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1. Introduction 

Providing the efficiency of the machine-building in-
dustry necessitates the commissioning of modern vehicle 
designs. The most competitive component of the ma-
chine-building industry over a long time is railroad trans-
port, which accounts for the essential segment of freight and 
passenger transportation. 

To maintain leadership positions and increase the ef-
ficiency of railroad transportation, situational adaptation 
of existing rolling stock for the transportation of the as-
signed range of cargoes is relevant [1, 2]. One of the op-
tions for achieving this is the introduction of removable 
modules [3, 4]. These modules are installed on open cars, 
in particular, platform cars, thereby adapting them to the 
transportation of relevant cargoes. The modules on the 
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The object of this study is the processes 
of occurrence, exposure to, and redistribu-
tion of loads in the supporting structure of a 
removable module for the transportation of 
long cargoes.

To adapt platform cars to the transporta-
tion of long loads, it is proposed to introduce 
a removable module with elastic-friction con-
nections in the structure.

In order to select the optimal profiles for 
the removable module, in terms of minimal 
material consumption, the calculation was 
carried out in the Lira software package. 
Based on the calculation results, a spatial 
model of the concept of the removable mod-
ule was built. 

To determine the dynamic loads that act 
on the platform car loaded with a removable 
module, a mathematical simulation was car-
ried out. It was established that the use of 
elastic-friction links in the structure of the 
removable module helps reduce its dynamic 
load, as well as the platform car, by 4.6 %. 
The resulting acceleration was taken into 
account when calculating the strength of the 
removable module. The calculation results 
showed that the strength of the removable 
module under operational loads is ensured.

A feature of the reported results is that 
the proposed design of a removable module 
makes it possible not only to adapt the plat-
form car to the transportation of long loads 
but also to reduce its load in operation.

The scope of practical application of the 
results includes the engineering industry, in 
particular, railroad transport. Worth not-
ing is that the conditions for the practical 
use of the results imply the introduction of 
elastic-friction links in the structure of the 
removable module.

The reported research will contribute to 
compiling recommendations for the design 
of modern vehicle structures, in particular 
removable type, as well as for improving the 
efficiency of rail transportation
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frame of the platform cars are fixed mainly through fittings 
placed in the corner zones.

One of the most common types of cargoes that are trans-
ported on platform cars are long ones, for example, bundles 
of timber, round pipes, etc. Their transportation on universal 
platform cars involves wooden vertical racks installed in 
timber brackets. It is important to note that not all platform 
cars are equipped with such elements, which leads to a short-
age of rolling stock for appropriate cargo transportation. In 
addition, due to the effect of cyclic operational loads, in the 
event of defects in the racks, there is a possibility to com-
promise the reliability of the transportation of cargoes fixed 
according to this scheme. The consequences may  include 
accidents on railroad transport. Therefore, it is important to 
design and put into operation removable modules that will 
contribute not only to the adaptation of platform cars to the 
transportation of long loads but also to the safety of their 
movement as part of trains.

2. Literature review and problem statement

A large body of research considers the issues of improv-
ing the supporting structures of platform cars to increase the 
efficiency of their operation. At the present stage of develop-
ment of the transport industry, the issues of improvements 
and upgrades should be accompanied by the possibility of 
situational adaptation of cars, by improving their strength, 
including reducing the dynamic load.

Thus, for example, paper [5] justifies the modernization 
of the car for the transportation of oil bitumen for a platform 
car to transport long loads. The features of this moderniza-
tion are considered, and the methodology for determining 
the strength of such a car under the main operating modes 
is given. The expediency of structural improvement of the 
platform car has been proven. It is important to note that the 
proposed modernization, in this case, is narrow because it 
does allow for the implementation of  situational adaptation 
of the car to the range of transported cargoes whose market 
may vary depending on demand.

The strength indicators of a long-based platform car, 
which can be adapted for the transportation of removable 
vehicle units are determined in paper [6]. To this end, it is 
proposed to install special super-structures on the car. This 
solution makes it possible to transport long loads on the plat-
form car. The paper also reports the results of the calculation 
of the strength of the frame of the platform car, subject to the 
proposed improvement. However, it would be advisable to 
provide solutions in the design of the platform car that will 
help reduce its dynamic load. After all, we are talking about 
the long-base design of the car, which during operation is 
exposed to the constant effect of cyclic loads. This causes 
the appearance of defects in it. However, the authors solved 
this issue by strengthening it, which certainly increases the 
weight of the structure.

Analysis of the dynamic load of the platform car for the 
transportation of long loads is carried out in paper [7]. The 
research was involved theoretical and experimental meth-
ods. Natural frequencies and shapes of oscillations of the 
supporting structure of the platform car were determined. 
The reported studies made it possible to refine theoretical 
models in order to improve their accuracy. At the same time, 
the use of these models to improve the design of the platform 
car was not carried out by the authors.

Features of modernization of the platform car for trans-
portation of vehicles of modular type are covered in [8]. The 
authors proposed the use of a removable frame to accom-
modate vehicles. The results of the calculation of the frame 
strength are given. It has been established that the proposed 
solutions for its implementation are expedient. However, this 
modernization is narrowly focused and makes it possible to 
adapt the car only for the transportation of a specific cargo.

The supporting structure of the platform car to enable 
container transportation as part of combined trains is im-
proved in paper [9]. This improvement involves the installa-
tion of vertical super-building on the supporting structure of 
the platform car, which will also contribute to the possibility 
of long load transportation on it. The proposed solution is 
confirmed by theoretical calculations for strength. The built 
models were verified by comparing two samples acquired 
from mathematical modeling and computer simulation. At 
the same time, the authors did not determine the strength of 
the improved structure of the platform car during the trans-
portation of long loads, that is, only containers were studied. 

The study of structural features of long-based platform 
cars is reported in work [10]. The results of determining the 
main indicators of the strength of their supporting structures 
under operational loads are given. Promising ways to improve 
the strength of platform cars have been identified. It is import-
ant to note that the authors do not indicate the possibility of 
reducing their dynamic load to improve strength. 

The considered structural solutions for the improvement 
of the supporting structures of platform cars imply the need 
for their modernization, which requires appropriate capital 
investments. In addition, these upgrades are narrowly fo-
cused since they have the feasibility for transporting specific 
types of cargo. That is why it is more rational and relevant 
to use removable modules that operate on the principle of 
interchangeable bodies. Currently, there is a wide variety of 
structural features and technology for using such modules, 
including for long loads. 

For example, in [11], the author proposed a freight unit that 
makes it possible to adapt the platform car for the transporta-
tion of long loads. The main structural features of the freight 
unit were analyzed. The useful result from its use was indicated. 
The disadvantage of this freight unit is that it does not make it 
possible to reduce the dynamic load of the supporting structure 
of the platform car under operational modes. 

A structure of the device for placing and securing cargoes 
on the platform car is proposed in paper [12]. The device 
includes vertical risers, which are equipped with nuts with 
screws attached to them, as well as guides. Locks are installed 
in the guides. At the same time, side risers and flexible fas-
teners can be lined with cushioning linings from the side of 
the inner loading opening of the platform. It is important to 
note  that this device does not reduce the dynamic load of the 
platform car under operating conditions.

In addition, the design of a freight unit, which makes it 
possible to adapt the platform car to the transportation of long 
loads is proposed in [13]. The structural features of the freight 
unit, as well as its distinctive features from existing analogs, are 
considered. The use of the freight unit provides the possibility 
of intermodal and unimodal transportation of timber, lumber, 
rolled metal, pipes, and other cargoes. However, the design of 
this freight unit does not contribute to the reduction of dynam-
ic  load of the platform car under operating conditions.

Our review of literary sources [5–13] shows that  the 
improvement of the supporting structures of platform cars to 
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increase the efficiency of their operation is a relevant issue. 
At the same time, measures to reduce the dynamic load of 
platform cars during the transportation of long loads have 
not yet been given due attention. This circumstance pre-
determines the need for research in this area.

3. The aim and objectives of the study

The aim of this study is to determine the patterns of 
vertical load on the concept of a removable module for the 
transportation of long loads with elastic-friction links in the 
structure. This will contribute to the adaptation of platform 
cars to the transportation of long loads, as well as reduce 
the load om their supporting structures under operation 
conditions.

To accomplish the aim, the following tasks have been set:
– to offer the concept of a removable module for the 

transportation of long loads;
– to determine the dynamic load on the removable mod-

ule placed on the platform car;
– to determine the basic indicators of the strength of the 

removable module.

4. The study materials and methods

The object of this study is the processes of occurrence, 
exposure to, and redistribution of loads in the supporting 
structure of the removable module for the transportation of 
long loads.

The main hypothesis of the study assumes that reducing 
the load on the removable module under operating modes, 
and, accordingly, the platform car, is possible due to the use 
of elastic-friction links in its structure.

To adapt platform cars for the transportation of long 
loads, the introduction of a removable module is pro-
posed (Fig. 1). The structure of the removable module in-
cludes main longitudinal beams 1, side beams 2, transverse 
beams 3, intermediate transverse beams 4, as well as vertical 
racks 5. The removable module on the frame of the platform 
car is fastened by corner fittings 6.

When designing the module, the standard sizes 
of fittings are taken into account, in accordance with 
DSTU ISO 1496-1: 2013. The analog of this document is 
“ISO 668:1995 Series 1 freight containers – Classification, 
dimensions and ratings”.

A feature of the removable module is that its constituent 
frames (bottoms) are made of open profiles, which host elas-
tic elements. Elastic elements can be represented by springs, 
a material with elastic characteristics, devices that realize 
the elastic effect. From a top, the elastic elements are blocked 
by a U-shaped profile. This solution makes it possible to 
reduce the dynamic loads that act on the module due to the 
elastic-dissipative forces arising from fluctuations in the 
jumping of the car (Fig. 2). These forces arise due to friction 
of the vertical parts of the U-shaped profile with the vertical 
parts of the profile in which the elastic elements are placed. 
According to our earlier studies, it was established that the 
use of elastic-friction links helps reduce the dynamic load on 
cars by 15–20 %.

A distinctive feature of the proposed solution from 
that specified in the Patent of Ukraine for utility model 
No. 146847 is that the upper part of the node is represented 

by a U-shaped profile. Due to this, the friction area between 
the components of the beam increases, and, accordingly, the 
efficiency of its work.

To select the optimal profiles of the removable module, in 
terms of the minimum material consumption, the strength is 
calculated. In this case, the Lira software package (Ukraine) 
was applied [14, 15]. The removable module is considered 
as a rod system on hinged-fixed supports at the corners. It 
is taken into account that the vertical load Рv acts on the 
module. The Рr load, uniformly distributed for height, was 
applied to the racks (Fig. 3).

The load value Рr for the height of the rack was determined 
in accordance with the “Local technical conditions for the ar-
rangement and fastening of round timber with a length of 3.0, 
4.0, 6.0 m on a specialized platform of the model 13-9997”. 

Fig. 1. Removable module for transporting bundles of timber: 
a – general view; b – arrangement on the platform car

a

b

Fig. 2. Scheme of action of forces on the horizontal beam of the 
removable module: Рv – vertical force due to the weight of the 
cargo placed in the module; Ffr – friction force; kb –  stiffness 

of elastic elements arranged in the beam; δ – the amount of 
compression of elastic elements under the action of force Рv

Ffr Ffr 

Рv 

kb ∙ δ 
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iF∆  is the transverse inertial force from the mass of the stack, 
taking into account the arrangement along the length of the 
car, kN.

 

In this case, 

( ) ,i
i i frF n F W F∆ = ⋅ + −′  	 (2)

n is the coefficient, which is calculated when compiling tech-
nical conditions for the platform car; 

Fi is the transverse inertial load from the mass of the 
stack of cargo, taking into account its arrangement along the 
length of the car and the action of centrifugal force; 

Wʹ is wind load, which acts on the cargo; 
i

frF  is the friction force acting on the stack of cargo, tak-
ing into account its arrangement along the length of the car 
in the transverse direction.

When carrying out calculations, the height of the racks 
was assumed to be equal to 3,169 m.

To determine the dynamic load that acts on the re-
movable module on the platform car, the calculation is 
carried out. In this case, jumping fluctuations are taken 
into account as the most common type of oscillations in car 
operation [16, 17]. The estimation scheme of the platform 
car is shown in Fig. 4. It consists of four bodies: a supporting 
structure with the module, two bogies, and a load. When 
modeling, the load is considered as a homogeneous body. It is 
taken into account that the platform car moves along a butt 
track with elastic-viscous properties.

With this in mind, the movement of the car is described 
by a system of differential equations:
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where Mi is the inertial coefficients of the elements of the 
oscillatory system (supporting structure of the platform 
car with the module, two bogies, and a conditional cargo); 
Cij is the characteristic of the elasticity of the elements of 
the oscillatory system, which are determined by the values 
of the coefficients of spring stiffness kВ; Bij is the scattering 
function; qi – generalized coordinates corresponding to the 
translational movement relative to the vertical axis, respec-
tively, of the supporting structure of the platform car with 
a removable module, the first and second bogie, as well as 
the cargo;  k is the track rigidity; kb is the  stiffness of elastic 
elements in the module; β – damping coefficient; FFR – ab-

solute friction force in the spring kit; Ffr – friction forces in 
the components of the module; δi is the deformation of elastic 
elements of spring suspension; ηi – track unevenness.

The input parameters of the model are the technical 
characteristics of the platform car, the removable module, as 
well as the unevenness of the track. Track unevenness was 
described by a periodic function [18–20].

The resulting acceleration value is taken into account 
when calculating the strength of the removable module. In this 
case, a finite-element method was used, which is implemented 
in the SolidWorks Simulation software package (France). The 
construction of a spatial model of the removable module was 
carried out in the SolidWorks software (France).

When drawing up the estimation scheme, it is taken into 
account that the vertical load Рv on the removable module, as 
well as the friction force Рfr (Fig. 5). In this case, the vertical 
load includes a vertical static component and a dynamic one, 
calculated according to model (3). In addition, a uniformly 
distributed load Рr from the transported cargo was applied 
to the vertical racks of the removable module.

The removable module was fixed in the zones of its sup-
port on the platform car [21, 22]. Isoparametric tetrahedra 
were used to construct a finite-element model of the remov-
able module [23–25]. The number of nodes of the model 
was 21695, elements – 66537. The maximum size of the ele-
ment is 110 mm, the minimum is 22 mm. Steel grade 09G2S 
is intended as a structural material, which is typical in car 

Fig. 3. Estimation scheme of the removable module

Рr 

Рv 

Fig. 4. Estimation scheme of the platform car with a 
removable module

 k  k β β 
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building for the manufacture of load-bearing structures of 
vehicles [26, 27]. This steel grade has a modulus of elas-
ticity of 2.1∙105 MPa, a  tensile strength of 490 MPa, a yield 
strength of 345 MPa.

5. Results of determining the patterns of vertical load on 
the removable module for long loads 

5. 1. Devising a concept for a removable module for 
the transportation of long loads

On the basis of the calculations carried out in accordance 
with the scheme shown in Fig. 3, we have built the diagrams 
of bending moments that act on the components of the remov-
able module. For better visualization of our results, Fig. 6, 7 
separately show the diagrams of bending moments, which act, 
respectively, on the frame of the module, and the rack.

The maximum bending moment acting on the frame of 
the removable module occurs in the intermediate transverse 
beams and is equal to 309 kN∙m (Fig. 6). In the intermediate 
beams, it was 309 kN∙m. The value of the bending moment in 
the longitudinal beams is 283 kN∙m. The maximum value of 
the bending moment in vertical racks is observed in the zones 
of their interaction with the frame and is 307 kN∙m (Fig. 7).

According to the maximum values of the bending mo-
ments, the moment of resistance of the components of the 
module was determined [28, 29]

[ ]
,

М
W =

σ
	 (4)

where M is the bending moment; [σ] – permissible stresses.

With this in mind, the calculated value of the mo-
ment of resistance for the components of the frame was 
W=1471.4 cm3, and for racks – W=1461.9 m3. 

Based on our calculations, a profile formed by three 
sheets, 9 mm thick, was chosen as profiles for the frame of the 
removable module (Fig. 8, a). 

With regard to racks – a profile formed by 
three sheets; 12 mm thick (Fig. 8, b). When making 
calculations, the margin ratio is taken to be 1.3.

5. 2. Determining the dynamic load on the 
removable module 

To determine the dynamic loads that act on 
the proposed concept of the removable module, 
mathematical modeling was carried out. It is taken 
into account that the removable module is located 
on the platform car of the model 13-401M with 
fitting stops, moving at a speed of 80 km/h. That 
is, the operational speed of movement is taken into 
account. The rigidity of the track is assumed to 
be equal to 1000 kN/m, the coefficient of viscous 
resistance is 200 kN∙s/m [18]. The depth of the 
irregularity is 0.01 m, and the length is 3 m.

Mathematical model (3) was solved by the 
Runge-Kutta method [30–32]. In this case, the 

Fig. 5. Estimation scheme of the removable module

Рv

Рr

Рv

Рfr

Fig. 6. Diagram of bending moments that act on the frame of the 
removable module

309 kN∙m 

307 kN∙m 

283 kN∙m 

220 kN∙m 

Fig. 7. Diagram of bending moments that act on the racks of 
the removable module

307 kN∙m 

Fig. 8. Cross-section of module components: 	
a – frame; b – racks
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initial movement and speed are set to zero [33–35]. The 
results of the calculation are shown in Fig. 9, 10. 

It was established that the maximum acceleration act-
ing on a platform car with a removable module is 2.86 m/s2.  
It is important to note that the resulting acceleration is 
4.6 % lower than that which acts on the supporting struc-
ture of the platform-car, loaded with a module without 
elastic-friction links. The acceleration that acts on the 
bogies is 9.9 m/s2. Movement of the platform car in the 
loaded state in accordance with DSTU 7598:2014. Freight 
cars. General requirements for calculations and design of 
new and  modernized cars of track 1520 mm (non-self-
propelled) is rated as “good”. An analog of this standard is 
“EN 12663–2. Railroad applications – structural require-
ments of railroad vehicle bodies – Part 2: Freight cars. B., 
2010. 54 p.”. 

The calculation is implemented in relation to 
other speeds of movement of the platform car. The 
results of the calculations are given in Table 1.

Table 1

Accelerations that act on a platform car with 	
a removable module

Speed, km/h 80 90 100 110 120

Acceleration in the center of 
mass, m/s2 2.86 2.84 3.07 2.7 3.12

Bogie acceleration, m/s2 9.9 11.1 12.2 13.5 14.2

According to Table 1, we constructed the 
dependences of the accelerations that act on the 
supporting structure of the platform car, as well as 
on bogies, on the speed of movement (Fig. 11, 12).

Analyzing the dependences shown in Fig. 11, 12 
it can be concluded that, taking into account the 
use of elastic-friction links in the removable module, its dy-
namic load, depending on the speed of movement, decreases 
by 3.2–4.86 % compared to the typical structure.

5. 3. Determining the basic indicators of the strength 
of the removable module

According to the results of mathematical modeling, the 
calculation of the strength of the removable module was car-
ried out. This takes into account the acceleration that acts 
on the removable module at a speed of 80 km/h. The results 
of the calculation are shown in Fig. 13.

The maximum stresses were recorded in the zones of 
interaction of the side beams with the fittings and amounted 
to 184.2 MPa. The resulting stresses are lower than the per-
missible ones, which are equal to 210 MPa. 

The calculation for the strength of the removable module 
was carried out taking into account the dynamic loads that 
act on it at different speeds of movement. It must be said that 

Fig. 9. Accelerations that act on the supporting structure of 
the platform car with a removable module
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Fig. 11. Dependence of the accelerations that act on the 
supporting structure of the platform car with a removable 
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Fig. 13. Stressed state of the removable module
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the discrepancy between the maximum stresses is insignifi-
cant and is in the range of 1–1.6 %.

6. Discussion of results of determining the patterns of 
vertical load on the prototype of the removable module 

In order to adapt the universal platform car for the trans-
portation of long loads, a structure of the removable module 
was proposed (Fig. 1). A feature of the removable module 
is the presence of elastic-friction links in the structural 
elements. This helps reduce the load on both the removable 
module itself and the platform car under operational modes.

To design an optimal structure of the removable module 
from the point of view of minimum material consumption, it 
was calculated as a rod system. The moments of resistance 
of the components of the module were determined and the 
profiles of their execution were selected. 

To substantiate the use of elastic-friction links in the 
structural elements of the removable module, a mathematical 
model was built (3). The results of solving it established that 
the maximum acceleration acting on a platform car with a re-
movable module at a speed of 80 km/h is 2.86 m/s2 (Fig. 9). 
The resulting acceleration is 4.6 % lower than that of the 
operating structure of the platform-car loaded with a module 
without elastic-friction links.

The results of determining the dynamic load on the 
platform car with a removable module, taking into account 
different speeds of movement, showed that the accelerations 
acting on it are 3.2–4.86 % lower compared to the typical 
design (Fig. 11, 12).

It must be said that the limitation of the model built is 
the absence of angular movements of the platform car loaded 
with a removable module in the vertical plane.

In addition, as part of the study, the calculation of the 
strength of the removable module was carried out. The 
maximum stresses were recorded in the zones of inter-
action of the side beams with the fittings and amounted to 
184.2 MPa (Fig. 13). This is explained by the fact that the 
module is fixed to the corner fittings. 

The calculation for the strength of the supporting struc-
ture of the removable module was carried out taking into 
account the dynamic loads that occur at different speeds of 
movement. The discrepancy between the maximum stresses 
is in the range of 1–1.6 %.

The limitation of our studies is that they do not take 
into account the longitudinal load on the removable module, 
predetermined by its natural degree of freedom due to the 
technological gaps between the fittings and fitting stops. 
This issue will be considered in further research in this area.

The advantage of this study in comparison with [5–10] is 
that the proposed introduction contributes to the expansion 
of the range of transported cargoes on existing structures of 
platform cars without their significant modernization. A pre-
requisite is the presence of fitting stops on the platform car. 
This issue can be solved by setting up folding or stationary 
fitting stops on their supporting structures. Compared with 
the results reported in works [11–13], the advantage of this 
study is that the design of the proposed removable module 
helps reduce the load on the supporting structure of the 
platform car under operational modes.

It is important to note that it is possible to transport con-
tainers by road or sea, including as part of combined trains, 

in the proposed structure of the removable module [36–38]. 
This contributes to the possibility of expanding the func-
tionality of the proposed vehicle.

A further development of this study is determining the 
longitudinal load on the removable module, taking into 
account its natural degree of freedom in the longitudinal 
plane [39–41]. This will allow for further improvement of its 
design by setting end stops.

In addition, one of the further areas of the current study 
is the introduction of promising materials in the design of 
the removable module [42–44]. The issue related to ex-
perimental determination of the strength of the removable 
module requires attention. Our team plans to conduct it by 
the method of likeness in the laboratory.

Our research will contribute to compiling recommen-
dations for the design of modern vehicle, in particular the 
removable type, as well as improving the efficiency of rail 
transportation.

7. Conclusions 

1. The concept of a removable module for the transpor-
tation of long loads is proposed. A feature of the removable 
module is the presence of elastic-friction links, which helps 
reduce the load on both its structure and the platform car. 
The moments of resistance of the components of the remov-
able module are calculated to determine the optimal param-
eters of the profiles of its execution.

2. The dynamic load on the removable module placed on 
the platform car is determined. The maximum acceleration 
applied to the platform car loaded with the removable mod-
ule was 2.86 m/s2. The resulting acceleration is 4.6 % lower 
than that which acts on the supporting structure of the plat-
form-car, loaded with a module without elastic-friction links. 
The acceleration that acts on the bogies  is 9.9 m/s2. The move-
ment of the platform car in the loaded state is rated as “good”.

3. The basic indicators for the strength of the removable 
module under the condition of its vertical load are deter-
mined. Maximum stresses at an operating speed of 80 km/h 
were recorded in the zones of interaction of side beams with 
fittings and amounted to 184.2 MPa, which is 12 % lower 
than permissible ones. This is due to the use of elastic-fric-
tion links in its design and the possibility of reducing its 
vertical load.
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