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Для забезпечення міцності несучих конструкцій 
напіввагонів запропоновано впровадження концеп­
ту упряжного пристрою, який можна реалізувати 
на напіввагонах з несучими елементи з круглих труб. 
Особливістю концепту є те, що консольні частини 
хребтової балки заповнені в’язкої речовиною з демп­
фуючими та антикорозійними властивостями. Для 
перетворення кінетичної енергії удару в енергію дис­
ипації в концепт входить поршень з двома дросельни­
ми клапанами (впускним та випускним).

З метою визначення динамічної навантаже­
ності несучої конструкції напіввагону, обладна­
ного концептом упряжного пристрою, проведено 
математичне моделювання. Складено математич­
ну модель динамічної навантаженості напівваго­
на при маневровому співударянні. Враховано, що 
на раму напіввагона діє повздовжнє навантажен­
ня у 3,5 МН. Розв’язок диференціальних рівнянь 
проведено за методом Рунге-Кутта в середовищі 
програмного забезпечення Mathcad. Встановлено, 
що максимальна величина прискорення, яка діє на 
напіввагон, з урахуванням заходів щодо удоско­
налення, складає близько 30 м/с2. Запропоновані 
технічні рішення дозволяють знизити величину 
динамічної навантаженості несучої конструкції 
напіввагона при маневровому співударянні на 25 %.

Проведено комп’ютерне моделювання динамічної 
навантаженості напіввагона в програмному забез­
печенні CosmosWorks. В якості розрахункового вико­
ристаний метод скінчених елементів. Максимальні 
прискорення при цьому склали близько 37 м/с2 та 
зосереджені в консольних частинах хребтової балки.

Перевірка адекватності розроблених моделей 
динамічної навантаженості несучої конструкції 
напіввагона здійснена за критерієм Фішера (F-кри­
терієм). Оптимальна кількість вимірів визначена за 
критерієм Горсета (Стьюдента).

Результати проведених розрахунку показали, що 
гіпотеза про адекватність не відхиляється.

Проведені дослідження сприятимуть зменшен­
ню динамічної навантаженості несучих конструкцій 
напіввагонів у експлуатації та витрат на позапла­
нові види ремонту. Проведені дослідження дозволять 
створити рекомендації щодо проектування іннова­
ційного рухомого складу з покращеними техніко-еко­
номічними показниками
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1. Introduction

The development of economic activity between Eurasian 
states necessitates providing transport industry with innova-
tive rolling stock that has improved technical and economic 
indicators. It is known that one of the most common types 
of rolling stock in operation is universal open-top wagons. 
Along with this, the open-top wagons are one of the most 
damaged kinds of railroad cars during operation. 

A significant amount of damage to open-top wagons is 
demonstrated by their bearing structures at shunting ope
rations due to the elevated speeds of collisions that exceed 
standard (Fig. 1).

The humps of marshalling stations service a large number 
of cars on a daily basis. In this case, the operational speed 
of humping devices continuously increases. Shunting ope
rations are accompanied by the increased speeds of wagons 
collisions and the elevated force loads on the components of 
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their structures. In this regard, the amount of damage to cars 
at shunting is constantly growing [1].

 
 

 

a

b

Fig. 1. Damage to the body of an open-top wagon at the 
elevated speeds of collision: a – node of interaction between 

a girder beam and a pivot beam; b – node of interaction 
between a vertical rack and a pivot beam

When descending the humps, new open-top wagons are 
damaged as well. The largest amount of damage in this case 
is demonstrated by elements in the bearing structure of bo
dies. Significant damage is done to the pivot beam of a frame, 
which is predetermined by that the largest magnitudes of 
stresses during a shock collision between cars are concentra
ted in the area of its intersection with a girder beam.

Under conditions of the elevated speeds of collision, 
equivalent stresses in the elements of a body could exceed 
the permissible ones. Significant force loads could lead to 
the displacement of a cargo inside the body of the car, which 
causes additional force effect on the bearing structure. This is 
especially the case when long cargoes are weakly fixed in the 
middle of the body. The consequences of such an event are 
damage to the end walls of open-top wagons or doors. 

Significant impact on the damage to the bodies of open-
top wagons is exerted by shunting technical means. Tracks 
under humps sometimes have slopes, which greatly differ not 
only at separate stations operated under the same conditions, 
but even within the same park.

A large amount of all damage in the process of sorting 
wagons occur due to violation of the established technology 
of sorting operations. More than half of them are the fault of 
speed controllers and operators [1]. 

It is known that a traction device with an absorbent ap-
paratus inside it is used to absorb the impact kinetic energy 
by a wagon’s bearing structure during shunting operations. 
At significant collision speeds, in the case the total energy ca-
pacity of the apparatus is utilized, it «closes», that is, does not 
absorb energy. In this case, the vertical surface of rear sup-
ports receives the impact loading without taking into con-
sideration possible absorption, which could lead to damage 
to the load-bearing structures of cars and their components.

To ensure the preservation of open-top wagons at shun
ting collision, which is the case of the largest loading on the 
structure during operation, it is essential to improve cars to 
reduce dynamic loading [2]. One of the most effective ways 
to resolve this issue is the practical implementation of the 
new concept design of a traction device that would absorb 
the longitudinal dynamic loads. Such a technical solution 
would make it possible to simplify the structure of the current 
traction device, and, accordingly, improve its reliability and 
energy capacity. This will ensure the strength of the bearing 
structures of open-top wagons’ bodies under operational loa
ding modes, as well as bring down costs for unplanned main
tenance. In addition, the proposed measures could improve 
the efficiency of open-top wagons operation at the modern 
stage of development of the rail industry.

2. Literature review and problem statement

Patterns in experimental evaluation of the range of 
impact response of rolling stock are described in [3]. The 
work reports results of processing results from testing the 
container tank of model CTL-26/0,4, the type UN T14 under 
different modes of impact loads. The authors obtained the as-
sessment of the investigated properties of the container tank. 
However, the work did not consider the issue of improving 
the traction device of an automated coupling in order to 
reduce the dynamic loading on a wagon during operation.

Paper [4] proposed measures for the improvement of 
a  wagon’s traction device with the aim of reducing the dy-
namic loading under operating modes. The work reported 
results from mathematical modeling and computer simulation 
of the dynamic loading on a wagon. The proposed models 
were verified. However, the dynamic loading on an open-top 
wagon whose girder beam consists of two round pipes was not 
examined in the work. 

Study [5] substantiated the introduction of a joined 
implementation of the girder beam in pellet wagons. The re-
sults of theoretical calculation and experimental research on 
strength confirmed the feasibility of the proposed measure. 
No measures on reducing the dynamic loading on the bearing 
structure of a wagon under operational load were offered.

Features of mathematical modeling of spatial fluctuations 
of the system «subframe – track» were addressed in [6]. The 
calculation was performed using the method of finite elements, 
implemented in the programming environment Ansys. The 
work did not cover the issue on improving the design of rolling 
stock in order to reduce dynamic loading during operation. 

Paper [7] determined the dynamic loading on the body of an 
open-top wagon when it is transported on a rail ferry [7]. A spe-
cial feature of the car’s body is the presence of nodes to fix it rela-
tive to the decks. The research was conducted for the main types 
of oscillations of a rail ferry. The work failed to determine the 
dynamic loading on an open-top wagon at shunting collision.

Features of hot baking of materials under pressure at 
alternating current are given in [8]. It was established that 
materials after this procedure demonstrate elevated hardness 
and certain elasticity. The paper did not address prospects for 
the use of a given nanomaterial for wagon structures in order 
to reduce their dynamic loading during operation.

Study [9] highlights strategic tasks for wagon engineering 
in the development of heavy-cargo transportation [9]. The 
authors examined possible options for increasing the carrying 
capacity of rolling stock, load per wagon, reducing the tare. 
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In this case, the work does not discuss possible measures for 
reducing dynamic loading on wagons.

The structural features of the innovative rolling stock 
designed at «Uralvagonzavod» (Russia) for the track gauge 
of 1.520 mm were considered in [10]. The authors described 
measures for the modernization of rolling stock and compo-
nents to improve the efficiency of operation. The structures 
of the examined types of cars do not include the nodes that 
would contribute to reducing the dynamic loading on bea
ring structures under the most adverse conditions. 

Paper [11] proposes measures for improving the design of 
a hopper wagon. Optimal design of a structure was used as the 
calculation method. The structural diagram of the designed 
bodywork made it possible to reduce the weight of the hopper 
wagon and improve its load bearing capacity while ensuring the 
required strength and reliability of the structure. The work did 
not examine the dynamic loading on a hopper wagon at shun
ting collision. Moreover, the proposed design of the hopper 
wagon does not imply any components that would contribute 
to reducing the dynamic loading on the body during operation.

Paper [12] reported a research into the dynamic loading  
and strength of the bearing structure of an open-top wa
gon’s body at shunting collision. The chosen prototype is 
an open-top wagon of model 12-757, which exhausted its 
operational resource. The research results made it possible 
to draw a conclusion about the possibility to prolong service 
time of the open-top wagon. The paper did not consider the 
improvement of a car’s traction device that would reduce the 
dynamic loading on a bearing structure.

Study [13] examined the factor of safety against derail-
ment of rolling stock. The authors proposed a coefficient of 
safety against derailment of railroad rolling stock. They sub-
stantiated reliability of the proposed criterion. However, the 
work did not consider studying the dynamic loading on the 
rolling stock under operation modes, nor the improvement 
of its bearing structure in order to reduce dynamic loading.

3. The aim and objectives of the study

The aim of this work is to study the dynamic loading on 
an open-top wagon with a two-pipe girder beam at shunting 
collision.

To accomplish the aim, the following tasks have been set:
– to improve the bearing structure of an open-top wagon 

in order to reduce dynamic loading at shunting collision; 
– to perform mathematical modelling of the dynamic 

loading on the improved bearing structure of a open-top 
wagon at shunting collision; 

– to carry out computer simulation of the dynamic loading  
on the improved bearing structure of an open-top wagon at 
shunting collision; 

– to test adequacy of the models of the dynamic loading 
on the improved bearing structure of an open-top wagon.

4. Improving the bearing structure of an open-top  
wagon in order to reduce dynamic loading  

at shunting collision

To reduce the tare of open-top wagons and bring down 
the cost of their fabrication while maintaining operational 
strength, we propose making the load-bearing structures 
from round pipes (Fig. 2). The parameters for round pipes 

were chosen based on strength reserve for a typical open-top 
wagon structure [5] accepted as a prototype – the open-top 
wagon of model 12-757, produced at JSC «KVBZ» (Kremen-
chug, Ukraine).

To decrease the dynamic loading on the bearing structure 
of the open-top wagon under operational load, we propose 
using, instead of the automated coupling traction device,  
a new concept design (Fig. 3, 4).

 
 

 

 
 

 

a

b

Fig. 2. Bearing structure of an open-top wagon made with 
round pipes: a – side view; b – bottom view

 

1 

5 4 

 2  3 

Fig. 3. Concept design of automated coupling traction 
device: 1 – automated coupling casing; 2 – wedge; 	

3 – piston; 4 – throttle valves; 5 – stop bracket

 

Fig. 4. Arrangement of the concept design of traction device 
in an open-top wagon
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A special feature of the concept design is that the console 
parts of the girder beam are filled with a viscous substance 
with damping properties. To convert the impact kinetic 
energy into the dissipation energy, the concept design in-
cludes a piston with two throttle valves (inlet and outlet).  
The transfer of the longitudinal load from the automated 
coupling’s casing to the concept design is performed through 
the stop bracket, which transmits it via a fork to the two-
disk pistons. The pistons that move towards the wagon’s rear 
side (void A) open the inlet valves, while the outlet valves 
are closed. The reverse movement of pistons (jerk, compres-
sion) opens the outlet valves of the pistons, while the inlet 
valves are closed. The viscous substance flows into cavity B  
from the side of the automated coupling’s casing. Schematic 
of work of the concept design of a traction device is shown 
in Fig. 5.

It is important to note that the presence of 
a viscous substance inside the console parts will 
also contribute to the anti-corrosion protection 
of a car’s girder beam in these areas.

5. Simulation of the dynamic loading on the 
improved bearing structure of an open-top 

wagon at shunting collision 

5. 1. Mathematical modeling of the dynamic 
loading on the improved bearing structure of an 
open-top wagon at shunting collision

In order to determine the dynamic loading on an open-
top wagon equipped with the concept design of a traction 
device, we built a mathematical model (1) to (3). In this 
case, we used the mathematical model presented in [14], 
which was constructed to determine the loading on a wagon 
platform that carries containers. Therefore, a given model has 
been reworked and supplemented by introducing coefficients 
of viscous resistance. The estimated schematic of the dyna
mic loading on an open-top wagon is shown in Fig. 6.
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where МW is the mass of the bearing structure of the wagon; 
IW is the moment of inertia of the wagon relative to the lon-
gitudinal axis; Slf is the magnitude of the longitudinal force 
of impact against an automated coupling; mb is the mass of 
the bogie; IWL is the moment of inertia of a wheelset; r is the 
radius of an medium-worn wheel; n is the number of axes in 
a bogie; l is half the base of a wagon; Ffr is the absolute value 
for a force of dry friction in the spring assembly; k1, k2 is 
the rigidity of springs in the wagon’s bogie spring assembly;  
xW, jW, zW are the coordinates that correspond, accordingly, 
to the longitudinal, the angular around the transverse axis, 
and the vertical movement of the car.

We solved differential equations (1) to (3) in 
the programming environment MathCad. In this 
case, the equations were reduced to the normal 
Cauchy form, followed by solving them in line 
with the Runge-Kutta method at a fixed step.  
A given method was chosen as it is one of the 
most common ones when solving a Cauchy prob-
lem and demonstrates enough accuracy in com-
parison with other methods.

To solve equations (1) to (3), we used 
the standard MathCad-embedded function  
rkfixed(Y0, tn, tk, n, Q). The vector Y0 contains 
the initial conditions. The magnitudes tn and tk 
define the starting and resulting variable of in-
tegration, n is the fixed number of steps, Q is the 
symbol vector [15].

The transition from differential equations of the se
cond order (1) to (3) to the system of differential equa-
tions of the first order (6) was performed in order to 
apply the standard algorithms for solving a system using  
Mathcad. 
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Fig. 5. Schematic of work of the concept design of a traction device 	
in an open-top wagon

k1 k2Ffr Ffr

Slf

β∙x'W Z

X
O

Fig. 6. Estimated schematic of an open-top wagon 	
at shunting collision
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Based on the performed calculations, it was determined 
that the maximal magnitude of acceleration that acts on 
an open-top wagon, taking into consideration the measures 
for improvement, is about 30 m/s2. In this case, a viscosity 
coefficient was accepted equal to 120 kN·s/m. That is, the 
proposed measures make it possible to reduce the magnitude 
of dynamic loading on an open-top wagon’s bearing structure 
at shunting collision by 25 %.

5. 2. Computer simulation of dynamic loading on the 
improved bearing structure of an open-top wagon at 
shunting collision

The programming complex CosmosWorks was used to per-
form computer simulation of the dynamic loading on an open-
top wagon of improved design at shunting collision. The cal-
culation was carried out using the method of finite elements. 

The model of an open-top wagon’s strength is shown in 
Fig. 7. The model accounts for the following loads: vertical 
static Pv

st , caused by gross weight, the spread of bulk cargo Рb,  
impact Рi.

The accepted bulk cargo was stone coal. The efforts of 
the spread of bulk cargo on the side walls and end side doors 
of an open-top wagon’s body were determined in line with 
the procedure given in [16]. According to this procedure, it 
is accepted that the load of spread of bulk cargo on the side 
walls of the bodywork of a car is distributed by the law of 
triangle with a maximum at its base, and on the end side –  
by the law of trapeze. 

Maximum loads near the bases of pillars of a lateral wall 
are determined from:

q p la1 10 5= ⋅ ⋅. , 	 (7)

q p l la2 1 20 5= ⋅ ⋅ +( ). , 	 (8)

q p l la3 2 30 5= ⋅ ⋅ +( ). , 	 (9)

q p l la4 3 40 5= ⋅ ⋅ +( ). , 	 (10)

where pa is the active (static) pressure of the spread of bulk 
cargo, per unit area of the surface of a vertical wall at floor 
level, kPa; l1 is the distance from the end beam of the frame to 
the geometrical axis of the wagon’s rear, m; l2 is the distance 
from the geometrical axis of the wagon’s rear to the second 
pillar of the body, m; l3 is the distance from the second pillar of 
body to the third, m; l4 is the distance from the third pillar of 
the body to the vertical geometric axis of the wagon’s body, m.

Active pressure of the spread of bulk cargo is defined from 
formula:

p g Ha = ⋅ ⋅ ⋅ −





γ
π j

tg2

4 2
, 	 (11)

where γ is the density of bulk cargo, t/m3; H is the height of 
side wall, m; j is the angle of repose of a cargo, rad.; g is the 
acceleration of free fall, m/s2. 

Pressure of the non-uniformly distributed load, applied 
to the end side door’s sash is determined from formula:

p p pa n= + , 	 (12)

where pn is the passive pressure of bulk cargo, which is de-
termined from formula (11), in which a squared tangent of 
the difference between two angles is replaced with a squared 
tangent of their sum taking into consideration the factor of 
vertical dynamics, as well as the angle of natural repose. 

The intensity of the trapezoid load applied to the corner 
rack is determined from:

q p p bT
bottom

a n1 10 5= ⋅ +( )⋅. ; 	 (13)

q p bT
up

n1 10 5= ⋅ ⋅. ; 	 (14)

to the intermediate rack: 

q p p b bT
bottom

a n2 1 20 5= ⋅ +( )⋅ +( ). ; 	 (15)

q p b bT
up

n2 1 20 5= ⋅ ⋅ +( ). ; 	 (16)

to the middle rack:

q p p bT
bottom

a n3 20 5= ⋅ +( )⋅. ; 	 (17)

q p bT
up

n3 20 5= ⋅ ⋅. . 	 (18)

The finite elements that were considered in preparing the 
continual model are the spatial tetrahedra. To determine the 
optimal number of elements, we used a graph-analytic me
thod. The method is based on the graphical (geometric) rep-
resentation of possible solutions and the objective function 
of the problem. When solving a given problem, the method 
implies the construction of the dependence of maximum 
equivalent stresses on the number of finite elements. When 
this dependence starts to be described by a horizontal line, 
this is the optimum number of finite elements.

The number of nodes in the model was 219,157, ele-
ments  – 686,568. The maximum size of the element was 
85 mm, and the minimum was 17 mm. The percentage of ele-
ments whose ratio of the sides is less than three is 30.2, over 
ten – 11.2. The minimum number of elements in the circle was 
15, the ratio of an increase in the size of the elements is 1.9. 

To simulate viscous resistance, we established the con-
nection spring-damper in the console parts of an open-top 
wagon’s frame. In this case, the value for rigidity was zero, 
and the coefficient of viscous resistance was 120 kN·s/m. The 
model was fixed in the zones where the body leaned against 
the running parts of the wagon. The material that was used 
in the design is steel of grade 09G2S [17–19].
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Рi 
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Рb 

Fig. 7. Model for determining the dynamic loading 	
on a platform that carries containers-tanks 	

at shunting collision

The calculation results are shown in Fig. 8. The maximum 
accelerations acting on the bearing structure of an open-top 
wagon’s body make up approximately 37 m/s2 and occur in 
the console parts of a girder beam. In the middle of the frame, 
the acceleration amounted to about 34 m/s2. In the middle 
parts of the side walls, the acceleration reached about 15 m/s2.

Fig. 8. Distribution of accelerations acting on the bearing 
structure of an open-top wagon at shunting collision: 	

a – top view; b – bottom view
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The maximum accelerations acting on the bearing structure 
of an open-top wagon taking into consideration the measures 
for improvement do not exceed the permissible ones [17–19].

6. Testing the adequacy of models of dynamic  
loading on the improved bearing structure of  

an open-top wagon

We tested the adequacy of the above models applying an 
F-criterion [20, 21]. The variation parameter used was the 
force when a wagon hits an automated coupling (Fig. 9). The 
optimal number of measurements was defined based on the 
criterion of Gorset (Student) [22]. At the value of variance 

87.7, mathematical expectation 26.1 and the root-mean-square 
deviation 9.4, the optimal number of experiments was 6. That 
is, the estimated sample is sufficient. 

Equation of the mathematical model’s trend line takes 
the form:

y xM = +1 694 18 464. . . 	 (19)

Computer model:

y xC = +1 9107 21 814. . . 	 (20)

The percentage difference between the results obtained 
from mathematical modeling and computer simulation is gi
ven in Fig. 10. In this case, the maximum percentage difference 
is 15.2 % at the force of impact against an automated coupling 
2.2 MN, the smallest – 12.9 % at the impact force 3.3 MN.

y = 1.694x + 18.464

y = 1.9107x + 21.814
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Fig. 9. Accelerations acting on the bearing structure 	
of an open-top wagon at shunting collision
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Fig. 10. Difference between the results of mathematical 
modeling and computer simulation

It was established that at the reproducibility variance 
Sr

2 17 3= .  and the variance adequacy Sad
2 22 07= . , the actual 

value for F-criterion Fa = 1.23, which is less than the tabular 
value for the criterion (Ft = 3.07). In other words, the hypoth-
esis on adequacy is not challenged.

7. Discussion of results of improving a bearing structure 
of an open-top wagon in order to reduce dynamic loading 

at shunting collision

To decrease the dynamic loading on an open-top wagon 
at shunting collision, it is proposed to use the new concept 
design of a traction device. A special feature of the concept  
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design is that the console parts of a girder beam in an open-
top wagon whose bearing elements are made from round 
pipes are filled with a viscous substance with damping 
properties. To convert the impact kinetic energy into the 
dissipation energy, the concept design includes a piston with 
two throttle valves (inlet and outlet). Receiving the longi-
tudinal loads converts the kinetic energy of impact to the 
energy of dissipation due to the forces of viscous resistance 
in the concept design. The proposed technical solutions make 
it possible to reduce the magnitude of the dynamic loading 
on the bearing structure of an open-top wagon at shunting 
collision by 25 %.

It is important to note certain limitations in the current 
study. When constructing the models of dynamic loading 
on an open-top wagon, we did not take into consideration 
the possible deviation of an automated coupling upon im-
pact from a wagon-striker or an adjacent car. Moreover, 
when building a computer model of dynamic loading on an 
open-top wagon, the covers for discharge hatches were not 
accounted for. That is, the model takes into consideration the 
structural elements that rigidly interact. As is known, covers 
for hatches are fastened by hinges. 

In the further research in this area, it is necessary to take 
into consideration the aforementioned factors in order to 
obtain a more accurate assessment of the dynamic loading on 
an open-top wagon.

The prospects for the current study include the need to 
take into consideration different viscous substances in the 
concept design, as well as the influence of their properties 
on the dynamic load on a body. One should also consider 
the dynamic loading on other types of wagons provided they 
are equipped with the concept design of a traction device. 
The important stage of research is experimental modeling of 
dynamic loading. Since the fabrication of a natural sample of 
an open-top wagon is associated with significant difficulties, 
the planned initial stage of the experiment is based on a sim-
ilarity method.

8. Conclusions

1. We have improved the bearing structure of an open-top 
wagon in order to reduce dynamic loading at shunting colli-
sion. To reduce the dynamic loading on a bearing structure 
of an open-top wagon at shunting collision, it has been pro-

posed to apply the new concept design of a traction device.  
A special feature of the concept design is that the console 
parts of an open-top wagon’s girder beam, whose bearing 
elements are made from round pipes, are filled with a viscous 
substance with damping and anticorrosive properties.

2. We have performed mathematical modeling of dy-
namic loading on the improved structure of an open-top 
wagon at shunting collision. A mathematical model has 
been constructed that takes into consideration the loading 
on a wagon’s body at shunting collision with regard to the 
presence of a viscous resistance. Differential equations of 
the model were solved by the Runge-Kutta method. The 
calculation was performed in the programming environment 
MathCad. It was established that the maximal magnitude of 
acceleration that acts on an open-top wagon considering the 
measures for improvement is about 30 m/s2 (≈3.0 g). Visco
sity coefficient was accepted to be equal to 120 kN·s/m. The 
proposed measures make it possible to reduce the magnitude 
of dynamic loading on the bearing structure of an open-top 
wagon at shunting collision by 25 %.

3. We have performed computer simulation of dynamic 
loading on the improved structure of an open-top wagon at 
shunting collision. The calculation was carried out using the 
method of finite elements in the programming environment 
CosmosWorks. We have defined the fields of accelerations 
distribution as the components of the dynamic load, relative 
to the bearing structure of an open-top wagon. The maximum 
accelerations in this case amounted to about 37 m/s2 (≈3.7 g) 
and were concentrated in the console parts of a girder beam.

4. The adequacy of models of dynamic loading on the im-
proved bearing structure of an open-top wagon was verified. 
The calculation was performed based on a Fisher criterion. 
At the value of reproducibility variance Sr

2 17 3= .  and the 
variance adequacy Sad

2 22 07= . , the actual value for the crite-
rion was Fa = 1.23. That is, it is less than the tabular value for 
the criterion (Ft = 3.07). Thus, the hypothesis on adequacy is 
not challenged.

Our research will contribute to the reduction of the 
dynamic loading on bearing structures of open-top wagons’ 
bodies at shunting collision. That would help bring down the 
cost of unplanned maintenance of cars, as well as improve the 
efficiency of their operation. In addition, the current study 
will contribute to compiling the guidelines on designing in-
novative rolling stock with improved technical and economic 
indicators.
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