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1. Introduction 

The National Transport Strategy until 2030 identifies 
the development of rolling stock as one of the most import-
ant areas of development of railroads in Ukraine. Ensuring 
the competitiveness of the railroad industry necessitates 
the commissioning of modern rolling stock structures 
with improved technical, economic, and operational indi-
cators [1, 2]. In addition, the design of such rolling stock 
should provide the ability to reduce the cost of its main-
tenance.

It is known that the most common type of car on rail-
roads of 1520 mm gauge are gondola cars. At the same time, 
this type of car is one of the most damaged.

Analysis of the technical condition of gondola cars led to 
the conclusion that during operation there is damage to the 
sheets of cladding of their bodies (Fig. 1).

These damages may be caused by a violation of the tech-
nology of loading and unloading operations, the presence of 
a natural degree of freedom, or asymmetry of the placement 
of transported goods, and as a result of the additional load 
of the body under operating conditions [3, 4]. The presence 
of such damage not only affects the safety of the transported 
goods but also threatens the safety of train traffic, the envi-
ronmental safety of the transported goods, etc. This neces-
sitates devising measures aimed at ensuring the strength of 
the sheets of cladding of gondola bodies during operation. 
Therefore, research into this area is quite relevant.
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The object of research is the processes of emer-
gence, perception, and redistribution of loads in the 
body of a universal railroad gondola with a clad-
ding of corrugated sheets.

To improve the strength of the sheets of clad-
ding, it is proposed to strengthen the most loaded 
area in terms of height (1/3 of the bottom tie-up) 
with horizontal corrugations. Determination of the 
geometric parameters of the corrugation is carried 
out by the moment of resistance of the sheet. The 
dynamic load of the gondola body with improved 
cladding was determined by mathematical model-
ing. The fluctuations of the jump were taken into 
consideration, that is, the translational movements 
of the body relative to the vertical axis. The results 
of the solution of the mathematical model have made 
it possible to conclude that the studied dynamics 
indicators are within the permissible limits while the 
car movement is estimated as “excellent”.

The calculation was performed of the strength 
of the body of a gondola with improved cladding. 
It has been established that the strength of the gon-
dola body under the main operating load modes is 
ensured. According to the results of calculations of 
static strength, the calculation was performed of 
the fatigue strength of the gondola body. It must be 
said that the fatigue strength of the body cladding 
increases by 3.7 % compared to the typical one.

A feature of the results obtained is that the pro-
posed improvement of the cladding can be carried 
out not only at the design stage but also during 
repairs of cars. 

The scope of practical use of the results includes 
the engineering industry, in particular railroad 
transportation. At the same time, the conditions for 
the practical application of the research results are 
compliance with the requirements for loading and 
unloading operations of gondola cars.

The results of the current research will contrib-
ute to devising recommendations for the design of 
modern structures of gondolas and for improving 
the efficiency of their operation
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2. Literature review and problem statement

The issues of improvements in the supporting struc-
tures of gondola cars are quite relevant, which is confirmed 
by a large number of publications. So, for example, work 
[5] proposed to improve the cladding of the body of a gon-
dola by using composite material. This solution will help 
improve the strength of the body, reduce its packaging, 
corrosion damage, etc. The study was conducted on the 
example of the end door of a gondola car. The results of 
the calculations confirmed the rationality of the proposed 
implementation. At the same time, the use of composite 
material significantly increases the cost of manufacturing a 
gondola car, especially at their undustrial production.

In [6], the design of a gondola with a cladding made of 
steel of grades 16G2AF and 18G2AFps is proposed. The 
use of such material for the manufacture of cladding will 
help reduce the body’s natural weight and increase carrying 
capacity. The results of numerical experiments on optimiz-
ing the thickness of the components of the body, as well as 
testing the optimized structure for strength, are given. It 
must be said that the reduction of car tare contributes to an 
increase in the dynamic loads that act on it when driving in 
an empty state. In this regard, the issues of reducing the tare 
must necessarily be accompanied by dynamic calculations to 
comply with these loads within the permissible limits. How-
ever, such calculations are absent in the work.

The expediency of using magnesium alloys in the sup-
porting structures of vehicles, including for the manufac-
ture of cladding, is considered in [7]. This solution will 
help reduce the tare of cars compared to prototype designs 
while ensuring sufficient operational strength. At the same 
time, the cited paper does not investigate the impact of the 
proposed optimization on the dynamic indicators of car 
movement. 

Of scientific interest is study [8], which provides a justifi-
cation for the use of polymer composite materials in the con-
struction of cars. The study was conducted on the example of 
flooring of the car. The results of experimental studies on the 
method of pressing composite in the form are highlighted. It 

is important to say that the possibility of using this material 
in the manufacture of wall cladding of bodies by the authors 
has not been considered.

To improve the strength of the cladding of the side walls 
of the freight car, the authors of work [9] proposed the intro-
duction of laminated composite materials for its manufac-
ture. The results of determining the optimal thickness of the 
walls of the car body, provided that its strength is ensured, 
are given. The expediency of the proposed solution has been 
proven. However, such material is quite expensive, which 
hinders its widespread use in car building.

The justification for the use of composite panels in the 
constructions of freight cars was carried out in [10]. This 
solution will help reduce damage to the components of the 
bodies during operation. The results of the calculation on 
the strength of the supporting structure of the car are given. 
A method of placing composite panels in the inner space of 
the body is proposed. 

Features of the use of composite panels in the designs 
of freight cars are also covered in [11]. This implementation 
is proposed to be carried out during the modernization of 
wagons to protect against corrosion damage and facilitate 
the unloading of goods in winter conditions. The authors 
substantiated the use of composite elements (panels) on the 
example of side walls. One must say that such an implemen-
tation will rather complicate the process of maintenance and 
repair of cars during operation, which will cause the need for 
additional costs for their maintenance.

To reduce damage to the cladding of the side and end 
walls of gondola cars, the authors of work [12] proposed their 
manufacture from articulated shells filled with energy-ab-
sorbing material. The calculation is implemented on the 
example of foam aluminum. The results of the calculations 
established that, taking into account the proposed improve-
ment, it is possible to improve the strength of the supporting 
structure of the gondola by 8 %. However, this implementa-
tion is quite complicated from a technical point of view, as 
well as in terms of cost.

Our review of literary sources [5–12] allows us to 
conclude that the issues of improvements in the bodies of 
gondola cars are quite relevant and important. At the same 
time, they need further development in order to increase the 
efficiency of their functioning.

3. The aim and objectives of the study

The aim of this study is to determine the possibilities of us-
ing corrugated sheets in the cladding of the side walls of a gon-
dola car. This will help reduce damage to the wall cladding, and, 
accordingly, the cost of unscheduled repairs of gondola cars. 

To accomplish the aim, the following tasks have been set:
– to substantiate the structural features of the cladding 

of the side walls of the gondola;
– to determine the dynamic load of the gondola body;
– to determine the strength of the gondola body under 

basic operational load modes.

4. The study materials and methods

The object of research is the processes of emergence, per-
ception, and redistribution of loads in the body of a universal 
gondola with a cladding of corrugated sheets.

Fig. 1. Damage to the sheets of cladding of the gondola body: 
a, c, d  – in the zone of interaction with the lower strapping; 

b – in the zone of interaction with the corner stand

a b

c d
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The main hypothesis of the study assumes that improv-
ing the strength of the wall cladding is possible by increasing 
the momentum of resistance in the most loaded areas.

Typical body cladding on most gondolas of the 1520 mm 
track fleet consists of sheets that are formed by stamp-
ings (Fig. 2, a) or are smooth (Fig. 2, b). On outdated struc-
tures of gondola cars, stampings are also used, but of a 
different configuration than in modern ones (Fig. 2, c). The 
cladding of the end walls can be represented by corrugated 
sheets (Fig. 2, d). 

The thickness of the sheets of cladding of the side walls is 
variable in height: 5 mm – at a height of 1/3 from the lower 
strapping and 3 mm – at a height of 2/3 of the sheet.

To improve the strength of the sheets of cladding, it is 
proposed to strengthen the most loaded area in height (1/3 of 
the lower tying) with horizontal corrugations (Fig. 3).

To determine the dynamic load of the gondola body, 
mathematical modeling was carried out. The fluctuations of 
bouncing were accounted for, that is, the translational move-
ments of the body relative to the vertical axis [13, 14]. It is 
taken into account that the car is moved in an empty state 
over a rail irregularity, which has the appropriate elasticity 
and viscosity. To determine the main indicators of the dy-
namics of the gondola car, an estimation scheme was drawn 
up, shown in Fig. 4.

In this case, the system of differential equations of mo-
tion of a gondola takes the form:

( ) ( )( )

( ) ( )

( ) ( )
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1 2

2 2 2,1 1 2,2 2 2,2 2
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	  (1)

where M1 – the mass of the supporting structure of the 
gondola car; M2, M3 – the mass, respectively, of the first 
and second trolleys; Cіj – elasticity characteristics of the 
elements of the oscillatory system, which are determined by 
the values of the coefficients of spring stiffness kS; k – track 
rigidity; Bij – dissipative coefficients; β – damping coeffi-
cient; FFR – friction force in the spring set of the trolley; 
δi – deformation of elastic elements of spring suspension; 
ηi – irregularity of the track.

The matrix of elastic coefficients can be written as

2

2 0 .

0 2

S S S

S S

S S

k k k

С k k k

k k k

⋅ − − 
 = − − + 
 − − + 

  	 (2)

The matrix of dissipative coefficients is recorded as follows

0 0 0

0 2 0 .

0 0 2

B
 
 = ⋅β 
 ⋅β 

 	 (3)

Track irregularity was given in the form of a periodic law

( ) ( )1 cos ,t A tη = ⋅ − ω⋅
	

 (4)

where A is the amplitude of irregularity; ω – frequency of 
irregularity; t – the time of the oscillatory process.

The system of differential equations of motion was solved 
using the software suite MathCad (USA) [15, 16]. The start-
ing conditions are set to zero [17–19]. This choice is justified 
by the fact that the calculation was carried out with the 
nominal parameters of the components of the car body.

Fig. 2. Variants of the cladding of gondola bodies: 	
a, c – stamping; b – smooth; d – corrugated 

a b

c d

Fig. 3. The body of a gondola with improved cladding

Fig. 4. Estimation scheme of the gondola
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The acceleration value obtained by mathematical mod-
eling is taken into account when calculating the strength 
of the gondola body. For this purpose, the method of finite 
elements is applied [20–23]. This method was chosen as 
a calculation because it is the most common in the calcu-
lation of car structures for strength. The calculation was 
carried out in the software package SolidWorks Simula-
tion (France) [24–27]. Due to the fact that the car body is 
made of steel, which is an isotropic material, the von Mises 
criterion was chosen as the calculated one. At the same time, 
a gondola of model 12-757 was taken as a prototype. This 
gondola is four-axle and has 14 covers of unloading hatches. 
The car tare is 25 tons, and the carrying capacity is 69 tons, 
the car is designed in the dimensions of 1–VM (O–T) and 
has a length behind the end beams of 12.8 m, and the max-
imum width is 3.22 m. Trolleys of the model 18–100 are 
installed under this type of car.

When building a spatial body model, elements that strict-
ly interact with each other, welding or rivets are taken into 
account. Since the hatch covers have a hinged fastening, they 
were not taken into account in the model. The spatial model 
was created as an assembly, which then turned into a detail. 
These operations were carried out by importing the model 
into the AutoCAD software package (USA). When creating 
the model, welding seams were not taken into account.

When drawing up the estimation scheme of the gondola 
car, it is taken into account that it is affected by the vertical 
load Рv, the spreading pressure of the bulk cargo Рb, as well 
as the longitudinal load Рl (Fig. 5).

The bulk cargo spreading pressure (of coal) is cal-
culated according to formula (5) in accordance with 
DSTU 7598:2014. "Freight cars". General requirements for 
calculations and design of new and modernized cars of 
1520 mm (non-self-propelled) track. It must be said that 
there is a foreign analog to this standard – EN 12663–2. 
Railroad applications – structural requirements of railroad 
vehicle bodies – Part 2: Freight wagons:

2tg ,
4 2pP g H
π ϕ = γ ⋅ ⋅ ⋅ − 

 
  	 (5)

where γ – density of bulk cargo, t/m3; 
H – height of the side wall, m;
φ – the angle of natural slope of the cargo, rad;
g – acceleration of gravity, m/s2. 

When determining the pressure of the load on the end 
walls, passive pressure was also taken into account. The 
value of the passive pressure is determined by (5), in which 
the square of the tangent of the difference between the two 
angles is replaced by the square of the tangent of their sum 
and taking into account the coefficient of vertical dynamics, 
as well as the angle of natural slope.

The model was fixed for the heels and was modeled by 
making rigid connections [28–30]. This did not take into 
account the possible friction forces between the heels and 
the thrust bearings.

In the preparation of the finite-element model, isopara-
metric tetrahedra were used [31, 32] (Fig. 6). This element 
was chosen due to the fact that the grid was created on a solid.

The number of nodes of the model is 570153, ele-
ments – 180832. The maximum size of the element was 
100 mm, the minimum – 20 mm. As a material of construc-
tion, steel of grade 09G2C is used, which is typical for the 
manufacture of bodies.

According to the results of calculations of static strength, 
the calculation was performed of the fatigue strength of the 
gondola body. In this case, the options of the SolidWorks 
Simulation software package are used. The fatigue curve is 
obtained based on ASME carbon steel curves. The test base 
was 10.7 cycles.

5. Results of determining the load of the body of a 
gondola car with a cladding of the side walls made of 

corrugated sheets

5. 1. Justification of the structural features of the 
cladding of the side walls of the gondola

To determine the geometric parameters of the corruga-
tion, the lower part of the cladding sheet in height of 1/3 of 
the lower strapping is considered as a thin-walled slab. In 

this case, the moment of resistance of the sheet 
was used as the determining parameter. For this 
purpose, spatial models of sheets were built in the 
SolidWorks software package (France) (Fig. 7, 8) 
and with the help of built-in options, the moments 
of their inertia were determined. After that, ac-
cording to the dependence known from [33, 34], 
the moments of resistance of the sheets were de-
termined:

,
I

W
z

=  	 (6)

where z is the distance from the geometric center of gravity 
of the cross section to the corresponding axis.

Using the options of the SolidWorks software package, it 
is established that the moment of inertia of the cross-section 
of a typical sheet is 15884.5 cm4, and the moment of resis-
tance is 4741.6 cm3.

Fig. 5. Estimation scheme of the body of a gondola car

Рv

РlРb 

Fig. 6. Finite-element model of the body of a gondola car
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Taking into account the determined moment of in-
ertia, the selection of the corresponding diameter of the 
corrugated sheet was carried out at which the moment 
of inertia has a value exceeding the one specified above. 
The thickness of the sheet is taken equal to 3 mm. Based 
on the calculations performed, the moment of inertia 
of the sheet was 18413.8 cm4, and the moment of resis-
tance – 7279.8 cm3. The mass of the sheet is 6.2 % lower 
than the mass of a typical sheet.

5. 2. Determination of the dynamic load of the 
gondola car body

Evaluation of the car ride was carried out in accor-
dance with DSTU 7598:2014. Freight cars. General 
requirements for calculations and design of new and 
modernized cars of 1520 mm (non-self-propelled) track are 
carried out according to accelerations in the center of mass 
and the coefficient of vertical dynamics. Therefore, we lim-
ited ourselves to determining only the basic parameters of 
the dynamics of the car.

According to the results of the solution of the mathe-
matical model (1), accelerations were obtained, which op-
erate in the center of mass of the car body (Fig. 9), as well 
as in the zones of support on trolleys (Fig. 10).

Fig. 9 shows that the maximum acceleration oper-
ating in the center of mass of the gondola car body is  
2.9 m/s2 (0.29 g). The resulting acceleration value is with-
in the permissible values and corresponds to the “excel-
lent” ride of the car. The acceleration of the body in the 
zones of rest on the trolleys is 9.2 m/s2 (0.92 g), (Fig. 10). 

An important parameter by which the dynamic qual-
ities of the car are evaluated is the coefficient of vertical 
dynamics. Its definition is carried out as follows [13]:

,SS
dv

B

Р
k

Р
= 			   (7)

where РSS is the force arising in the spring suspension of 
the trolley; PB – the load force of the trolley by the car 
body.

To determine the force in spring suspension, the formula 
from [13] was used:

sign ,SS B FRР k F= ⋅δ + ⋅ δ 	  	  (8)

where δ, δ  respectively, is the deformation of the elastic 
elements of spring suspension and the rate of deformation. 

Taking into account the calculations performed, the 
force in a spring suspension was obtained (Fig. 11) and the 
coefficient of vertical dynamics (Fig. 12).

Therefore, the coefficient of vertical dynamics was 0.51. 
This value corresponds to the “excellent” ride of the car.

Fig. 7. Spatial model of a typical sheet
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Fig. 8. Spatial model of the improved sheet
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Fig. 9. Acceleration of the body in the center of mass
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Fig. 10. Acceleration of the body in the areas of support on trolleys
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Fig. 11. Force in a spring suspension of the trolley
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The calculation was carried out 
for the movement of the gondola in 
the loaded state. At the same time, 
the acceleration of the body in the 
center of mass was 1.6 m/s2 (0.16 g). 
Body acceleration in trolley support 
zones – 2.4 m/s2 (0.24 g). The co-
efficient of vertical dynamics is 0.2. 
The calculated dynamics indicators 
are within the permissible values in 
accordance with DSTU 7598:2014. 
Freight cars. General requirements 
for calculations and design of new and 
modernized cars of 1520 mm (non-
self-propelled) track.

5. 3. Determining the strength 
of a gondola body under basic oper-
ational load modes

The calculation results for the mode of movement of 
the car as part of a train (estimation mode III) are shown 
in Fig. 13–15. Analyzing these figures, we can conclude 
that the maximum stresses occur in the cantilever part 
of the girder beam and are 177.7 MPa, which is lower 
than the permissible ones (Fig. 13). At the same time, 
210.0 MPa was taken for permissible stresses under estima-
tion mode III, and 310.5 MPa under mode I. The numerical 
values of permissible stresses correspond to those specified 
in DSTU 7598:2014. Freight cars. General requirements 
for calculations and design of new and modernized cars of 
1520 mm (non-self-propelled) track. 

The maximum stresses in the third rack side of the con-
sole are 161.7 MPa (Fig. 14). The maximum movements in 
the body of the gondola are fixed in the upper strapping and 
are equal to 5.8 mm (Fig. 15).

Also, the calculation was carried out for other estimation 
modes. The results of the calculation are given in Table 1.

Based on the data provided in Table 1, we 
can conclude that the strength of the body of 
the gondola is ensured under operational load 
modes.

According to the results of calculating the 
static strength of the gondola body, the calcu-
lation for fatigue strength was carried out using 
the options of the SolidWorks Simulation soft-
ware package. The results of these calculations 
led to the conclusion that the fatigue strength of 
the body with the applied test base is ensured. 
It must be said that the fatigue strength of the 
body cladding increases by 3.7 % compared to 
the typical one.

Also, as part of the study, an indicator of 
the biaxiality of the gondola body was deter-
mined (Fig. 16). 

Fig. 13. The stressed state of a gondola body
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Fig. 14. Distribution of stresses by the height of the 
vertical stand
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Fig. 15. Movement in the nodes of a gondola car body
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Table 1

Indicators of the gondola body strength under operational load modes

Strength indicator

Load mode

Mode І Mode ІІІ 

impact pull compression stretching impact-compression pull-stretching

Stress, MPa 307.4 287.4 282.3 279.4 177.7 164.3

Movement in nodes, mm 5.8 5.8 5.7 5.7 5.8 5.7



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 2/7 ( 122 ) 2023

12

This indicator characterizes the ratio of the minimum 
stress arising in the body to the maximum.

6. Discussion of results of determining the load of the 
body of a gondola car with a wall cladding made from 

corrugated sheets 

To improve the strength of the sheets of cladding, 
it is proposed to strengthen the most loaded area in 
height (1/3 of the bottom tie-up) with horizontal corruga-
tions. Determination of the parameters of the corrugation 
is carried out at the moment of resistance of the cladding 
sheet, provided that it is maintained higher than that of 
the typical one. The thickness of the sheet is assumed to 
be 3 mm. Based on the calculations performed, the resis-
tance moment was 7279.8 cm3. The sheet weight is 6.2 % 
lower than the mass of a typical sheet.

To determine the dynamic loads that act on the body of 
a gondola car, taking into account the proposed technical 
solutions, mathematical modeling was carried out. It was 
established that the maximum acceleration acting in the 
center of mass of the gondola car body is 2.9 m/s2 (Fig. 9). 
The resulting acceleration value is within the permissible 
values and corresponds to the “excellent” ride of the car. 
Other indicators of dynamics are also within the permis-
sible limits.

The results of strength calculations showed that the 
maximum stresses in the third rack on the side of the console 
are 161.7 MPa (Fig. 14). These stresses occur at the bottom 
of the rack. In its middle part, they decrease and further, 
in height of the racks, increase slightly and amount to 
about 150 MPa. In the cladding, the maximum stresses were 
about 80 MPa. At the same time, the maximum movements 
in the body of the gondola appear in the upper strapping and 
are equal to 5.8 mm (Fig. 15). 

The calculation was performed of the fatigue strength of 
the gondola body. It was found that the fatigue strength of 
the body cladding increases by 3.7 % compared to the typical 
one. We calculated an indicator of biaxiality of the body. Its 
greatest value is observed in the second sections from the 
console part (Fig. 16). This can be explained by the fact that 
the model is fixed on the heels and, accordingly, the greatest 
biaxiality arises along this section of the body.

The resulting acceleration value is taken into account 
when calculating the strength of the gondola body. The 

results of the calculations showed that the maxi-
mum stresses in the body structure under the main 
operating modes do not exceed the permissible 
values (Table 1). According to the static calcula-
tions carried out, the determination of the fatigue 
strength of the gondola body was carried out. It 
was established that the fatigue strength of the 
body cladding, taking into account the proposed 
improvement, increases by 3.7 % compared to the 
typical one.

The advantage of this study in comparison 
with [5, 8–12] is that the proposed improvement 
does not necessitate significant capital investments 
for its commissioning. In comparison with the mea-
sures covered in works [6, 7], the improvement of 
the gondola car body is justified not only in terms of 
strength but also in the dynamic qualities of the car.

The limitation of this study is that it does not 
take into account the overtime modes of body loading: 
loading and unloading, transportation on railroad ferries, 
etc. That is, the most common modes of operation of the 
car – I and III – are taken into account.

The disadvantage of this study is that the calculation of 
strength is implemented in quasi-statics. 

As a further development of this study, it is necessary 
to note the need for a physical experiment. It is advisable to 
apply methods of likeness and electrical strain gauge. These 
issues will be considered in the future.

7. Conclusions 

1. The substantiation of the structural features of the 
cladding of the side walls of the gondola was carried out. 
In this case, it is proposed to strengthen the most loaded 
zone in terms of height (1/3 of the lower strapping) with 
horizontal corrugations. The calculation of the parameters 
of the corrugation is carried out according to the moment 
of resistance of the cladding sheet. It must be said that 
the mass of such a sheet is 6.2 % lower than the mass of a 
typical sheet.

2. The determination of the dynamic load of the 
gondola body is carried out. The maximum acceleration, 
which operates in the center of mass of the gondola body, 
was 2.9 m/s2 (0.29 g). The resulting acceleration value is 
within the permissible values and corresponds to the “ex-
cellent” ride of the car. The acceleration of the body in the 
zones of support on the trolleys is 9.2 m/s2 (0.92 g). The 
coefficient of vertical dynamics was 0.51. 

The calculation was performed for the case of the move-
ment of the gondola in the loaded state. The acceleration of 
the body in the center of mass was 1.6 m/s2 (0.16 g). The 
acceleration of the body in the zones of support on the trol-
leys – 2.4 m/s2 (0.24 g). The coefficient of vertical dynamics 
is 0.2. The calculated dynamics indicators are within the 
permissible limits.

3. The strength of the gondola body under the basic opera-
tional load modes is determined. It was established that under 
the most unfavorable mode of operation (impact), the maxi-
mum stresses occur in the cantilever part of the spinal beam 
and amount to 177.7 MPa, which is lower than the permissible. 
In the cladding, the maximum stresses were about 80 MPa. 
The maximum movements in the body of the gondola are fixed 
in the upper strapping and are equal to 5.8 mm. 

Fig. 16. Indicator of the biaxiality of the supporting structure of 
the gondola

Biaxiality 
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– 0.500
– 0.667
– 0.833
– 1.000
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The calculation was performed of the fatigue strength of 
the improved structure of the gondola body. The calculations 
carried out showed that the fatigue strength of the body of 
a gondola with a test base is provided. The fatigue strength 
of the body cladding increases by 3.7 % compared to the 
typical one.
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