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1. Introduction

One of the main factors in the development of the econ-
omy of European countries is the coordinated operation of 
railroad transport as the most used mode of transport at 
present [1, 2]. This is due not only to lower tariffs for the 
transportation process but also to the reliability of transpor-
tation. In order to maintain the leading position of railroad 
transport in the market of transport services, it is important 
to put into operation modern designs of vehicles with im-
proved technical characteristics [3].

To provide a smooth transportation process, the fleet of 
freight wagons includes a large number of types of wagons for 
various types of cargo, including those that require protection 

from atmospheric influences. These are covered wagons that 
are equipped with a roof with loading hatches. This feature al-
lows them to transport not only containers but also bulk cargo, 
for example, grain.

Increasing the efficiency of operation of covered wagons 
is possible through the reduction of their tare. One of the 
options for achieving this is the improvement of the roof as 
the least loaded node of the load-bearing structure in opera-
tion. This improvement may involve changing the geometry, 
profiles of the frame, using new materials, etc. The result of 
such an improvement could make it possible to increase the 
carrying capacity of the covered wagon by the amount of the 
received mass reserve of the supporting structure. This, in 
turn, makes it possible to modernize the existing fleet of cov-
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The object of this paper is the processes of per-
ception and redistribution of loads in the roof of a 
railroad covered wagon with a frame in the form of 
a triangular arch.

To reduce the tare of the covered wagon, it is pro-
posed to improve the structure of its roof. A feature of 
this improvement is that the roof frame is made in the 
form of a triangular arch with a reinforcing belt. This 
contributes to the reduction of the total mass of the 
roof compared to a typical structure. The selection 
of execution profiles of the beams forming the arch is 
carried out according to the maximum values of the 
moments that act in their cross-section. Taking into 
account the chosen profile of the arches, the calcula-
tion of the strength of the roof when it receives ver-
tical loads was carried out. It was established that 
the strength of the roof under the considered load 
schemes is within the permissible stress values. Since 
the improvement of the roof structure contributes to 
the reduction of its weight by 1.8 % compared to the 
prototype, the movement of the covered wagon was 
evaluated under conditions of moving while empty. 
To this end, a mathematical modeling of the load 
of the covered wagon in the vertical plane during 
its movement along the joint unevenness was car-
ried out. On the basis of the performed calculation, 
it was established that the movement of the wagon is 
assessed as “good”.

Special feature of the results is that the reduction 
of the tare of the supporting structure of the wagon 
was achieved by improving its roof, as the least load-
ed unit.

The field of practical application of the results is 
railroad transport, including other areas of mechan-
ical engineering. The conditions for the practical use 
of the results are a symmetrical roof load scheme in 
operation.

The results of this research could contribute to 
advancements related to the design of modern struc-
tures of freight cars with improved technical and eco-
nomic indicators
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ered wagons by reducing their tare without significant capital 
investment. Therefore, research aimed at improving the roof 
of a covered wagon is relevant.

2. Literature review and problem statement

In order to determine the general state of the problem of 
improving the structures of railroad wagons, an analysis of 
literary sources on this topic was carried out. So, for example, 
in work [4], in order to adapt gondola wagons to the trans-
portation of goods that require protection from atmospheric 
precipitation, it is proposed to equip them with a removable 
roof. Such a roof has a frame made of rectangular pipes and 
is attached to the upper strapping of the wagon with a bolted 
connection. The justification for the use of such a roof is car-
ried out by a set of theoretical calculations. As a disadvantage 
of the study, one should note that this roof does not have load-
ing hatches, which reduces its demand in operation.

Work [5] reports the results from determining the stress 
state of the roof of a refrigerator wagon. The authors also 
determined the stability of the roof and performed vibration 
analysis. The shortcomings of this roof structure were iden-
tified, and its additional improvement was proposed. The 
feasibility of this improvement is confirmed by the results 
of the calculations. At the same time, the structure of such a 
roof is designed for a refrigerator wagon and its operation on 
a covered wagon is inappropriate.

Features of the calculation of the strength of the roof of a 
railroad wagon are given in [6]. The calculation was performed 
for the case of a piece of concrete weighing 100 kg falling onto 
the roof. To that end, the authors applied finite element analy-
sis. The calculation was implemented on the condition that the 
roof is made of aluminum, as well as composite. However, the 
authors did not pay attention to the question of determining the 
dynamics of a wagon equipped with such a roof.

The results of determining the local load zones of the roof 
of a thermos wagon are reported in [7]. In this case, the au-
thors performed theoretical calculations of the strength of the 
roof under the action of vertical loads. The results were com-
pared with field studies of the technical condition of the roofs 
of the wagons of this type. Along with this, solutions aimed 
at improving the roof structure are not proposed in the work.

The main achievements related to the issues of the in-
troduction of composite materials in the construction of 
railroad wagons are given in work [8]. The prospects for 
the use of fiber-reinforced composite materials in wagon 
construction are indicated, and possible options for the 
implementation of such implementation are given. The pos-
sibility of using these materials for the manufacture of roofs 
of railroad wagons has been agreed. However, the authors do 
not provide examples of the introduction of such materials 
into the construction of wagons, which are confirmed by 
relevant calculations.

Work [9] proposed measures to improve the design of the 
BCNHL covered wagon. This improvement is aimed at in-
creasing the efficiency of loading and unloading operations 
by introducing improved doors on the wagon. However, the 
authors of the work did not pay attention to the issue of im-
proving the roof of the wagon. This is explained by the fact 
that the work is aimed at improving the design of the wagon 
used on the Indian Railroads. At the same time, the authors 
noted that the issue considered in the paper is of primary 
importance for the operating conditions.

In paper [10], the authors proposed a new design of a 
removable roof of a railroad wagon. The shortcomings of the 
existing roofs are given, and the design of a new structure is 
substantiated. The proposed roof is made in one piece, it has 
a frame containing an interconnected lower frame, transverse 
beams with a sheathing fixed on top, and nodes for attaching 
the roof to the upper bodywork of the freight wagon. The main 
drawback of the roof is the lack of loading hatches in the struc-
ture, which limits the operational properties of this roof. In 
particular, we are talking about the process of unloading bulk 
cargo from the car.

In order to reduce the tare of a covered wagon, it is also 
possible to introduce the latest materials into its construction. 
So, for example, in work [11], the characteristics of a composite 
panel, which has a stepped variable thickness, under the action 
of stresses and deformations are studied. The use of this panel 
is also possible in the constructions of railroad wagons. The au-
thors conducted complex studies that included theoretical and 
experimental tests. The difference between the test results was 
about 7 %. At the same time, the authors did not carry out cal-
culations of this panel under the condition of its use in the body 
of a covered wagon. Work [12] has the same drawback, where 
the effect of deflection in a composite material is determined in 
the case of a local violation of its integrity.

The feasibility of introducing magnesium alloys in the 
construction of vehicles is investigated in paper [13]. Ex-
truded structural elements of the wagon body were designed 
using the optimization theory. The conducted set of theoret-
ical studies proved the expediency of using these materials 
in the structure of the vehicle body. However, the authors 
did not conduct research on the use of this material in the 
construction of a covered wagon with a gauge of 1520 mm.

The rationale for the introduction of polymer composite 
materials in wagon construction is given in [14]. These mate-
rials are proposed to be used in the manufacture of the floor of 
the wagon. The results of experimental studies on the method 
of pressing the composite in a mold are highlighted. At the same 
time, the authors did not consider the possibility of using this 
material in the manufacture of load-bearing elements of bodies.

Features of the use of environmentally friendly com-
posites for the manufacture of vehicles are highlighted in 
work [15]. The results of calculations on the strength of the 
vehicle structure from this material are given. It was estab-
lished that the use of composites that have a natural basis 
in comparison with classical ones is a more rational solution 
from the economic and technical point of view. However, the 
study was conducted on the example of an automobile. The 
study of the feasibility of using such composites in the design 
of railroad wagons was not conducted by the authors.

Our review of the literature [4–15] proves that until 
now the main attention to the improvement of the compo-
nent load-bearing structures of wagons, including roofs, has 
been mostly focused on the introduction of new profiles as 
components of the frame, as well as the use of new materials 
for its implementation. Significant attention was not paid to 
the possibility of changing the geometry of the roof itself. 
Therefore, the issues of improving the structure of the roof 
of the covered wagon require further research.

3. The aim and objectives of the study

The purpose of our study is to determine the characteristics 
of the vertical load of the roof of a covered wagon with a frame in 
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the form of a triangular arch. This could make it possible to im-
prove the technical and economic indicators of the covered wag-
on, and, accordingly, to increase the efficiency of its operation.

To achieve the goal, the following tasks were set:
− to determine the profile of the roof arches, as well as 

investigate its load in the vertical plane;
− to assess the movement of a covered wagon with a roof 

of the proposed design.

4. The study materials and methods

The object of our research is the processes of perception 
and redistribution of loads in the roof of a covered wagon 
with a frame in the form of a triangular arch.

The main hypothesis of this study assumes that the use of 
a roof with a frame in the form of a triangular arch could help 
reduce the total weight of the covered wagon.

A typical roof of a wagon consists of the lower 
frame 1 (Fig. 1), transverse beams 2 with a sheathing 3 fixed 
on top, arched beams 4 [4]. The roof covering is made of 
sheet steel.

The roof is attached to the side and end walls of the cov-
ered wagon with rivets with a diameter of 10 mm [16]. The 
metal frame is lined with 1.5 mm thick sheets. Transoms 
are provided in the end parts of the roof, which prevent 
precipitation from entering the body. Transoms are made of 
metal sheets, 2 mm thick, and can be formed by punching to 
increase rigidity.

Arched beams are made of bent channels. The side 
bindings of the roof are formed by two corners. Sheets of 
outer cladding are welded to the arches and to the binding. 
Between themselves, the sheets of the roof are overlapped 
and, for greater rigidity, are made with transversely placed 
corrugations, which have a height of 22 mm.

On the inside, the roof is lined with moisture-resistant 
plywood in two layers.

It is proposed to reduce the mass of the roof by changing 
its geometry, namely by making a frame in the form of a tri-
angular arch (Fig. 2) [17].

The roof was designed by the method of superimposing 
the contour on a typical roof structure (Fig. 3). In this case, 
the outline of a typical roof is marked in red, and the project-
ed one is marked in black.

The arch execution profile was determined by the mo-
ment of their resistance [18, 19]: 

W=M/[σ], 

where M is the bending moment acting in the cross-section 
of the beam; [σ] – allowable stresses of the material of the 
beam (steel 09G2S).

To determine the bending moment M, an external load 
curve was constructed. In this case, the roof frame is considered 
a rod system with five hinges (Fig. 4) [17]. It was assumed that 
hinges A, C, E are recessed, and B, D are attached. Given this 
assumption, bending moments do not occur in recessed hinges.

The calculation was carried out according 
to the III calculation mode in accordance with the regula-
tory document [20]. The international analog of this stan-
dard is [21]. This mode was taken into account because it is 
one of the main ones from the point of view of force impact 
on the roof.

In accordance with this regime, the following combina-
tion of loads acting on the roof was taken into account:

− the power of the roof’s natural weight;
− vertical dynamic force, which is calculated as the prod-

uct of the force of the roof’s natural weight and the coeffi-
cient of vertical dynamics.

The strength of the roof’s natural weight is assumed to be 
equal to that of a typical structure.

The following formula from [20] was used to determine 
the vertical dynamic load acting on the roof:

2
2

2

4 1
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1 1 exp
4

d st dv
v v

dv
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Р Р

k

k

= ⋅ ⋅ ⋅
β π   π  − − − ⋅ ⋅β    

 	 (1)

where st
vР  is the vertical static load; kdv – coefficient of ver-

tical dynamics; dvk  – the average probable value of the co-
efficient of vertical dynamics; β is a distribution parameter.

Our results were taken into account when constructing 
the diagram of bending moments (Fig. 5).

Analyzing this diagram, we can conclude that the mo-
ment has the maximum value in the area where the hinge 
B is located. Its numerical value was determined from the 
following formula [17]:

Fig. 1. Wagon roof

1 

2 

3 
4 

Fig. 2. Schematic image of the roof cross section (end view)

Fig. 3. Scheme of overlaying the contour of the designed 
roof on a typical cross section

Fig. 4. Design diagram of the roof
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where q is a uniformly distributed load acting on the roof;  
L1 is the horizontal distance from hinge A to hinge B (Fig. 4); 
L2 – horizontal distance from hinge B to hinge C; L is the 
horizontal distance from hinge A to hinge E.

Taking into account the determined bending moment, 
the profile of the roof arches was selected. Using this 
profile, a spatial model of the roof of the covered wagon 
was built (Fig. 6, 7). In this case, the SolidWorks (France) 
software package was used. When constructing the model, 
welding seams between structural elements of the roof were 
not taken into account, that is, the structure was considered 
monolithic.

We determined the main indicators of the strength of the 
roof using the finite element method, which was implement-
ed in SolidWorks Simulation (France) [22, 23]. The finite 
element model of the roof was formed by tetrahedra [24, 25]. 
This type of element was chosen due to the fact that the mesh 
was formed on a solid body. When it was built, the option of 
automatic sealing was used in places of roundings and tran-

sitions in the structure. The number of grid elements was 
determined by the graph-analytical method. The essence 
of this method is to construct the dependence of maximum 
stresses on the number of finite elements. When this depen-
dence begins to be described by a horizontal line, this is the 
optimum number of finite elements. Based on the calcula-
tions, the number of nodes in the model was 276,749, and the 
number of elements was 830,301. The strength calculation 
was carried out according to the Mises criterion [26, 27] 
since the roof is made of steel with isotropic properties.

The frequencies of oscillations were determined for the 
proposed roof structure.

Due to the fact that this roof design is less in weight com-
pared to the typical design, it contributes to the reduction of 
the overall tare of the covered wagon. Such a situation affects 
the change in its dynamics, in particular when moving while 
empty. In the loaded state, these indicators will be compen-
sated by the possibility of increasing the carrying capacity of 
the wagon. Therefore, as part of the research, mathematical 
modeling of the vertical dynamics of a covered wagon with 
an improved roof structure was carried out when moving 
while empty. The solution to the equations of motion of the 
covered wagon was found by using the Runge-Kutta method 
in Mathcad (USA) [28, 29]. When performing the calcu-
lations, it was assumed that the track has elastic-viscous 
properties. It was also taken into account that the geometric 
parameters of the wagon have nominal dimensions, that is, 
the wear of its components was not taken into account.

5. Results of determining the vertical load of the 
roof of a covered wagon with a frame in the form of a 

triangular arch

5. 1. Determining the profile of the roof arches, as 
well as the study of its load in the vertical plane

In accordance with the constructed diagram shown 
in Fig. 5, the maximum value of the bending moment was 
about M=2.5 kN·m. Taking into account the fact that the 
allowable stresses for steel grade 09G2S under the III design 
regime are 220 MPa, then W=11.3 cm3. On the basis of our 
calculations, channel No. 6.5 (Fig. 8) and W=15.0 cm3 were 
chosen as the profile of the arches. This profile was selected 
for technological reasons, namely, the convenience of mount-
ing the cladding sheets to the frame.

The mass of the proposed roof design is 1.8 % lower than 
that of a typical structure.

At the next stage of the calculation, the main indicators 
of the strength of the roof when vertical loads are perceived 
were determined. The calculation scheme of the roof is 

Fig. 5. Diagram of bending moments (kN·m)
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Fig. 6. Spatial model of the roof: 	
a – side view; b – bottom view

a

b

Fig. 7. A covered wagon with an improved roof structure

Fig. 8. Geometric dimensions of the channel
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shown in Fig. 9. This scheme takes into account the effect 
on the entire roof area of the uniformly distributed load Рv, 
which includes the force of the weight of the roof, as well as 
the dynamic load.

Fixation of the roof was modeled by placing rigid 
connections in the areas of its abutment on the body. 
Frictional forces between the roof and the body were not 
taken into account. The calculation results are shown 
in Fig. 10, 11.

The maximum stresses in the roof were recorded in the 
loading hatch areas and amounted to 190.5 MPa (Fig. 10). 
These stresses do not exceed the allowable ones, which are 
220 MPa in accordance with the III calculation regime.

Fig. 11 shows the location of displacements in the roof 
structure. The maximum movements are concentrated in 
the area between the first side of the end parts and the 
second loading hatches. These movements are equal to 
1.61 mm.

Therefore, the strength of the roof under the action of 
vertical loads is ensured.

Also, as part of the research, the self-oscillation fre-
quencies of the roof were determined. To this end, its modal 
analysis was carried out in accordance with the calculation 
scheme shown in Fig. 9. The calculation was carried out 
using SolidWorks Simulation software options, which in-
cludes a special module for such a calculation. This module 
allows one to determine the frequencies and forms of the 
object’s natural oscillations when it is subjected to an ex-
ternal disturbance. The calculation results are summarized 
in Table 1.

Table 1

Numerical values of frequencies of oscillations of the roof of 
a covered wagon

Mode  
number 

Frequency  
value, Hz

Mode  
number

Frequency  
value, Hz

1 81.02 6 89.15

2 84.53 7 89.81

3 86.44 8 94.12

4 88.64 9 102.81

5 88.94 10 108.38

Operational safety was assessed by the 
first natural frequency of oscillations, which 
according to [20] should have a value of at 
least 8 Hz. Therefore, this condition is met 
with the applied design scheme of the roof.

5. 2. Assessing the movement of a covered 
wagon with a roof of the proposed design

Mathematical modeling of its vertical 
load was carried out to assess the movement 
of a covered wagon with a roof of the pro-
posed design. The calculation scheme of the 
covered wagon is shown in Fig. 12. It takes 
into account the presence of six degrees of 
freedom of the wagon: translational and 
angular movements of the body, as well as 
translational and angular movements of the 
first and second bogies in the course of move-
ment. The unevenness of the track was set in 
the form of a harmonic law.

The equations of motion of the estimated 
model are of the following form [30]: 

2
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Fig. 9. Design diagram of the roof

Pv 

Fig. 10. Stressed state of the roof
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Fig. 11. Displacements in the nodes of the roof structure
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where M1, M2 – mass and moment of inertia of the covered 
wagon body during translational and angular movements, 
respectively; M3, M4 – respectively, the mass and moment 
of inertia of the first moving bogie during translational 
and angular movements; M5, M6 – respectively, the mass 
and moment of inertia of the second bogie in the course 
of movement during translational and angular move-
ments; Cij – characteristic of the elasticity of the elements 
of the oscillating system; Bi is the scattering function;  
a – half of the bogie base (model 18-100); qi – generalized 
coordinates corresponding to translational and angular 
movements of the wagon; ki – track stiffness; βi – damping 
coefficient; FFR – friction force in spring suspension; ηi is 
a joint inequality.

The input parameters of the mathematical model are 
the technical characteristics of the body of a covered wag-
on, the spring suspension of bogies, as well as the disturb-
ing action. The basic parameters of the disturbing action 
are summarized in Table 2 [30].

The calculation was performed on the example of a 
covered wagon moving at a speed of 70 km/h. The initial 
movement of the body was taken to be equal to 0.004 m, 
and the bogies to 0.003 m [30]. The initial velocities were 
assumed to be zero [31, 32]. On the basis of the performed 
calculations, the indicators of the dynamics of the cov-
ered wagon, which are used to assess its movement, were 
determined.

Table 2

Input parameters to the mathematical model

Parameter name Value

Damping coefficient, kn∙s/m 200

Rigidity of track, kn/m 100,000

Amplitude of irregularity, m 0.01

The length of the irregularity, m 25

Accelerations acting on the load-bearing structure 
of the covered wagon at the center of mass amounted to 
4.2 m/s2 (0.42 g); they occur when the wagon passes the 
bump (Fig. 13).

At the same time, the coefficient of vertical dynamics of 
the covered wagon was about 0.6 (Fig. 14).

The calculations allow us to conclude that the wagon’s 
movement is assessed as “good” in accordance with regula-
tory documents.

6. Discussion of results of analyzing the vertical load on 
the roof of a covered wagon with a frame in the form of a 

triangular arch

To reduce the tare of the covered wagon, it is proposed 
to improve the roof by making it in the form of a triangular 
arch (Fig. 2). In order to determine the execution profiles of 
the arches, the calculation of the bending moments acting in 
its cross-section from a uniformly distributed load was carried 
out (Fig. 5). The results made it possible to establish that the 
channel is the most rational arch profile (Fig. 8). To justify the 
use of this profile, a spatial model of the roof was built (Fig. 6) 
and strength calculations were performed. The results of these 
calculations established that the maximum stresses in the roof 
are 190.5 MPa (Fig. 10). These stresses are recorded in the 
areas where loading hatches are located. It must be said that 

they do not exceed the allowable values and the strength 
of the roof when vertical loads are perceived is observed. 
The maximum displacements amounted to 1.61 mm and 
were concentrated in the area between the first from 
the side of the end parts and the second loading hatch-
es (Fig. 11). A modal analysis of the roof was carried out 
for the safety of its operation. The results of our calcula-
tion showed that the value of the first natural frequency 
of oscillation was more than 8 Hz (Table 1). This allows 
us to conclude that from the point of view of frequency 
analysis, operational safety is provided for.Fig. 12. Covered wagon design diagram
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Since the improvement of the roof contributes to the 
reduction of its mass, the movement of the covered wagon 
while empty was evaluated by the joint unevenness. It was 
established that the accelerations acting on the body of the 
covered wagon at the center of mass were 4.2 m/s2 (Fig. 13) 
with a coefficient of vertical dynamics of 0.6 (Fig. 14). 
Therefore, the movement of the wagon is assessed as “good”.

For the convenience of maintaining the wagon, the roof 
can be supplemented with appropriate tools.

This study has certain advantages in comparison with 
known ones. Thus, in contrast to works [4, 10], the roof design 
assumes the presence of loading hatches. This allows trans-
portation and safe unloading of bulk cargo from the wagon. 
Compared to the roof design suggested in [5], the proposed 
structure is much simpler and more convenient in mainte-
nance. In contrast to work [6], we have proposed not only an 
improved roof design but also evaluated the movement of a 
covered wagon equipped with this roof. In comparison with 
the results reported in [7], we have suggested measures to 
improve the roof structure, which contribute to reducing its 
mass. A distinctive feature of our results compared to those in 
[8] is that we have not only proposed the improvement of the 
roof but also carried out its scientific justification. In compar-
ison with the results in [9], the improvement of the technical 
indicators of the wagon was achieved by improving its roof. 
Unlike works [11–15], the proposed improvement does not 
require significant capital investments. Note that the intro-
duction of advanced materials in the construction of railroad 
wagons is a rather expensive measure.

The limitation of this study is that when calculating the 
strength of the roof, it was fastened around the perimeter of 
its lower strapping. In this case, rigid fixation was used. In 
reality, the roof is fastened with rivets or bolts, which are 
placed with the appropriate step. In the case of weakening 
of any of them, the degree of freedom of the roof may occur. 
This study does not consider such a case.

As a drawback of the study, we note that the roof was 
considered a monolithic structure during the calculations. 
That is, welding seams between its individual components 
were not taken into account.

The conditions for the practical use of the research re-
sults are a symmetrical roof load scheme in operation.

The further development of this research is the determi-
nation of the strength of the roof when it perceives longitu-
dinal and lateral loads.

The potentially expected effect of using the results of our 
study is advancements in the design of modern freight wagon 
structures with improved technical and economic indicators.

7. Conclusions 

1. The profile of arches for a wagon roof has been deter-
mined; its loading in the vertical plane was also investigat-
ed. The profile of the arches was selected according to the 
maximum bending moments. Taking into account our cal-
culations, channel No. 6, 5 with a wall thickness of 4.4 mm 
and W=15.0 cm3 were chosen for the profile of the arches.

The results of calculating the strength of the roof 
showed that the maximum stresses in the roof occur in 
the areas where loading hatches are located and amount 
to 190.5 MPa. In this case, these stresses are 13.4 % low-
er than permissible. This allows us to conclude that the 
strength of the roof under the applied design regime is 
ensured.

2. The movement of a covered wagon with a roof of the 
proposed design has been assessed. The calculation was per-
formed on the example of a covered wagon moving at a speed 
of 70 km/h. It was established that the maximum accelera-
tions acting on the body of the covered wagon at the center 
of mass were equal to 4.2 m/s2. In this case, the coefficient 
of vertical dynamics was 0.6. Therefore, the movement of the 
covered wagon while empty can be rated as “good”.
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