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This paper reports determining the basic strength indi­
cators for the removable roof of a railroad gondola. It has 
been established that the typical roof design has a signifi­
cant margin of safety in the components of the supporting 
structure. In order to reduce the roof material intensity, 
the reserves of its strength have been determined and opti­
mized based on the criterion for minimal material intensity. 
Pipes of square cross-section have been proposed for using 
as the components of the roof frame.

When taking into consideration the proposed mea­
sures, it becomes possible to reduce the mass of the frame 
of the removable roof for a railroad gondola by almost 15 % 
compared to the typical design. At the same time, to apply 
the roof on different types of gondolas, its cantilevered 
parts can move in a longitudinal plane. It is possible to use 
deflectors on the removable roof. The roof can be attached 
to the body in a regular way. It is also possible to fix it using 
shog-connections.

To substantiate the proposed solution, the strength of 
the improved structure of the removable roof was deter­
mined. It was established that the maximum equivalent 
stresses in the load-bearing structure of the removable 
roof did not exceed permissible ones. To define the indica­
tors of removable roof dynamics, its dynamic loading was 
investigated. The calculation was performed in a flat coor­
dinate system. The oscillations in bouncing and galloping 
were taken into consideration as the most common types 
of a railroad car oscillations when running on a rail track. 
The mathematical model of dynamic loading was solved in 
the Mathcad software package (Boston, USA). The study 
has shown that the acceleration of the body in the center of 
masses is 0.4 g and is within the permissible limits. At the 
same time, the ride of a railroad car is excellent.

The study reported here would contribute to the improve­
ment of the efficiency of railroad transportation
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1. Introduction

The accelerated pace of integration of Euro-Asian states 
into the system of international transport corridors prede-
termines the need to improve the efficiency of railroad cars 
utilization in international traffic.

To ensure a timely transportation process, it is important 
to have an appropriate type of rolling stock for the transpor-
tation of the specified range of cargoes.

The study of statistics of cargo transportation in inter-
national traffic through the territory of Euro-Asian states 
suggests that the most common among them are bulk, loose, 
and piecewise. The latter need protection from precipitation 
during transportation. 

The replenishment rate of the Ukrzaliznytsya railroad car 
fleet in recent years is insignificant. This predetermines the 
need to implement new technical solutions aimed at improv-
ing the load-bearing structures of car bodies.

The efficiency of railroad gondolas utilization that are 
the most common type of cars can be improved by using 

a  removable roof on them. Such a solution would allow the 
transportation of not only bulk and loose cargoes in them but 
also those that need protection from precipitation. 

One of the first designs of railroad cars with a roof that 
can be opened for loading a body with cargo was develo
ped in 1955–1958. The roof opening drive was manual  
or electric.

In 1970, the «Altai Railroad Car Building Plant» also 
designed a car structure with a roof that opened in the trans-
verse plane and was equipped with enlarged doorways, which 
allowed loading and unloading the car along the entire length 
of the body. That enabled a wider mechanization of load-
ing and unloading operations when performing them both 
through the roof and through the doorway [1].

The existence of a removable roof increases the tare of 
the car. Thus, its spring mass increases. That affects the 
indicators of the movement of the car and its dynamic load. 
To expand the functionality of the car while providing for 
appropriate movement indicators, it is important to minimize 
the tare of a removable roof.



Applied mechanics

19

Therefore, it is important to conduct appropriate re-
search in this area in order to adapt the load-bearing struc-
tures of railroad cars to the transportation of cargoes that 
need protection from precipitation.

2. Literature review and problem statement

Measures to improve the load-bearing structure of a rail-
road gondola in order to increase traffic safety in the 
transportation of cargoes whose height exceeds the upper 
dimensions are described in work [2]. A variant of the rod 
in an extendable rack is offered. However, that design is not 
adapted to the possibility of perception of significant loads 
that occur in operation.

The study of the strength of the load-bearing structure of 
a railroad gondola is reported in [3]. The authors provide the 
results from determining the fatigue durability of a welded 
body structure. They also proposed measures to improve the 
efficiency of railroad gondola operation. 

In work [4], the strength of the bearing structure of the 
Zans-type car was determined. The car has an improved 
design and enhanced technical and economic characteristics. 
The strength calculation was implemented by the method of 
finite elements. The calculation results confirmed the expe-
diency of solutions adopted in the design. It is important to 
say that the design of such a car structure does not provide 
for an increase in its universalization.

Work [5] determined the strength of the load-bearing 
structure of a freight car. The fields of dislocation of maxi-
mum equivalent stresses were defined taking into conside
ration operational loads. At the same time, the design of this 
type of car is specialized and it cannot be used to transport  
a wide range of cargoes. 

The features of optimization and improvement of the 
load-bearing structures of cars are described in [6]. At the 
same time, these improvements are focused on extending the 
service life of the car. The authors also proposed a new system 
of technical diagnostics of the car.

A set of theoretical studies into the optimization of the 
load-bearing structure of the freight car was carried out in 
work [7]. The calculation was carried out using a finite ele-
ment method. The «BOXN25» railroad gondola was used as 
a prototype car. However, those measures do not provide for 
the possibility of transporting cargoes that need protection 
from precipitation.

A study into the strength of the removable roof of a rail-
road gondola is reported in [8]. The main modes of roof load-
ing in operation were taken into consideration. The authors 
proposed measures to improve the roof structure. However, 
they did not optimize the structural components of the frame 
to reduce its mass.

In [9], the car load-bearing structure was improved to in-
crease the efficiency of operation in international traffic [9]. 
The authors report the results from modeling the dynamic 
load and strength of the car bearing structure, which confirm 
the feasibility of the proposed technical solutions. At the 
same time, they did not pay attention to the issues of expand-
ing the functionality of the car to adapt it for the transpor-
tation of cargoes that need protection from the environment.

In [10], the authors substantiated the improvement of 
the supporting structure of the car in order to reduce the 
load during operation. They provided the mathematical 
models that make it possible to determine the dynamic load 

on the car bearing structure under the most adverse operat-
ing modes. However, the proposed improvement measures 
do not allow this type of car to be used to transport cargoes 
requiring protection from precipitation.

Our review of the scientific literature leads to a con-
clusion about the expediency of a study into expanding the 
functionality of the use of gondola cars. That could contri
bute to the adaptation of their load-bearing structures to the 
transportation of a wider range of cargoes. In addition, such 
a study would make it possible to devise recommendations 
for improving the efficiency of railroad transport utilization.

3. The aim and objectives of the study

The aim of this study is to determine the features of im-
provement and optimization of the removable roof of railroad 
gondolas in order to improve the efficiency of their operation.

To accomplish the aim, the following tasks have been set:
– to determine the strength reserves of the removable 

roof of a typical structure; 
– to calculate the strength of the improved structure of 

the removable roof; 
– to determine the strength of the bolt connection bet

ween the roof and the upper tying of a railroad gondola body; 
– to determine the dynamic load of the load-bearing 

structure of a railroad gondola with a removable roof.

4. Materials and methods to study the strength and 
dynamic load of the load-bearing structure of a railroad 

gondola with a removable roof

To optimize the load-bearing structure of the removable 
roof of a railroad gondola, we used the method of optimiza-
tion in terms of its strength reserves. In order to determine 
the strength reserves of the removable roof of a typical struc-
ture, its spatial model was built. That employed the Solid-
Works Simulation software package (France). The strength 
calculation was performed using a finite element method.

When constructing a finite-element model of the re-
movable roof, isoparametric tetrahedra were taken into con-
sideration. The optimal number of the model elements was 
determined by the graphic-analytical method. The number 
of nodes in the model was 41,839, of elements – 126,643. 
The maximum size of the element was 100 mm, and the mini
mum – 20 mm. The percentage of the elements with an as-
pect ratio of less than three was 0.122, larger than ten – 63.3. 
The minimum number of elements in the circle was 22, the 
ratio of increase in the size of elements – 1.8. The model was 
fixed along the perimeter of the roof in the area of interaction 
with the upper tying of the body of a gondola.

Based on the results of our calculations, the optimal 
profile for the removable roof has been found in terms of the 
minimum material intensity. 

To test the strength of the improved load-bearing struc-
ture of the removable roof for a gondola, we performed a cal-
culation. A finite element method was employed, implemen
ted in the SolidWorks Simulation software package.

When constructing a finite-element model, isoparametric 
tetrahedra were taken into consideration. The optimal number 
of model elements was determined by the graphic-analyti-
cal method. The number of nodes in the model was 42,534, 
elements –137,547. The maximum size of the element was 
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100 mm, and the minimum – 20 mm. The percentage of ele-
ments with an apex ratio of less than three was 0.138, larger 
than ten – 65.6. The minimum number of elements in the circle 
was 22, the ratio of increase in the size of elements – 1.8. The 
model was fixed along the perimeter of the roof in the area of 
interaction with the upper tying of the body of a gondola.

To ensure the reliability of the interaction between the 
removable roof and the upper tying of the body of a gondola, 
we calculated a bolt connection. The calculation of the bolt 
connection was carried out according to the classical method 
of resistance of materials.

To determine the basic indicators of the dynamics of 
the supporting body structure of a gondola, equipped with 
a  removable roof, mathematical modeling was carried out. 
In this case, the differential equations of motion were solved 
by reducing them to the normal Cauchy form. They then 
were solved using the Runge-Kutta method. That employed 
the Mathcad software package. The initial movements and 
speeds were set to zero.

5. The results of studying the strength and dynamic 
load of the bearing structure of a railroad gondola with 

a  removable roof 

5. 1. Determining the strength reserves of the remov-
able roof of typical structure

The spatial model of the removable roof of a gondola is 
shown in Fig. 1.
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Fig. 1. Spatial model of the removable roof: 	
1 – cladding; 2 – side longitudinal beam; 3 – end sheet 	

of cladding; 4 – end transverse beam; 5 – transverse arc; 	
6 – intermediate transverse beam

According to regulatory documents, the roof is calculated 
for strength under the action of two forces, 1 kN each, dis-
tributed over the site of 0.25×0.25 m, and added at a distance 
of 0.5 m from each other in any part of the roof. The roof is 
additionally calculated under estimation mode III (as the 
most dangerous) and when a crane lifts it e [11, 12]. 

When calculating under estimation mode III, the follow-
ing combination of loads acting on the roof is accepted:

– the strength of roof weight; 
– the vertical dynamic force, which is determined by 

multiplying the strength of the roof weight by the coefficient 
of the vertical dynamics.

It is also necessary to take into consideration the assess-
ment of the strength of the roof under the effect of snow load. 

The estimation scheme of the roof under the action of two 
forces, 1 kN each, distributed over the site of 0.25×0.25 m, and 
added at a distance of 0.5 m from each other, is shown in Fig. 2. 
The results from calculating the roof are shown in Fig. 3.

The maximum equivalent stresses occur in the middle roof 
arc and are about 80 MPa, that is, they do not exceed permis-
sible ones [11, 12]. Maximum displacements in the structural 

nodes occur in the middle part of the roof – 1.3 mm. Conse-
quently, the load-bearing structural elements have a signifi-
cant reserve of strength.

 

Рv 

Fig. 2. Estimation scheme of the removable roof
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Fig. 3. The stressed state of the removable roof

To reduce the mass of the removable roof of a gondola, 
its optimization was carried out according to the reserve of 
strength of the load-bearing elements [13–15]. The calcula-
tion results are given in Table 1. 

The objective function is:

B r → min, 	 (1)

where mr is the roof weight, kg. 
Optimization model limitations are: 
1. Geometric dimensions of a railroad gondola. 
2. Estimated stresses should be less than permissible 

ones [11, 12]:

σ σeq < [ ], 	 (2)

where σeq is the equivalent stresses in a structure, MPa;  
[σ] is the permissible strains, MPa. 

A promising direction for achieving the set goal is 
the introduction of pipes as load-bearing elements of the 
roof [16–18], which ensure a decrease in the overall metal 
intensity of the structure while meeting the conditions of 
strength (Fig. 4).

Based on our calculations, a spatial model of the remov-
able roof for a gondola was built (Fig. 5).

Taking into consideration the proposed measures, it 
becomes possible to reduce the mass of the frame of the re-
movable roof for a gondola by almost 15 % compared to the 
typical structure. The arrangement of the removable roof on 
the body of a gondola is shown in Fig. 6.

At the same time, in order to use the roof on different 
types of gondolas, its cantilever parts can move in a longitu-
dinal plane (Fig. 7).
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Fig. 4. Square pipe cross-section

 
Fig. 5. Frame of the optimized structure 	

of the removable roof

 
Fig. 6. Railroad gondola with a removable roof
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Fig. 7. Gondola removable roof with improved structure: 	
1 – moving parts of the roof; 2 – deflectors

In this case, deflectors are arranged on stationary parts 
of the roof. The roof is attached to the body in a regular way.  
It is possible to fix it with the help of shog-connections.

5. 2. Calculating the strength of the improved structure 
of the removable roof

The results of our calculation of the removable roof 
strength are shown in Fig. 8, 9. In this case, the maximum 
equivalent stresses occur in the middle part of the roof and 
are about 230 MPa, that is, they do not exceed permissible 
ones [11, 12]. The maximum displacements in the structural 
nodes occur in the middle part of the roof – 1.8 mm. The 
maximum deformations were 9.31∙10–6.
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Fig. 8. The stressed state of the removable roof
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Fig. 9. Displacements in the nodes of the removable roof

The maximum equivalent stresses of the removable roof 
under estimation mode III arise in its middle part. The 
numerical values of stresses were about 230 MPa, that is, 
they do not exceed permissible ones [11, 12]. The maximum 
movements in the structural nodes occur in the middle part 
of the roof – 1.8 mm.

The maximum equivalent stresses when lifting a remov-
able roof with slings occur in the roof fastening zones and 

Table 1
Determining the optimal parameters for the cross-sections of elements of the removable roof

Roof frame element n
σeq,  

MPa
Ix,  

cm4
Iy,  

cm4
Wx, 
cm3

Wy, 
cm3

[Wx], 
cm3

[Wy], 
cm3

Pipe optimal parameter 1 m pipe 
weight, kgW, cm3 h, mm S, mm

Arc 2.6 92.6 10.2 10.2 5.1 5.1 1.96 1.96 2.18 30 2.5 2.07

Side longitudinal beam 3.1 78.3 97.26 621.29 12.16 155.32 3.93 50.1 4.17 35 4.0 3.67

End transverse beam 3.2 75.4 97.26 621.29 12.16 155.32 3.93 50.1 4.17 35 4.0 3.67

Intermediate transverse beam 2.8 87.3 10.2 10.2 5.1 5.1 1.96 1.96 2.18 30 2.5 2.07



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 4/7 ( 112 ) 2021

22

are about 120 MPa, that is, they do not exceed permissible 
ones [11, 12]. The maximum movements in the structure’s 
nodes occur in the areas of fixing the roof – 1.65 mm.

In addition, the removable roof of a gondola is designed 
for the effect of snow load. The maximum equivalent stresses 
occur in the middle part of the roof and are about 104.1 MPa, 
that is, they do not exceed permissible ones [11, 12]. The 
maximum movements in the structural nodes occur in the 
middle part of the roof – 1.31 mm. 

Our calculations allow us to conclude that the proposed 
measures are justified and appropriate.

5. 3. Determining the strength of the bolt connection 
of the roof with the upper tying of a gondola body

To ensure the reliability of the roof mounting to the body 
of a gondola, the bolt connection was calculated. The roof 
is attached to the upper tying of the longitudinal walls by  
bolts M12x90. 

The roof is attached to the end wall with bolts M12x65. 
After tightening the bolt joint, the nut is welded to prevent 
self-unscrewing.

In this case, an event was taken into consideration where 
the roof is loaded by the longitudinal force that occurs when 
the car is hit, as a case of the greatest load of its structure 
during operation. The bolt connection would be exposed 
to the longitudinal force Q, due to the longitudinal force of  
inertia of the car body when hit, and the vertical effort N, due 
to the natural roof weight (Fig. 10).

 

 

 
 

 

  

  

 

 

gondola roof 

 tying 
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Fig. 10. Estimation scheme of the bolt fastening of the roof 
to the upper tying of the body of a gondola

Since the bolts are welded after screwing, 
then when the longitudinal force is in effect, in 
addition to the above forces, forces arising from 
the torsion deformation would affect them. 

Then, the condition of strength takes the 
following form [19]:

N N N N Nred N M Q b= +( ) + ≤,max ,min ,
2 2 	 (3)

where NN is the longitudinal force acting on the 
bolt connection; NM,max is the highest possible 
load in the bolt connection; NQ is the transverse 
force acting on the bolt connection; Nb,min is the 
bearing capacity of the bolt. 

When the cutting force Q is in effect, it is 
simplified to believe that the efforts in the bolts 

are distributed evenly. Thus, the effort acting on one bolt is 
determined as:

N
Q
nQ = , 	 (4)

where n is the number of bolts in a connection. 
The force NN is calculated similarly to NQ.

N
N
nN = . 	 (5)

The maximum load NM,max due to the effect of the mo-
ment M on the bolt connection is determined as:

N
M l

m l
M

i
i

k,max
max ,=

⋅

=
∑ 2

1

	 (6)

where li is the distance between the pairs of bolts placed sym-
metrically relative to the center of gravity of the connection; 
lmax is the maximum distance between bolt pairs; m is the 
number of bolt pairs. 

We accept that the maximum longitudinal force of inertia 
is 4.0 g. The vertical load NN is equal to 210.21 N. It is taken 
into consideration that the roof weight is 1.2 tons. The roof is 
attached to the upper tying of a gondola by 56 bolts with a dia
meter of 12 mm. The transverse load NQ, perceived by the bolts 
interacting at the end of the roof with the upper tying (the most 
loaded during roof bolts at shunting), would equal 8,857.14 N.

Taking into consideration the fact that the distance 
between the roof bolts is 0.375 m, then NМ,max = 3,489.8 N. 
Hence, taking into consideration the area of the cross-section 
of the bolt (S = 113.04 mm2), we have Nred = 138.75 N/mm2,  
at Nb,min = 122 N/mm2. That is, the condition of strength is 
not met. Therefore, the use of standard bolts used to attach 
the roof to the body is impractical.

To ensure the reliability of fastening the roof to the upper 
tying of the body of a gondola, it is proposed to use bolts 
that have a higher bearing capacity, namely, M12x95, thread 
step – 1.75, strength class – 5.8.

5. 4. Determining the dynamic load on the bearing 
structure of a railroad gondola with a removable roof

To determine the accelerations that affect the body of  
a gondola, we have applied a mathematical from [20]. How-
ever, it was refined. The model takes into consideration the 
movement of the load-bearing body structure, and not the 
car in general. The estimation scheme is shown in Fig. 11.
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Fig. 11. Estimation scheme of a gondola
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The mathematical model is below. The study was carried 
out in a flat coordinate system. The oscillations in bouncing 
and galloping were taken into consideration as the most com-
mon types of car oscillations during operation.

M
d
dt

q C q

F
d
dt

d
dtFR

1

2

2 1 11 1

1 2

⋅ + ⋅ =

= − ⋅ 
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


 ,

	 (7)

where М1, М2 are, respectively, the 
mass and moment of inertia of the body 
relative to the vertical axis; q1–2 are the 
generalized coordinates corresponding 
to the translational and angular dis-
placements relative to the vertical axis;  
С1.1–2.2 are the nonzero elements of the 
matrix of elastic coefficients; ks is the ri-
gidity of spring suspension; FFR is a dry 
friction force that acts in the suspen-
sion of the bogie; l is the half of the base 
of the car; δ1,2 is the deformations of the 
elastic elements of spring suspension. 

The matrix of elastic coefficients takes the form:

C
k

l k
S

S

=
⋅

⋅ ⋅
2 0

0 2 2 .	 (8)

The deformations of elastic elements in a spring suspen-
sion (from the position of equilibrium) were determined from 
the following expressions:

δ j1 = −z l ;  δ j2 = +z l .	 (9)

The force of dry friction acting in the suspension of the 
bogie is determined as:

F PFR FR= ⋅j , 	 (10)

where РB is the load force of the bogie by the body of a car; 
jFR is the coefficient of relative friction of spring suspension. 

When solving the mathematical model, the mass of the 
load-bearing body structure was taken into consideration 
accounting for the removable roof. The system of differential 
equations (7) was solved using the Mathcad software pack-
age [21–23] in the form:

Q t y
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,	(11)

Z rkfixed Y tn tk n Q= ′( )0, , , , .

In this case, y q1 1= ,  y q2 2= ,  y q3 1=  , y q4 2=  .
The initial movements and speeds were set to zero [24–26]:

Y 0

0

0

0

0

= . 	 (12)

The results of the calculation of the mathematical model 
are shown in Fig. 12.

The acceleration of the body in the center of masses 
in terms of g is equal to 0.4 and is within the permissible  
limits, according to [11, 12]. The assessment of the car ride 
is excellent.

6. Discussion of results of improving the removable  
roof for a railroad gondola

To improve the efficiency of using railroad gondolas, it is 
proposed to apply a removable roof. This solution contributes 
to the possibility of transportation of cargoes that need pro-
tection from precipitation.

We have determined the strength reserves of a typical roof 
of a car. It was established that under the main operating modes 
of the load there is a significant unused margin of safety in the 
bearing elements of the frame (Fig. 3). Given this, it has been 
proposed to optimize the roof of a car according to the criterion 
of minimum material intensity. Our calculations have made it 
possible to choose a more optimal profile of the roof compo-
nents from the point of view of minimal material intensity.

Taking into consideration the proposed measures, it be-
comes possible to reduce the mass of the frame of the removable 
roof by almost 15 % compared to the typical design (Fig. 5). 
At the same time, in order to use the roof on different types of 
railroad gondolas, its cantilever parts can move in a longitudi-
nal plane (Fig. 7). The results of our strength calculation have 
confirmed the feasibility of the solutions adopted during the 
design. The strength of the bolt connection of the roof with the 
upper tying of a railroad gondola body has been determined.

To determine the dynamic load of a railroad gondola with 
a removable roof, a calculation was performed. The limitation 
of the estimation model is that it takes into consideration the 
movement of the supporting structure in the vertical plane. 
Our study has shown that the acceleration of the body in the 
center of masses is 0.4 g and is within the permissible limits. At 
the same time, the assessment of car ride is excellent (Fig. 11).

In the further research into this area, it is important to 
experimentally determine the load on a removable roof. This 
could be done using a similarity method involving electrical 
tensometry. 
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Fig. 12. Acceleration of the body of a gondola in the center of masses
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Our study would contribute to the improvement of the 
efficiency of railroad transport.

7. Conclusions

1. The reserves of strength of the roof of a typical struc-
ture have been determined. It was established that under the 
most unfavorable roof load scheme, the maximum equivalent 
stresses occur in the middle arc and are about 80 MPa. There-
fore, there is a significant unused margin of safety in the 
load-bearing elements of the frame. Given this, the frame of 
the removable roof was optimized according to the criterion 
of the minimum material intensity. The introduction of pipes 
as load-bearing elements of the roof has been proposed, which 
reduce the overall metal intensity of the structure while the 
conditions of strength are met. Taking into consideration the 
proposed measures, it becomes possible to reduce the mass of 
the frame of the removable roof of a gondola by almost 15 % 
compared to the typical design.

2. The strength of the improved structure of the re-
movable roof has been calculated. The calculation was 
performed by a finite element method. The maximum 
equivalent stresses occur in the middle part of the roof and 
are about 230 MPa, that is, they do not exceed permissible 
ones. The maximum movements in the structural nodes 
occur in the middle part of the roof – 1.8 mm. Therefore, 

the strength of the load-bearing structure of the removable 
roof is ensured.

3. The strength of the bolt connection between the roof 
and the upper tying of a gondola body has been determined. 
It was established that taking into consideration the use of 
typical bolts for fixing the roof to the body, the strength of 
the connection is not ensured.

To ensure the reliability of fastening the roof to the upper 
tying of the body of a gondola, it is proposed to use bolts 
that have a higher bearing capacity, namely, M12x95, thread 
step – 1.75, strength class – 5.8.

4. The dynamic load on the bearing structure of a gondola 
with a removable roof has been determined. The study was 
carried out in a vertical plane. The oscillations related to the 
car bouncing and galloping were taken into consideration.

The acceleration of the body in the center of masses is 0.4 
in terms of g ; it is within the permissible limits. The assess-
ment of car ride is excellent.
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