spring set coils; Pgr is the
dry friction force in the spring set; b is the half-width of the wagon supporting structure; Ps is the force
that is transmitted to the wagon supporting structure when conducting fire; A4 is the force moment
acting on the wagon supporting structure when conducting fire.
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Figure 2. Design scheme of a covered wagon.

The calculation has been carried out by the Runge-Kutta method in the MathCad software [9 — 11].
The calculation results are shown in Figures 3, 4. It is found that the accelerations acting on the wagon
supporting structure in the vertical plane are about 6.0 m/s® (0.6 g). The accelerations are 2.6 m/s’
(0.26 g) in the horizontal plane. That is, the wagon motion can be assessed as "satisfactory".

In order to reduce the wagon dynamic loading during the conduct of fire in motion, the case of
installing elastic vibration absorbers under the support areas is also considered. In this case, the
mathematical model mentioned above is reduced to the form:

M, -6 +c-q = PFR(sign(A1 —A2)+sign(A1+A2))+Pf, -
I, -6,+c-b-q, =P, -b(sign(Al—A2)+sign(A1+Az))+Mf -M,,

where M, is the moment acting on the support area when conducting fire.
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Figure 3. Accelerations acting on the covered wagon supporting structure in the vertical plane.



International Scientific Conference Energy Efficiency in Transport (EET 2020) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1021 (2021) 012004 doi:10.1088/1757-899X/1021/1/012004

3
y
"-é 1
g
T
B
=
4 —3
_13
0 7 4 f 5 10

t, s

Figure 4. Accelerations acting on the covered wagon supporting structure in the horizontal plane.

The computational scheme of the support area is shown in Figure 5. When carrying out the
calculations, it has been taken into account that the impact absorbers work during angular movements
of the wagon. That is, when formulating differential equations of motion, the angular stiffness of the
impact absorbers has been taken into account.
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Figure 5. Design scheme of the support area.

The calculation results made it possible to establish that the impact absorbers stiffness should be in
the range from 3 kN/m to 10 kN/m. The calculation results for the impact absorber stiffness of 3 kN/m

are shown in Figures 6, 7.
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Figure 6. Accelerations acting on the covered wagon supporting structure in the vertical plane.
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Figure 7. Accelerations acting on the covered wagon supporting structure in the horizontal plane.

In this case, the horizontal accelerations were about 2 m/s? (0.2 g). So, with the use of impact
absorbers in the supporting sectors, it becomes possible to reduce the wagon dynamic loading in
comparison with the case of the rigid interaction of the sector with the frame by almost 25%.

The study of accelerations acting on the wagon supporting structure at different angles of firing
from the military equipment was also carried out (Figure 8). The calculation results are shown in
Figure 9.
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Figure 8. Scheme of conducting fire from  Figure 9. Accelerations acting on the wagon supporting
the military equipment. structure in the horizontal plane.

It can be seen from Figure 10 that the magnitude of the horizontal accelerations decreases when the
firing angle increases. In this case, the value of vertical accelerations increases slightly.

3. The main strength indicators determination of supporting structure of a covered wagon for
the military equipment transportation and for conducting fire

To determine the strength of the covered wagon supporting structure, a finite element analysis has
been performed using the CosmosWorks software [12 — 15]. When creating a finite element model,
spatial isoparametric tetrahedrons have been used. The optimal number of elements was determined by
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the graphical analytical method [16 — 19].

The finite element model of the covered wagon supporting structure is shown in Figure 10. The
number of nodes in the model is 241723, and the number of elements is 693226. The maximum
element size is 80 mm, and the minimum one is 16 mm. The percentage of elements with an aspect
ratio of less than three is 18.8 and the percentage of elements with an aspect ratio of more than ten is
33.6. The minimum number of elements in a circle is 22; and the ratio of increasing the elements size
is 1.8. The material of the wagon supporting structure is steel 09G2S. The model was fixed in the
zones of supporting on the bogies.

Figure 10. Finite-element model of the covered Figure 11. Design scheme of the covered
wagon supporting structure. wagon supporting structure.

When drawing up the design diagram of the covered wagon supporting structure, it has been taken
into account that a vertical static load P,” and the load acting on the support areas when firing, which
was considered as a remote one Py, act on it (Figure 11). It is taken into account that the longitudinal
load Py, which is assumed to be 2.5 MN, acts on the front stops of the automatic coupling. The forces
acting on the support areas P, in the places where military equipment is attached to them are also
taken into account. This force was decomposed into components, taking into account the angles of the
fixing means in space.

The calculation results made it possible to establish that the maximum equivalent stresses are
concentrated in the area of the front stops and are about 315 MPa (Figure 12) and do not exceed the
permissible values [20 — 22]. The maximum displacements are about 3 mm (Figure 13). The
maximum deformations are 5.46 - 10>,
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Figure 12. Stress state of the covered wagon Figure 13. Displacements in the nodes of the
supporting structure (bottom view). covered wagon supporting structure (bottom

view).

Also, within the framework of the study, a modal analysis of the supporting structure of a covered
wagon has been carried out. The values of natural oscillation frequencies are within the permissible
limits, since the first natural frequency has a value of more than 8 Hz [18, 19].

Conclusions
1. A computer model of the supporting structure of a covered wagon for military equipment
transportation and for conducting fire has been created. A special feature of the wagon is that its
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supporting structure has a sliding roof, which allows conducting fire in a vertical plane. The wagon
supporting structure is equipped with a movable double-folding door for loading military equipment,
as well as for conducting fire in a horizontal plane. Military equipment is placed on special support
areas on the wagon frame.

2. Dynamic loading mathematical simulation of the supporting structure of a covered wagon for
transporting military equipment and for conducting fire has been carried out. The studies have been
carried out in a plane coordinate system. It has been taken into account that the muzzle energy of one
piece of military equipment is about 90 kJ. It was found that the accelerations acting on the wagon
supporting structure in the vertical plane are about 6.0 m/s®> (0.6 g). The accelerations are 2.6 m/s?
(0.26 g) in the horizontal plane. That is, the wagon motion can be assessed as “satisfactory”.

In order to reduce the wagon dynamic loading during conduct of the fire while moving, the case of
installing elastic vibration absorbers under the support areas has been also considered. The results of
the calculation made it possible to establish that the stiffness of the impact absorbers should be in the
range from 3 kN/m to 10 kN/m. When using impact absorbers in the support areas, the wagon
dynamic load is reduced by about 25%. in comparison with the case of the rigid interaction of the
sector with the frame.

3. Determination of the main strength indicators of the load-bearing structure of a covered wagon
for military equipment transportation and for conducting fire has been carried out. The calculation has
been carried out using the finite element method in the CosmosWorks software. The calculation
results made it possible to establish that the maximum equivalent stresses are concentrated in the area
of the front stops and are about 315 MPa. The maximum displacements are about 3 mm. The
maximum deformations are 5.46 - 107,

The numerical values of the natural oscillation frequencies of the covered wagon supporting
structure during conduct of the fire have been determined. It was found that the values of natural
oscillation frequencies are within the permissible limits.

The conducted research will contribute to the creation of recommendations for designing of
covered wagons for military equipment transportation and for conducting fire, as well as to increasing
the efficiency of the railway transport operation.
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