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1. Introduction

Railroad transport has long been a leading component 
of the transportation industry, which provides for the devel-
opment of economies in many European countries [1, 2]. In 
order to maintain the branch of primacy, as well as to meet 
the needs of the economy, it is important to put into opera-
tion modern designs of freight cars with improved technical 
and operational indicators [3–5].

One of the most common types of cars used in internation-
al traffic is flat cars [6, 7]. At the same time, the use of these 
cars in international traffic is limited by their design features. 
Specifically, by the fact that a significant part of the fleet of 
these cars is made up of specialized structures that are adapt-
ed to the transportation of a specific range of goods.

A possible solution to the problem of a shortage of cars is 
replenishment of the car fleet, but this requires significant 
capital investments. A more rational solution is the situa-
tional adaptation of the existing fleet of cars to the trans-
portation of specific types of cargo, including strategic ones 
(military equipment, agricultural machines, etc.). This will 
not only increase the efficiency of the transportation process 

but also help save capital costs for the purchase of new cars. 
In this regard, the issue of situational adaptation of the exist-
ing fleet of flat cars for the transportation of strategic cargo 
is a rather urgent issue.

2. Literature review and problem statement

In paper [8], an analysis of the design of a long-based flat 
car was carried out. Features of calculating the strength of 
its supporting structure under operating loads were high-
lighted. The results of the strength calculation fully justify 
the structural solutions adopted during the design of the 
supporting structure of the flat car. At the same time, the 
design of this flat car is narrowly oriented and does not allow 
for the transportation of a wide range of goods.

In work [9], dynamic and strength characteristics of a 
long-based flat car for intermodal transportation are stud-
ied. The determination of the studied indicators was carried 
out by computer simulations using modern software tools. 
The calculation results confirmed the expediency of the 
structural solutions made during the design of the flat car. 
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The object of research is the processes of occurrence, 
perception, and redistribution of loads in the structure of 
a removable module for the situational adaptation of the 
flat car, model 13-7024, to the transportation of strategic 
cargoes.

In order to transport strategic cargoes, including mil-
itary equipment, agricultural machines, etc., the use of a 
removable module is proposed on the flat car. Appropriate 
calculations were performed to determine parameters for the 
structural components of the removable module. At the same 
time, the profile of the frame was determined by the value 
of the maximum bending moment acting in its cross-sec-
tion. The thickness of the sheet, which forms a horizontal 
plane for placing the load, was calculated according to the 
Bubnov-Galyorkin method. To substantiate the determined 
parameters of the structural components of the removable 
module, its strength was calculated. The calculation results 
showed that the strength of the removable module under the 
considered operating load schemes is ensured.

A feature of the research results is that the use of the 
proposed structure of the removable module makes it pos-
sible to expand the range of goods transported by flat cars 
without improving them.

The field of practical use of the results is the engineering 
industry, in particular, railroad transport. The conditions 
for the practical application of the research results are the 
use of variable height fittings in the removable module.

Our studies will contribute to devising the recommenda-
tions for increasing the efficiency of the operation of flat cars 
through their situational adaptation to the transportation of 
strategic cargoes. In add, the results could prove useful for 
the construction of modern structures of modular vehicles
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However, this structure of the flat car is specialized and in-
tended for the transportation of containers, which limits its 
demand in operation.

In work [10], the strength of a long-based flat car for 
container transportation is calculated. To this end, the 
authors used classical methods of resistance of materials to 
determine the bending moments that occur in the sections 
of the supporting structure of the flat car. At the next stage, 
the strength of the supporting structure of the flat car was 
determined using the finite element method. The work pro-
vides an analysis of the results and prospects for the further 
advancement of this research. It is important to say that the 
design of this type of car is oriented towards the transpor-
tation of a specific type of cargo. This limits its demand in 
operation.

The study of the strength of the load-bearing structure of 
the flat car depending on the magnitude of its deformations 
is carried out in paper [11]. It is important to emphasize that 
the studies were carried out using experimental methods, 
in particular, electrical strain gauges. The results of these 
studies made it possible to determine the most loaded struc-
tural components of the flat car. However, the authors did 
not offer solutions to improve the strength of the supporting 
structure of the flat car by improving it.

For the situational adaptation of the flat car to the 
transportation of long cargo, work [12] proposed the use of 
a special removable module. Fastening of the module on the 
flat car is provided with the use of fitting stops. The corre-
sponding scientific justification of the construction of the 
detachable module is given. But this design of the removable 
module involves the use of elastic-friction connections in the 
frame. Such a solution complicates the process of its mainte-
nance and repair.

A similar solution was proposed in [13]. To that end, 
for the situational adaptation of the flat car to the trans-
portation of various types of cargo, it is suggested to use a 
removable module of the FLAT RACK type. A feature of the 
module is the presence of elastic-viscous connections in the 
fittings, which contributes to the reduction of longitudinal 
loads acting on it during operation. The authors provide the 
relevant theoretical justification of the proposed design of 
the removable module. However, long-base constructions of 
flat cars with special superstructures for placing fitting stops 
are currently in use. These superstructures are used due to 
the fact that the frame of the flat car has the shape of a beam 
with equal bending resistance. In this regard, the frame 
has a variable height of the profiles of its execution along 
the length. And, accordingly, the use of such a removable 
module on similar flat cars requires appropriate scientific 
justification.

Features of calculating the strength of the improved 
frame of the flat car are highlighted in work [14]. To this 
end, the finite element method was applied. The authors 
determined the distribution fields of the maximum equiva-
lent stresses in the supporting structure of the flat car. The 
obtained stresses are within the limits of permissible values, 
which confirmed the feasibility of the design solutions re-
garding its implementation. However, the authors did not 
propose measures for the situational adaptation of this car 
to the transportation of various types of cargo, which would 
increase the efficiency of its operation.

The study of the strength of the load-bearing structure 
of a long-based flat car is reported in [15]. The peculiarity 
of this design of the flat car is the absence of a girder beam 

along the length of the frame. To justify such a solution, the 
authors conducted not only theoretical studies of its load but 
also experimental ones. The results indicate the possibility of 
operating such a car on main lines. However, this design of 
the flat car does not provide the possibility of its application 
to the transportation of a wide range of goods, which nar-
rows the range of its use.

Our review of the literature [8–15] reveals that the is-
sues of improving the load-bearing structures of flat cars are 
quite relevant. However, to improve the effectiveness of their 
use for strategic purposes, the issue of situational adaptation 
to such transportation needs to be resolved.

3. The aim and objectives of the study

The purpose of our study is the scientific substantiation 
of the situational adaptation of the flat car, model 13-7024, 
to the transportation of strategic cargo by using a removable 
module. This will contribute to increasing the efficiency of 
the operation of flat cars and the profitability of railroad 
transportation.

To achieve this goal, the following tasks are defined:
– to determine parameters for the structural components 

of a removable module for the situational adaptation of the 
flat car to the transportation of strategic cargo;

– to investigate the dynamic loading and strength of the 
removable module when it perceives vertical loads;

– to investigate the dynamic loading and strength of the 
removable module when it receives longitudinal loads.

4. The study materials and methods

The object of research is the processes of occurrence, 
perception, and redistribution of loads in the design of a re-
movable module for the situational adaptation of the flat car 
to the transportation of strategic cargoes.

The main hypothesis of the study assumes that for the 
possibility of transportation of strategic cargoes on the flat 
car, model 13-7024, it is possible to use a special design of the 
removable module.

The supporting structure of the model 13-7024 flat car, 
which is one of the most promising on the 1520 mm track, 
contains a frame consisting of two subframes placed in 
cantilever parts (Fig. 1). In addition, the frame design in-
cludes two sidewalls of a welded construction of a T-shaped 
cross-section of variable stiffness. These sidewalls consist 
of bottom and top sheets, 22 mm thick, and vertical sheets, 
8 mm thick. The frame of the flat car includes two end 
beams, six intermediate beams, two additional intermediate 
beams. In order to be able to transfer longitudinal loads from 
the girder beams of the subframes to the sidewalls, four diag-
onal braces of the T-shaped section are provided. These brac-
es transfer longitudinal loads from the girder beams of the 
subframes to sidewalls (TU U 35.2-05763814-062:2005).

For the possibility of transportation of strategic car-
goes, including military equipment, agricultural machines, 
etc., the use of a removable module on the flat car is pro-
posed (Fig. 2).

The peculiarity of such a removable module is that it 
is a frame structure (Fig. 3), covered on top with a metal 
sheet. Fitting stops are installed in the corner parts of the 
removable module. In this case, the height of the stops on 
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the side of the console part of the flat car is higher than 
on the opposite side of the module. This solution makes it 
possible to create a straight horizontal plane for placing the 
transported cargo.

In order to determine the execution profiles of the frame, 
diagrams of the internal forces that arise in the module when 
it is loaded are constructed. In this case, the module is con-
sidered as a rod system on four supports (Fig. 4).

The calculation was carried out using the PC “Lira - 
CAD” (Ukraine) [16] with the help of built-in options.

To substantiate the result, a calculation was performed 
on the strength of the removable module when it receives a 
vertical load. Graphic works on its construction were carried 
out using SolidWorks (France) [17, 18]. The finite element 
method was applied as the calculation method. It was imple-
mented using SolidWorks Simulation (France). The calcula-
tion scheme of the module is shown in Fig. 5.

It is taken into account that the module tests the verti-
cal load Рv using its full carrying capacity. The module was 
fastened using fittings.

The finite-element model of the module is formed by 
isoparametric tetrahedra [19–21]. To determine their op-
timal value, the graphic-analytical method is used. Taking 
this into account, the finite element model has 38,893 ele-
ments and 12,561 nodes. The maximum size of the element 
was 120 mm, and the minimum – 24 mm.

Appropriate calculations were performed to determine the 
dynamic load of the removable module. In this case, two load 
schemes of the removable module are taken into account:

– reception of vertical loads by the lifting module;
– reception of longitudinal loads by the removable module.
In this case, the calculation of the removable module 

when it perceives vertical loads is carried out in accordance 
with the scheme shown in Fig. 5.

When studying the longitudinal load of the removable 
module, it is taken into account that it is subjected to a 
vertical load Рv from the transported cargo, as well as a lon-
gitudinal load Рl (Fig. 6).

In this case, the longitudinal load Рl was applied to the 
fitting stops leading in the direction of movement.

5. Results of the scientific substantiation of the situational 
adaptation of the flat car, model 13-7024,  

to the transportation of strategic cargo

5. 1. Determining parameters for the structural compo-
nents of a removable module

According to the calculation scheme shown in Fig. 4, the val-
ue of the bending moments that occur in the cross section of the 
removable module was obtained (Fig. 7). In this case, “stretch-
ing” is shown in orange, and “compression” is shown in blue.

Fig.	1.	Supporting	structure	of	the	flat	car,	model	13-7024

Fig.	2.	Removable	module:	a	–	general	view;	b	–	placement	
on	a	flat	car

a

b

Fig.	3.	Removable	module	frame

Fig.	4.	Design	diagram	of	the	removable	module

Рv 

Fig.	5.	Design	diagram	of	the	removable	module

Рv 

Fig.	6.	Design	diagram	of	the	removable	module

Рv

Рl
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The maximum value of the bending moment occurs in 
the corner parts of the removable module and is 126 kN·m. 
In the rods of the middle span of the removable module, the 
bending moment is equal to 60.3 kN·m.

The execution profile of the removable module is 
determined by the maximum value of the bending 
moment. The calculation was performed according 
to the dependence from [22, 23]:

[ ]
,

M
W =

σ
  (1)

where M is the value of the bending moment acting in 
the cross-section of the removable module; [σ] is the 
allowable stresses of the material of the detachable 
module.

On the basis of our calculations, provided that 
the removable module is made of 09G2S steel, the 
value of W≈400 cm3 was obtained. According to the 
obtained value of the moment of resistance, channel 
No. 30 was chosen as the profile of the frame.

To determine the thickness of the sheets that make 
up the module, the classical dependence of the Bubn-
ov-Galyorkin method was used. In accordance with 
it, under the condition of the action of a uniformly distributed 
load P on the sheet and the known material of execution, its 
thickness is determined as:

( )
( )

2 2 2 2

22 2
,

D b a a b

a b

⋅ +µ ⋅ ⋅ ⋅
δ =

σ⋅ +
  (2)

where a, b are, respectively, the width and height of 
the sheet; μ is Poisson’s ratio; σ is the permissible 
stresses of the material of the sheet.

With:

4

96
.D P= ⋅

π
  (3)

With the value of a=2.7 m and b=12.228 m, 
as well as the physical and mechanical properties 
of low-alloy steel of the 09G2S brand, the value of 
δ=5.25 mm was obtained. When calculating, the 
maximum possible loading of the removable module 
is taken into account. That is, if two modules are 
placed on the flat car, then the load on one will be 
equal to half of the carrying capacity of the flat car.

Taking into account the obtained parameters of 
the structural components of the removable module, 
its strength under static load was calculated.

The calculation results are shown in Fig. 8–10. 
It was established that the maximum stresses occur 
in the corner parts of the removable module and 
amount to 165.8 MPa (Fig. 8). These stress values 
are 21 % lower than the allowable ones. A stress of 
210 MPa was accepted as permissible in accordance 
with DSTU 7598:2014. Freight cars. General re-
quirements for calculations and design of new and 
modernized cars of 1520 mm gauge (non-self-pro-
pelled). This document has an international ana-
log: “EN 12663-2. Railroad applications – structural 
requirements of railroad vehicle bodies – Part 2: 
Freight cars. B., 2010. 54 p.”

The most loaded zones of the removable module 
are its corner part and the middle zones of the longitudinal 
beams of the frame (Fig. 9). The maximum movements occur 
in the middle part of the removable module and are equal to 
8.66 mm (Fig. 10).

Since the attachment of the removable module takes 
place by the fittings, and the load is applied on the horizontal 

Fig.	7.	Diagram	of	bending	moments	acting	in	the	cross-section	of	a	
removable	module	(kN·m)

– 126

– 126

– 126

– 126 60.3 

60.3 

Fig.	8.	The	stressed	state	of	the	removable	module

von Mieses (MPa) 
165.8 
152.0 
138.2 
124.4 
110.6 
96.7 
82.9 
69.1 
55.3 
41.5 
27.6 
13.8 
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Fig.	9.	The	most	loaded	areas	of	the	removable	module

Fig.	10.	Movement	in	nodes	of	the	removable	module
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surface, then there is exactly such a distribution of the move-
ment fields relative to its structure.

5. 2. Studying the dynamic load and 
strength of the removable module when it 
receives vertical loads

Mathematical modeling was carried out to 
study the vertical load of the removable module 
in the vertical plane. It is taken into account 
that two removable modules are placed on a 
flat car that moves along the joint unevenness. 
In this case, the removable modules are loaded 
with a conditional load using their full load ca-
pacity. It is taken into account that the dynamic 
system is formed by three bodies: the support-
ing structure of the flat car on which two re-
movable modules with cargo are placed, as well 
as two bogies. The calculation scheme is shown in Fig. 11.

It is assumed that the flat car moves over the joint 
unevenness of the track, which has elastic-dissipative prop-
erties. Track reactions are proportional to both its deforma-
tions and the speed of these deformations. When carrying 
out calculations, it is taken into account that the supporting 
structure of the flat car rests on model 18-100 bogies.

Taking this into account, the system of differential equa-
tions of motion of the flat car takes the form [12]:

( ) ( )( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1,1 1 1,2 2 1,3 3

1 2

2 2 2,1 1 2,2 2 2,2 2

1 1 2 1 2

3 3 3,1 1 3,3 3 3,3 3

2 3 4 3 4

sign sign ,

sign ,

sign ,

fr

fr

fr

M q C q C q C q

F

M q C q C q B q

F k

M q C q C q B q

F k

⋅ + ⋅ + ⋅ + ⋅ =

= − ⋅ δ + δ


⋅ + ⋅ + ⋅ + ⋅ =

= ⋅ δ + η +η +β η +η


⋅ + ⋅ + ⋅ + ⋅ =
= ⋅ δ + η +η +β η +η



 

 



 

 



 

    (4)

where М1 – mass of the load-bearing structure of the flat 
car with cargo; М2, М3 – mass, respectively, of the first and 
second bogie; Сij – characteristics of the elasticity of the 
elements of the oscillating system, which are determined 
by the values of the stiffness coefficients of the springs kB; 
Bij – scattering function; k – track stiffness; β – damping co-
efficient; Ffr – force of friction in the spring set of the bogie; 
δi – deformations of elastic elements of spring suspension; 
ηi(t) – unevenness of the track.

In system (4), the coordinate q1 characterizes the verti-
cal movement of the supporting structure of the flat car with 
cargo; q2, q3 – moving bogies.

The solution of the system of differential equations of 
motion (4) was carried out using the Mathcad software pack-
age (USA) [24, 25]. The vector of initial conditions has the fol-
lowing form: the initial movement of the supporting structure 
with the load is 0.004 m, the speed is 0; for bogies, respectively, 
0.003 m and 0 [26]. The calculation results are shown in Fig. 12.

Analyzing Fig. 12, it can be concluded that the maximum 
acceleration acting on the supporting structure of the flat car 
with cargo is 1.46 m/s2 (0.1 g). This acceleration value corre-
sponds to the excellent movement of the flat car.

The obtained acceleration value is taken into account when 
calculating the strength of the removable module. The calcu-
lation results are shown in Fig. 13, 14. The maximum stresses 
occur in the corner parts of the removable module and amount 
to 179.3 MPa (Fig. 13), which is 14.6 % lower than permissible.

The maximum displacements are recorded in the middle 
part of the removable module and amount to 8.9 mm (Fig. 14).

Fig.	11.	Calculation	diagram	of	a	flat	car	with	removable	modules
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η1(t) η2(t) η3(t) η4(t)

Fig.	12.	Accelerations	acting	on	the	load-bearing	structure	of	
the	flat	car	with	cargo
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Fig.	13.	Stressed	state	of	the	removable	module	under	its	
vertical	load

von Mieses (MPa) 
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Fig.	14.	Movement	in	the	nodes	of	the	removable	module	
when	it	is	vertically	loaded
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The distribution of displacement fields relative to the 
structure of the removable module has the same explanation 
as for the case of its static loading.

5. 3. Studying the dynamic load and strength of the 
removable module when it receives longitudinal loads

To study the longitudinal loading of the removable mod-
ule, mathematical modeling was carried out under the con-
ditions of the movement mode of the flat car in the train – 
“jerk” (calculation mode III). The calculation scheme of the 
flat car is shown in Fig. 15.

The system of differential equations of motion of a flat 
car takes the form [18]

( )

( ) ( )
( ) ( )

( )

2

1 2 1 2

1 2 1 2
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sign sign ,
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     (5)

1 2; ,z l z l∆ = − ⋅ϕ ∆ = + ⋅ϕ  (6)

where МFC is the mass of the supporting structure of the flat 
car with cargo; IFC is the moment of inertia of the flat car 
with the load relative to the longitudinal axis; P is the mag-
nitude of the longitudinal force acting on the car coupling of 
the flat car; mB is the bogie mass; IW is the moment of inertia 
of the wheelset; r is the radius of the average worn wheel;  
n is the number of bogie axles; l is the half of the base of the 
flat car; Ffr is the absolute value of the dry friction force in 
the spring set; kB is the stiffness of the springs of the spring 
suspension of bogies; x, φ, z – coordinates corresponding to 
the longitudinal, angular relative to the transverse axis and 
vertical movement of the flat car, respectively.

Based on our calculations, with initial conditions close 
to zero, the maximum accelerations acting on the supporting 
structure of the flat car amounted to about 24 m/s2 (0.24 g). 
These accelerations were taken into account when determin-
ing the strength of the removable module under the condi-
tion of its longitudinal load.

The calculation results showed that the maximum 
stresses occur in the corner parts of the removable mod-
ule from the side of the longitudinal load and amount to 
184.6 MPa (Fig. 16). The resulting stresses are 12 % lower 
than permissible.

The maximum displacements take place in the middle 
part of the module and are equal to 9.1 mm (Fig. 17).

This distribution of displacement fields can be explained 
again by the fact that the middle part of the removable mod-

ule experiences vertical loading, and its fastening is done by 
fittings. Therefore, the middle part of the module has the 
maximum flexibility, and accordingly, the largest displace-
ments occur here.

6. Discussion of results of the scientific substantiation 
of the situational adaptation of the flat car,  

model 13-7024, to the transportation of  
strategic cargo

For the possibility of transportation of strategic cargoes, 
including military equipment, agricultural machines, etc., 
the use of a removable module is proposed on the flat car of 
model 13-7024 (Fig. 2, 3).

In order to determine the parameters of the structural 
components of the removable module, appropriate calcula-

tions were carried out. The results of these 
calculations made it possible to determine 
the profile of the frame of the removable 
module – channel No. 30, as well as the 
thickness of the sheet that forms the plane 
for placing the load – 5.25 mm.

To justify the results, calculation was 
performed on the strength of the remov-
able module under the action of a static 
load. It was established that the maximum 
stresses occur in the corner parts of the 
removable module, but they are 21 % lower 
than the permissible ones (Fig. 8).Fig.	15.	Design	diagram	of	a	flat	car	with	cargo
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Fig.	16.	Stressed	state	of	the	removable	module	under	its	
longitudinal	load
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Fig.	17.	Movement	in	the	nodes	of	the	removable	module	
under	its	longitudinal	load
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In addition, as part of the study, the strength of the 
removable module was determined when it absorbed dy-
namic loads – vertical and longitudinal. To determine the 
vertical loads acting on the removable module, modeling 
of its vertical dynamics was carried out. It was established 
that the maximum acceleration acting on the support-
ing structure of the flat car with removable modules is 
1.46 m/s2 (Fig. 12). This amount of acceleration corre-
sponds to the “excellent” movement of the flat car. The 
obtained acceleration value is taken into account when 
calculating the strength of the removable module. The cal-
culation results showed that the maximum stresses occur 
in the corner parts of the removable module (Fig. 13) and 
are 14.6 % lower than the allowable ones.

In order to determine the longitudinal accelerations 
acting on the removable module, simulation of its load was 
also carried out. In this case, the maximum accelerations 
acting on the supporting structure of the flat car with 
removable modules amounted to about 24 m/s2. Taking 
into account these accelerations in the calculations for 
the strength of the removable module, it was established 
that the stresses in its design are 12 % lower than permis-
sible (Fig. 16).

It should be noted that the limitation of this study is that 
in dynamic calculations the lifting module is considered as 
an attached mass that completely repeats the trajectory of 
the flat car movement.

The disadvantage of this research is that when deter-
mining the dynamic loads acting on the lifting module, it is 
taken into account that the supporting structure of the flat 
car rests on model 18-100 bogies. In further research in this 
area, a more modern bogie model should be taken into ac-
count. However, given that this bogie is the most common 
in operation, at this stage it is considered as a basic one.

The advantage of this study in comparison with 
works [8–11] is that we proposed solutions that would 
contribute to increasing the demand for specialized flat 
cars in operation. Unlike the designs of removable modules, 
highlighted in [12, 13], the proposed module is easier to 
maintain and repair because it does not contain flexible 
connections. The solutions proposed in the framework of 
this study will contribute to the possibility of expanding 
the range of transported goods on specialized designs of 
flat cars. This will make it possible to improve the effi-
ciency of their operation, in contrast to those structures 
considered in works [14, 15].

As a further development of this research, it is possible 
to note the need to determine the loading of the remov-
able module under over-normalized operating modes. Such 
regimes include the presence of the removable module’s 
own degree of freedom when transported by flat cars, the 
load when moving as part of combined trains on railroad 
ferries, etc. It is also advisable to consider the possibility of 
introducing energy-absorbing components into the design 
of the removable module [27, 28]. This would contribute to 
reducing its dynamic load during operational modes and 
improving durability.

The results of our research will contribute to devising 
the recommendations for improving the efficiency of flat 
cars operation through their situational adaptation to the 
transportation of strategic cargoes. In addition, the results 
could prove useful for designing modern structures of mod-
ular vehicles.

7. Conclusions 

1. Parameters for the structural components of a re-
movable module for the situational adaptation of the flat 
car to the transportation of strategic cargoes have been 
determined. Channel No. 30 was chosen as the profile of the 
frame of the removable module. The thickness of the sheet 
that forms the plane for placing the load was 5.25 mm. 
Calculation of the strength of the removable module under 
static load showed that the maximum stresses occur in its 
corner parts and amount to 165.8 MPa, but they are 21 % 
lower than permissible. The maximum movements occur 
in the middle part of the removable module and are equal 
to 8.66 mm.

2. The dynamic loading and strength of the removable 
module when it receives vertical loads were studied. It was 
established that the maximum acceleration that acts on the 
removable module placed on the flat car during its move-
ment along a contact bump is 1.46 m/s2 (0.1g). This amount 
of acceleration corresponds to the “excellent” movement 
of the flat car. Calculation of the strength of the remov-
able module showed that the maximum stresses occur in 
its corner parts and amount to 179.3 MPa. The resulting 
stresses are 14.6 % lower than permissible. The maximum 
movements recorded in the middle part of the removable 
module are 8.9 mm.

3. The dynamic loading and strength of the removable 
module when it receives longitudinal loads were studied. 
The maximum longitudinal accelerations acting on the 
supporting structure of the removable module placed on 
the flat car were about 24 m/s2 (0.24g). The results of cal-
culation of the strength of the removable module showed 
that the maximum stresses occur in the corner parts of 
the removable module from the side of the longitudinal 
load and amount to 184.6 MPa. It should be noted that 
the obtained stresses are 12 % lower than permissible. The 
maximum movements take place in the middle part of the 
module and are equal to 9.1 mm.
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