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Abstract: Railway ferry transportation is a crucial component of intermodal logistics, allowing for seamless 

wagon transfers across water routes. This study investigates the impact of chain tie placement on the 

structural integrity of wagon body components during railway ferry transit. Real-world fastening 

configurations were analyzed, revealing that the actual angles of chain tie placements deviate from 

regulatory standards, leading to uneven force distribution. By incorporating statistical analysis and 

finite element simulations, coefficients of uneven tie placement were determined, and their effects on 

load transmission were assessed. The results indicate that stress levels in fastening nodes frequently 

exceed permissible limits, highlighting a significant risk to structural integrity and transportation 

safety. These findings underscore the necessity for revised fastening schemes to enhance the 

securement of wagons on ferry decks, thereby improving operational reliability and safety. 

Keywords: railway ferry transportation; a chain tie; securing a wagon on a deck; body loading; safety of railway 
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I. INTRODUCTION 

Railway transport ensures the movement of a large 

number of goods inland as well as between 

continents. It has undeniable advantages compared 

to other modes of transport. These mainly include 

low resistance to movement [1, 2], favorable energy 

efficiency, and the high axle load in comparison with 

other kinds of transport [3–5]. Indeed, safe and 

reliable railway transport requires a suitable 

infrastructure [6–8], high-quality railway tracks [9–

11], and effective and environmentally friendly 

sources of energy [12–14]. New and modern rail 

vehicles have been developed and designed to meet 

the demanding conditions of sustainable transport 

[15–17]. However, there are regions where it is 

necessary to combine railway transport with other 

kinds of transport. Water transport is one of them. 

Railway ferries specially designed for wagons allow 

the embarkation and disembarkation of entire 

wagons without the need to unload them. 

The countries of the Black Sea basin are linked to 

the most important international transport corridors 

that ensure the transportation process between 

individual states of the Eurasian continent. To 

shorten the path from the sending country to the 

receiving country and, as a result, the time of cargo 

delivery and ensure its safety during transportation, 

the combined interaction between individual 

transport sectors in the general transport network has 

become widespread. The most promising symbiosis 

in this direction has developed between rail and sea 

modes of transport. A derivative of this combination 

of transport sectors is railway ferry transportation 

[18–21]. 

Analysis of the operation of wagons in 

international rail-water communication has revealed 

several significant shortcomings in the inconsistency 

of the structural and technological interaction of 

bodies with the means of securing them relative to 

the railway ferry decks, which prevents ensuring the 

strength and safety of wagons under given operating 

conditions [22–25]. 

To ensure the stability of the wagon bodies relative 

to the railway ferry decks, they are secured using 

multi-rotation fastening devices. 

Research into the schemes of securing wagons to 

the railway ferries decks at the stations 

"Chornomorsk – Poromna" of the Regional Branch 

of the Odesa Railway of the Joint-Stock Company 

"Ukrzaliznytsia" allowed to conclude that the chain 

ties used to secure the wagons to the decks are 

asymmetrically arranged relative to the bodies, as a 
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result of which, there is an uneven force load on the 

supporting structure of the wagon, which leads to 

final deformations and general damage to the 

structural elements. This situation is quite dangerous 

because a wagon can fall onto the deck, which will 

entail the vessel's death. Therefore, an important 

issue is the study of the scheme for securing wagons 

to the decks of railway ferries and creating solutions 

for their technical adaptation to safe transportation 

by sea. 

The publication [26] considers the features of 

determining the forces acting on the wagon during 

transportation by sea. The study was conducted 

using the example of the Caspian Sea. The author 

provides a suitable method for determining the 

forces acting on a wagon. However, its strength in 

interaction with chain ties was not investigated. 

The study of the strength of the supporting 

structure of a wagon during its transportation by sea 

was carried out in [27]. The authors studied the case 

of the impact force of a wave on the ferry hull with 

wagons placed on it. However, when studying the 

strength of the wagon, no attention was paid to the 

uneven placement of the ties relative to the body. 

The publications [28, 29] determined the 

conditions for securing the wagon on the deck of a 

railway ferry. The angles of the chain ties that must 

be observed for reliable fastening of the body are 

given. Similar information is also contained in 

regulatory documents [30, 31], which specify the 

conditions for securing wagons on the decks of 

ferries operated in the Black Sea. However, in 

practice, the specified angles are not always 

observed, which causes an asymmetric load on the 

body from the chain ties. 

In the work [32], a study of the stability of the 

equilibrium of a container during its transportation 

by a railway ferry was carried out. The angles of the 

roll of the railway ferry at which the stability of the 

container is observed are determined. At the same 

time, the authors did not study the effect of the 

placement of chain ties on the stability of the 

container. 

Analyzing the publications devoted to the 

dynamics and strength of wagons during their 

transportation on railway ferries, it can be concluded 

that the placement of chain ties and the effect of their 

placement on the loading of the components of the 

wagon bodies were not paid attention to. 

Therefore, the purpose of the study is to identify 

the effect of the placement of chain ties on the 

strength of the components of the wagon body 

during railway ferry transportation. 

II. DETERMINATION OF COEFFICIENTS 

CONSIDERING THE PLACEMENT OF CHAIN 

TIES IN THE SPACE 

Based on the research of typical schemes of 

fastening of wagon structures to the decks of railway 

ferries, real cases of fastening to individual elements 

of the wagon bodies were identified Fig. 1. 

It was established that they have a static character 

and are fastened to the elements of the construction 

of the wagons, which are not intended for this at all. 

    

(a) (b) (c) (d) 

Figure 1. Figure caption Randomness of the places of fastening of chain ties to the structural elements of 

wagons: a) a covered wagon on the ferry “Heroi Shipki”; b) an open wagon on the ferry “Greifswald”; c) a 

hopper wagon on the ferry “Petrovsk”; d) a flat wagon on the ferry “Heroi Odessa” 

 

Figure 2. A chain tie placement relative to the 

wagon body: px, py, pz - projections of the force 

from the chain tie applied to the fastening zone 

on the body on the axis of the Cartesian system, 

respectively; α, β, γ - angles of chain tie 

placement relative to the plane of the wagon 

body, respectively 
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In rough sea conditions, the wagon body will 

perceive the load at the nodes of its interaction with 

the chain ties, the magnitude of which depends on 

their location relative to the plane of the wagon body. 

The location of the chain tie in the space and the 

scheme of applying the load to the car body through 

it are shown in Fig. 2. 

The angles of the chain tie placement relative to 

the plane of the wagon body in the case of 

symmetrical fastening according to [28–31] are 

listed in Table 1. 

To analyze the randomness of the placement of 

chain ties relative to the wagon bodies, about 100 

wagon fastenings on the decks of railway ferries 

were studied. 

The sample included the following types of 

wagons: open wagons - 21, covered wagons - 41, 

autonomous refrigerated wagons (ARVs) converted 

to covered wagons - 39 and tank wagons - 13, while 

the number of chain ties used for fastening was for 

open wagons - 156, for covered wagons - 310, for 

ARVs converted to covered wagons - 304 and for 

tank wagons - 104. 

It can be stated, using the dependences of 

mathematical statistics and the probability theory, 

that the number of studied sample elements, i.e., 

chain ties, is sufficient to obtain its valid estimate. 

The sample size was determined by the formula 

[33]: 

𝑛 =
𝑡(𝑝,𝑘)

2 ∙ 𝜎2

Δ2 ∙ 𝜎
 , (1) 

where t(p,k) - a value of the Student's test for a given 

probability and magnitude: 

Δ𝜎 = 𝑡𝛼(𝑛) ∙ Δ𝑆�̅� , (2) 

where Δ2σ - an absolute error of the measurement 

result.  

Based on the calculations, it became possible to 

state that the number of studied sample elements, 

i.e., chain ties, is sufficient to obtain a valid estimate 

[34, 35]. 

For the composite sample, analytical dependencies 

were determined, and coefficients were obtained that 

consider the unevenness of the fastening of chain ties 

relative to the wagon body. 

The coefficients of unevenness of the fastening of 

ties relative to the plane of the wagon body are given 

in Table 2. 

The table (Table 2) shows that the discrepancy 

between the coefficients considering the unevenness 

of the placement of chain ties relative to the wagon 

body, obtained based on physical measurements and 

using regulatory documents, is approximately 1%. 

Therefore, when assessing the force transmitted by 

the chain tie to the wagon body, it is necessary to 

introduce into the calculation correction coefficients 

that consider the angles of placement of the chain ties 

relative to the plane of the wagon body and, 

therefore, the forces transmitted through them to the 

supporting structure of the wagon. Then, it is given 

the following formulation: 

𝑝 = 𝑝𝑐 ∙ 𝜅ℎ ∙ 𝜅𝑏 , (3) 

where pc - the force transmitted through the chain tie 

to the wagon body [kN], κh, κb - coefficients 

considering the geometric unevenness of the 

placement of the chain tie along the height of the 

wagon body and from the deck rim to the vertical 

plane of the wagon body, respectively. 

Table 1. Angles of placement of chain ties 

relative to the plane of the wagon body 

Angle Value 

α < 30° 

β 30° to 60° 

γ < 60° 

 

Table 2. Coefficients considering the uneven placement of chain ties relative to the wagon body 

Type of a wagon 

Coefficient of unevenness of chain tie 

placement along the height of the 

wagon body, kh 

The coefficient of unevenness of the 

placement of chain ties from the 

deck rim to the vertical plane of the 

wagon body, kb 

Calculation based 

on physical 

measurements 

Calculation 

based on 

regulatory 

documents 

Calculation based 

on physical 

measurements 

Calculation 

based on 

regulatory 

documents 

Open wagon 1.17 1.09 1.17 1.10 

Covered wagon 0.97 0.91 1.36 1.27 

Hopper wagon 1.04 0.97 1.24 1.15 

Tank wagon 0.96 1.02 1.08 1.10 
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III. DETERMINATION OF THE STRENGTH 

OF THE JOINTS OF THE WAGONS WITH 

CHAIN TIES 

Considering the determined coefficients, the 

strength of the brackets for pulling up the cars during 

shunting operations (Fig. 3), which are often used for 

their fastening on the decks, was calculated. Spatial 

models of such brackets were built for this purpose 

according to the album of their drawings (Fig. 4), 

and the calculation was carried out using the finite 

element method in SolidWorks Simulation [36–38]. 

The determination of the elements number of the 

finite element model was carried out by the graph-

analytical method. The method is based on the 

graphical (geometric) representation of admissible 

solutions and the objective function of the problem. 

The essence of the method in solving this problem is 

to construct the dependence of the maximum 

equivalent stresses on the number of finite elements. 

   

(a) (b) (c) 

Figure 3. Clamps for pulling up the car during shunting operations: a) on an open wagon; b) on a hopper 

wagon; c) on a flat wagon 

   
(a) (b) (c) 

 
 

 
(d) (e) (f) 

Figure 4. Spatial models of brackets: a) on an open wagon; b), e) on a covered wagon; c) on a hopper wagon; 

d) on a tank wagon; f) on a platform wagon 

Table 3. Loads acting on elements of wagon bodies from chain ties 

Type of a wagon 
Load [kN] 

Px Py Pz 

Open wagon 117.60 93.90 183.60 

Covered wagon 112.30 84.50 177.40 

Tank wagon 116.50 88.40 176.20 

Hopper wagon 105.30 82.60 174.50 

Flat wagon 111.70 85.20 174.30 
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When this dependence begins to be described by a 

horizontal line, this is the optimum number of finite 

elements. The features of determining the loads 

acting on the car and perceived by the nodes of their 

fastening on the decks of the railway ferry are 

highlighted in the work [39, 40]. At the same time, 

the determination of these loads was carried out 

under the most unfavourable hydrometeorological 

conditions of the Black Sea navigation area, i.e. the 

wave height, the wind pressure, and others. Table 3 

shows the loads acting on the elements of the wagon 

bodies from chain ties. Since the tie has the 

appropriate angles of placement in space, the load 

from it on the body was decomposed into three 

components. 

As sufficient statistical material was not collected 

regarding the placement of chain ties relative to the 

body of the flat wagon and the hopper wagon during 

the field studies, the calculations considered the most 

unfavourable fastening options recorded during the 

studies. That is, the loads given in Table 3 for the 

flat wagon and the hopper wagon do not consider the 

coefficient of uneven placement. 

  

(a) (b) 

 
 

(c) (d) 

  
(e) (f) 

Figure 5. Stress-strain state of the wagon fastening units on the decks (strain scale 10:1): a) an open wagon; 

b), e) a covered wagon; c) a hopper wagon; d) a tank wagon; f) a flat wagon 
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The largest deviations of the geometry of the chain 

ties placement in the space from those established by 

the standards [28-30] and achieved during the field 

studies were considered. 

Fig. 5 shows the results of the calculation of the 

fastening nodes. 

It can be concluded, analysing the obtained results, 

that the stresses that arise in the fastening nodes 

exceed the permissible ones several times – 

310.5 MPa. This proves the need to improve the 

wagon bodies for safe interaction with the fastening 

means of railway ferries. 

IV. CONCLUSIONS 

1. The coefficients of unevenness of the placement 

of chain ties for securing wagon bodies on the decks 

of railway ferries were determined. For this purpose, 

field studies of wagon fastening schemes were 

carried out. The obtained coefficients allow to 

determine the specified value of the load transmitted 

from chain ties to the elements of the wagon 

structures. 

2. The strength of the nodes of the interaction of 

wagons with chain ties was calculated. It was 

established that the stresses in the fastening nodes 

are several times higher than the permissible values. 

This situation contributes to damage to the bodies 

and violation of the safety of their transportation by 

sea. Therefore, there is a need to improve wagon 

bodies in order to ensure the reliability of their 

fastening on the decks of railway ferries. 
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