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Abstract. The article presents the results of strength simulation of the bearing structure of freight 
wagon bodies made of round pipes during railway ferry transportation. In order to reduce the cost 
for manufacturing freight wagons, the introduction of round pipes in the supporting structure was 
proposed. In order to ensure the possibility of transportation of the designed structures of wagons 
on railway ferries, it was proposed to install on their draw bars an assembly unit for fixing with 
regard to decks. The value of the dynamic load which acts on the supporting structures of the 
bodies of the main types of freight wagons transported on the railway ferry was determined and 
the strength was calculated. It was established that the maximum equivalent stresses are within 
admissible values. The obtained results will enhance the efficiency of the operation of freight 
wagons through international transport corridors. 
Keywords: freight wagon, bearing structure, dynamic load, strength, railroad ferry. 

1. Introduction 

The increase in the volume of freight traffic between European countries has caused the 
development and successful operation of combined transport systems. In countries which have 
access to international traffic through the sea areas, the rail and ferry transportation has been 
developed. The peculiarity of such transportation is the possibility of the movement of wagons by 
sea on railway ferries (Fig. 1). The wagons are secured to ensure their stability with respect to 
decks. Since the construction of wagons does not compose special units for fixing, it is secured to 
the units which are not intended for this purpose. 

 
a) 

 
b) 

Fig. 1. Railroad ferries with the wagons on board a) “Geroi Odessyi”, b) “Petrovsk” 

It causes damage of wagons when transported on railway ferries and the need for unscheduled 
maintenances, and therefore it leads to additional costs. In addition, the disturbance of the stability 
of the wagon body with regard to the deck can lead to loss of stability of the railway ferry. Therefore, 
it is necessary to ensure structural adaptation of wagons to the interaction with the means of securing 
for the reliability of fastening the wagons with regard to the decks of railway ferries. 
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2. Previous research overview 

Results of the theoretical and experimental research of the strength of the Fals series open-top 
wagon are given in [1]. When carrying out strength calculations, the loads that act on the car 
during operation on the main tracks were taken into account. 

Determination of longitudinal forces acting on the rolling stock when using different types of 
damping devices in the harnesses of automatic couplings is carried out in [2]. Dynamic load of 
wagons when transported on railway ferries are not considered in the paper. 

The analysis of structural features of the freight wagons BCNHL is carried out in [3]. No 
attention is paid to improving the scheme of wagon interaction with the railway ferry deck. 

The results of previous researches of hot ceramic firing under pressure with alternating current 
are given in [4].  

Research of spatial vibration of freight wagons using the computational model with due 
consideration of their inertial properties is carried out in [5]. Determination of dynamic load of 
bearing structures of wagon bodies when transported on railway ferries is not considered. 

Determination of the stress-strain state of bearing structures of 12-757 open-top wagons with 
typical for 1.5 years wear is defined in [6]. It has been established that the maximum equivalent 
load does not exceed the admissible values, which allows concluding that the wagon can be further 
used. 

Determination of the usefulness of the joined back frame is considered in [7]. The researches 
have been carried out in theoretical and experimental ways on the example of a hopper wagon. 
When calculated the strength of the bearing structures of the wagon bodies, the loads applied 
during transportation on the railway ferry were not taken into consideration. 

Features of the modernization of freight wagons during routine maintenance are considered in 
[8]. Within the framework of the project, it is proposed to manufacture a body of the wagon from 
composite panels and to paint with anticorrosive materials. 

Other methods for dynamic analysis of mechanical structures, including examples of their 
application, are described in [9, 10]. 

3. Computational model creation 

The aim of the research was to identify special features of determining strength of bearing 
structures of the wagons made of round pipes when transported on railway ferries. In order to the 
aim, the following tasks have been set: 

– to improve the bearing structures of wagons for the transportation on railway ferries; 
– to determine the dynamic loading of bearing structures of wagons when transported on a 

railway ferry; 
– to calculate the strength of bearing structures of wagons when transported on railway ferries. 
In order to increase the efficiency of the operation of railway wagons, it was proposed to use 

round pipes as supporting members of wagon bodies (Figs. 2-4). Such engineering solution will 
reduce the cost of manufacturing new wagons at wagon manufacturing plants under conditions of 
strength and operational reliability [11]. 

 
Fig. 2. Computer models of railway wagons whose bearing elements of bodies  

are made of round cross-section pipes: flat wagon 
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Fig. 3. Computer models of railway wagons whose bearing elements  

of bodies are made of round cross-section pipes: open-top wagon 

 
Fig. 4. Computer models of railway wagons whose bearing elements  

of bodies are made of round cross-section pipes: covered wagon 

For the possibility of transportation of designed structures of wagons on railway ferries, it was 
proposed to equip their constructions with assembling units for fixing with regard to the decks 
(Fig. 5). 

 
a) 

 
b) 

Fig. 5. A node for wagon fastening to the deck of the railway ferry  
a) general view; b) allocation on the draw bar 

At the initial research stage the dynamic loading of bearing structures of wagon bodies made 
of round pipes was investigated to determine the strength of bearing structures when transported 
on the railway ferry. The mathematical model presented in [12] was used: 

ቌ൭ 𝐷12𝑔 ൫𝐵ଶ + 4𝑧௚ଶ൯൱ 𝑞ሷ + ൬Λఏ 𝐵2൰ 𝑞ሶ = 𝑝ᇱ ℎ2 + Λఏ 𝐵2 𝐹ሺ𝑡ሻ𝑝 − 𝑝௔ቍ, (1)

where 𝑞 = 𝜃 is the generalized coordinate which corresponds to the angular displacement of a 
railway ferry with wagons on board around the longitudinal axis. The coordinate system origin is 
at the centre of mass of a railway ferry; 𝐷 is weight displacement, 𝐵 is the width of the railway 
ferry, ℎ is the hull height of the railway ferry, Λఏ is the coefficient of resistance to motions, 𝑧௚ – 
coordinate of the gravity centre of a railway ferry, 𝑝ᇱ – wind load, 𝐹ሺ𝑡ሻ is the force time waveform 
that causes the movement of a railway ferry with wagon bodies on its decks. 

The research has been conducted relating to the ferry “Geroi Shipki”, which moves along the 
Black Sea water area. The model takes into account the angular movements of the railway ferry 
with the wagons placed on it at angular movements around the longitudinal axis (heel). 

This type of moving process has been taken into account because it causes the greatest impact 
on the stability of the vessel under conditions of sea disturbance [13, 14], and therefore on the 
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wagons placed on it. It has been taken into consideration the fact that the wagon body is fixed 
rigidly with respect to the deck and moves along with it. 

The differential equation of motion Eq. (1) was solved applying the programming environment 
Mathcad [15, 16] by using the Runge-Kutta method. Initial displacement and velocity are taken 
as zero [17]. It was established that the maximum acceleration value as a component of the 
dynamic loading acting on a wagon is about 0.24 g. The obtained value of the dynamic load was 
taken into account when calculating the strength of the bodies of the main wagon types that are 
transported by rail ferries. The calculation is based on the finite element method implemented in 
the CosmosWorks programming environment [18]. 

The strength models of bearing structures of wagons bodies when transported on a railway 
ferry are shown on Figs. 6-8. In the preparation of FEM models of wagon bodies, ten-node 
isoparametric tetrahedra were used. The optimal number of grid elements was determined by the 
graphic-analytical method. 

The models take into consideration the vertical-static load 𝑃௩௦௧, the load acting through the 
chain link 𝑃௖௛.௟., as well as the wind load 𝑃௩. When constructing the model of the strength of an 
open-top wagon, the outward pressure of dry bulk cargo was taken into consideration 𝑃௣ 
(hardcoal). In the models of the strength of the flat wagons and the body of the covered wagon, it 
has been taken into consideration the fact that they are loaded with a conventional cargo, using 
full load-carrying capacity. Since the chain ties, which fasten the bodies of wagons with regard to 
the decks, have a spatial arrangement, then the force transmitted through them was decomposed 
into components, considering the angles of placement of the ties in interspace. 

 
Fig. 6. Models of strength of wagon bodies  

made of round pipes when transported  
on a railway ferry: flat wagon 

 
Fig. 7. Models of strength of wagon bodies  

made of round pipes when transported  
on a railway ferry: open-top wagon 

 

 
Fig. 8. Models of strength of wagon bodies made  

of round pipes when transported on the  
railway ferry: covered wagon 

 
Fig. 9. Stress state of the bearing structure  

of the flat wagon when transported  
on the railway ferry 

Fastening of models was carried out in the zones of their support on the bogies, as well as on 
the bearing surfaces of mechanical jack installations. 09G2S steel was used as a material of bearing 
structures. The main calculation results in quasi-statics are shown in Figs. 9-11. 

The calculations have shown that the maximum equivalent stresses in the bearing structure of 
the flat wagon arise in the zones of interaction of the draw bars with the back frame and amount 
to about 280 MPa (Fig. 9), i.e. they do not exceed the admissible values [19-21]. Maximum 
displacements arise in the middle part of the main longitudinal beam of the frame where chain ties 
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are located and which are stretched at the angular displacement of the bearing structure of the flat 
wagon, and amount to 27.7 mm. 

The maximum equivalent stresses in the open-top wagon structure arise in the middle part of 
the frame and amount about 260 MPa, i.e. they do not exceed the admissible values (Fig. 10). 
Maximum displacements arise in the middle part of the side wall of the body of the open-top 
wagon from its tilt at the roll and amount to 15.6 mm. 

The maximum equivalent stresses in the bearing structure of the covered wagon body arise in 
the zones of the interaction of the draw bars with the back frame and are about 280 MPa, i.e. they 
do not exceed the admissible values (Fig. 11). The maximum displacements arise in the middle 
part of the main longitudinal beam of the frame from the side of placing the chain ties, which are 
stretched at the angular displacement of the wagon structure and amount to 25.4 mm.  

 
Fig. 10. Stress state of the bearing structure of 

the open-top wagon body when transported  
on the railway ferry 

 
Fig. 11. Stress state of the bearing structure of the 

covered wagon body when transported  
on the railway ferry 

4. Conclusions 

Bearing structures of the main types of freight wagons for the transportation on railway ferries 
have been improved. The dynamic load of bearing structures of the main types of freight wagons 
when transported on a railway ferry has been determined. Attention was taken to the angular 
movements of the ferry with wagons, located with regard to the decks. It was established that the 
maximum acceleration acting on the body of the wagon considering the meteorological conditions 
of the Black Sea is 0.24 g. 

Maximum equivalent stresses on the body of wagons have been determined. Furthermore, the 
maximum equivalent stresses in the wagon bodies are within the admissible limits considering the 
proposed technical solutions. It should be noted that earlier issues of creating wagons that are 
adapted for safe transportation on railway ferries did not receive due attention. The research results 
will improve technical parameters of bearing structures of the basic types bodies of freight wagons 
carried on railway ferries, and also increase the efficiency of their operation in the international 
connection. 
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