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Abstract

The purpose of the book is to highlight the results and features of the
research carried out by the authors on the dynamics and strength of the
main types of freight wagons, as well as tank containers made of round pipes
under the main operating conditions of loading. Theoretical provisions,
methodological foundations and practical solutions for the implementation
of round pipes as bearing elements of bodies of the main types of wagons
and tank containers are presented.

The monograph is intended for scientific and technical specialists,
whose activities are related to the design and research of the mechanics of
structures of railway wagons, including scientists, designers, researchers,
doctoral students and graduate students.

Also, the results presented in the monograph may be of interest to spe-
cialists, whose activities are related to the design of tank containers.

The monograph can be used as a teaching aid for undergraduates and
bachelors of relevant specialties.

Keywords

Transport mechanics; railway transport; optimization of wagons; dyna-
mics and strength of wagons; bearing structures of wagons.
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Introduction

The fruitful functioning of the transport industry necessitates the
implementation of modern vehicles into operation. Since the main segment
of the transportation process is assigned to rail transport, special conditions
should be imposed on the creation of modern wagon designs. In particular,
this applies to their bearing structures.

To reduce the material consumption of the bearing structures of wa-
gons, as well as tank containers, while ensuring the conditions for strength
and operational reliability, it has been proposed and scientifically justified
to use round pipes as elements of their bearing systems.

The aim of research is to highlight the features and results of the
research carried out to determine the feasibility of using round pipes as
bearing elements of railway wagons and tank containers. The paper presents
examples of the practical implementation of round pipes in the bearing
systems of the main types of wagons: flat wagon, gondola wagon, covered
wagon, hopper wagon, as well as 1CC tank container. The possibility of using
round pipes in the manufacture of articulated wagons has been substantiated.
The concept of an automatic coupler fitting is proposed, which can be imple-
mented on wagons, the center beams of which have a closed section.

To solve the main objective of research — to substantiate the expedi-
ency of using round pipes as elements of bearing systems of railway wagons,
the following scientific and practical objectives are set:

1. Justify the implementation of round pipes as bearing elements of
railway wagons and tank containers. Conduct comprehensive strength cal-
culations of bearing elements of railway wagons and tank containers made
of round pipes.

2. Create a concept of an automatic coupler fitting to reduce the dyna-
mic loading of the bearing structures of wagons made of round pipes under
operating conditions.

3. Carry out mathematical modeling of the dynamic loading of the
bearing structures of wagons made of round pipes equipped with a fitting
concept.

4. Carry out a computer simulation of the dynamic loading of the bear-
ing structures of round-pipe wagons equipped with a fitting concept.

5. Check the adequacy of the developed models.

6. Create computer models of the main types of articulated wagons
from round pipes.
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7. Carry out mathematical modeling of dynamic loading of bearing
structures of articulated wagons made of round pipes.

8. Conduct mathematical modeling of the dynamic loading of the
bearing structures of articulated wagons made of round pipes equipped with
a fitting concept.

The object of research is the process of loading the bearing structures
of wagons from round pipes under operating conditions of loading.

The subject of research is the bearing structures of wagons made of
round pipes.

The monograph is intended for scientific and technical specialists,
whose activities are related to the design and research of the mechanics of
structures of railway wagons, including scientists, designers, researchers,
doctoral students and graduate students.

The monograph can be used as a teaching aid for undergraduates and
bachelors of relevant specialties.
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Chapter 1

Features of the creation of bearing
structures of wagons made

of round pipe

1.1 Description of the general procedure for optimizing
the bearing structures of wagons

Constant competition between railway transport and other modes of
transport both on the domestic market for cargo transportation and within
international transport corridors necessitates the design and implementa-
tion of innovative wagon designs (wagons with significantly improved tech-
nical, economic and operational performance). In this case, special attention
should be paid to the creation of the optimal parameters of their structures.

Optimal structural design comes from the inception of general design.
Optimal design of wagon structures, as a section of optimal design, is for-
med in the 60s of the XX century.

The works of V. Lukin, V. Lozbinev,
F. Lozbinev, A. Savchuk, A. Bitiutskyi, S. Soro-
kina, V. Tsarapkin, Ya. Kulbovskyi, N. Podli-
tov and etc. are devoted to the development
of the theory of optimal design of wagons.

To reduce the material consumption of
the bearing structures of wagons while ensur-
ing the conditions of strength and operational
reliability, it is proposed to use round pipes as
elements of their bearing systems (Fig. 1.1).

One of the most promising and new
methods is used to optimize the bearing
structures of the wagons — optimization by  Fig. 1.1 Section of a round pipe
strength reserves.

The research is carried out in the following stages [1-3]:

— 1 determination of the design strength reserves of the bearing sys-

tem of the wagon model selected for the study based on the analysis of

complex theoretical and design studies of its work on the perception

1
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of operational loads. For this, computer models of wagons of the main

types are developed and their adequacy is checked, simulated opera-

tional working situations and stress-strain states are determined by the
finite element method;

— 2 determination of the permissible strength characteristics for the

structural elements of the bearing systems of the wagons, selected as

basic ones, which is carried out according to modern methodology;

— 3 determination of the optimal cross-sections of circular pipes pro-

posed for implementation, taking into account structural and strength

constraints;

— 4 selection of existing versions of round pipes from the assortment

on the basis of certain optimal parameters;

— 5 development of new designs of railway wagons with selected

round pipes;

— 6 comprehensive theoretical and design verification of new wagon

designs, which includes calculations: for the first and third design

modes, for fatigue strength, and determination of the design service life;

— 7 analysis of research results.

The determination of the permissible strength characteristics for the
elements of the bearing structures of the wagons being developed is carried
out according to the following algorithm: first, the permissible values of the
cross-section resistance moments ([W,], [W;]) of the introduced profile are
determined using certain strength reserves (determined as the ratio of the
obtained maximum operational strength characteristics to their permissible
values). After that, with the help of the software-computing complex deve-
loped by the author, the optimal characteristics of the constituent elements
of the wagon are determined, the optimal values of the pipe sections are
obtained, after which, using the assortment, the existing pipe designs are
determined [4-6].

So the target optimization function is to reduce the material consump-
tion of the bearing body structure:

Mg, —>min, (1.1)

where My, — the gross weight of the wagon, t.

When conducting research, the choice of optimal pipe sections is car-
ried out taking into account the following restrictions:

1) wagon size, that is, the optimized design, is designed taking into
account the existing size of the prototype wagon;

2) calculated stresses in the optimized design must be less than the
permissible ones:

Zeg<[o], (1.2)
where 6., — equivalent stresses in the structure, MPa; [c] — allowable
stress, MPa.



Chapter 1 Features of the creation of bearing structures of wagons made of round pipe

When choosing the optimal parameters of the pipes of the center and
main longitudinal beams of the frame, it is taken into account that the canti-
lever and middle parts of the beams must have the same wall thickness with
the manufacturability of the structure.

1.2 Optimization of the bearing structure of a flat wagon

The results of the analysis of the experience of reliable operation of the
existing models of flatcars indicated that the model of the flatcar 13-401 manu-
factured by JSC Dniprodzerzhynsk WBP can be taken as the base for the study.

In order to study the stress-strain state of the bearing structure of the
flat wagon, its spatial model is built (Fig. 1.2) in the SolidWorks software
environment.

The results of checking its adequacy, by comparing the calculated
values with known experimental data, indicated the possibility of further
application. After that, to simulate operational working situations (accord-
ing to the first and third design modes) and determine the stress states of the
bearing elements, the following work is carried out.

The numerical values of the forces acting on the flat wagon in operation
are calculated in accordance with [7—9] are given in Tables 1.1, 1.2. At the
same time, it is taken into account that the full bearing capacity of the plat-
form wagon is used with a conventional load. Vertical forces acting on the
bearing structure of a flat wagon are applied in a ratio of 5/16 to the main
side beams, 10/16 to the center beams [10, 11].

Strength analysis is carried out using the finite element method in the
CosmosWorks software environment [12]. The optimal number of mesh
elements of the finite element model is determined using the graphical-
analytical method. The number of grid elements is 368732, nodes is 14938.
The maximum size of a grid element is 235.62 mm, the minimum is
47.12 mm, the maximum aspect ratio of elements is 332, the percentage of
elements with an aspect ratio of less than three is 24.6, more ten is 31.5.

The fixing of the model is carried out at center plates and side beams of
the pivot beams of the bearing structure of the flat wagon.

Fig. 1.2 Spatial geometric computer model of a flat wagon model 13-401

3
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Table 1.1 Numerical values of the forces acting on the model 13-401
flat wagon in operation

Force type Idm. 1T d.m.
Vertical static, kN 800.496 800.496
Vertical dynamic, kN 112.87
Centrifugal, kN 150.81
Framed, kN 194.21
‘Wind, kN 2.65

Table 1.2 Values of longitudinal forces acting on a flat wagon in operation

Longitudinal force, MN

Design modes

111

Quasi-static force

—-3.0
+2.5

Hit, jerk
—-3.5
+2.5

Quasi-static force
—1.0
+1.0

Hit, jerk
—1.0
+1.0

In the study of the strength of the flat wagon under load conditions,
the longitudinal force corresponding to the «shock-compression» mode is
applied to the rear stop of the automatic coupler, and on the other side of
the flat wagon, the automatic coupler equipment is attached to the same ele-
ment. When modeling the strength of a flatcar under the conditions of the
«stretch-jerk» mode, the longitudinal force is applied to the front stops from
one end of the flatcar, and the front stops are fixed on the other.

The calculation results are shown in Table 1.3.

Table 1.3 Results of strength analysis of the bearing structure of a flat wagon

Load mode
Strength index . compres- | jerk- hit-com- jerk-
hit . :
sion stretch | pression | stretch
Tension, MPa 306 286.3 242.8 224 230.8
Displacement in knots, mm 7.6 7.4 7.5 78.2 6.8
Deformations 2.41073% | 2.41073 | 241073 | 3.31073 | 57103

The obtained results allow to conclude that the maximum equivalent
stresses in the bearing structure of a flatcar arise at the AND design mode under
impact conditions. At the same time, in the constituent elements of the frame,
the maximum equivalent stresses are much less than the permissible ones and
have a significant margin of safety. Therefore, in order to reduce the material
consumption of the bearing structure of the flat wagon, it is necessary to op-
timize it with the provision of rational safety margins by using their surplus.

The results of determining the optimal parameters of the cross-sec-
tions of the elements of the bearing structure made of round pipes of the
model 13-401 flat wagon are shown in Table 1.4.
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Concept of Freight Wagons Made of Round Pipes

When choosing the optimal parameters for the pipes of the center and
main longitudinal beams of the frame, it is taken into account that the canti-
lever and middle parts of the beams must have the same wall thickness with
the manufacturability of the structure.

To check the structural performance, manufacturability, strength
according to the first and third design modes, fatigue strength, and to
determine the design service life of a flat wagon with a bearing system of
round pipes, the authors developed its computer model in the SolidWorks
software environment.

Taking into account the data given in Table 1.4, a spatial model of a flat
wagon with optimal parameters of structural elements is built (Fig. 1.3).

The interaction of the spine beam with the pivot is carried out through
a special adapter (Fig. 1.4), which consists of a support 1 and base plates 2.

a b
Fig. 1.4 Pivot beam adapter: a — design features; b — spatial model

The thickness of the support is selected based on the thickness of the
I-beam of the center beam of the prototype platform wagon. This technical
solution allows to provide the necessary strength of the pivot beam in the
zone of interaction with the spine under operating loads.

In order to ensure the fastening of the longitudinal beams with the
transverse ones, the latter have special cutouts, 1 mm deep in the longitudi-
nal beams that are enclosed (Fig. 1.5).

6



Chapter 1 Features of the creation of bearing structures of wagons made of round pipe

The node of interaction of the longitudinal beams of the flat wagon
with the transverse ones is shown in Fig. 1.6.

In order to study the strength of a flat wagon with an improved design,
a calculation is made using the finite element method. A computer model
of the strength of a flat wagon in the conditions of the design mode is shown
in Fig. 1.7.

Fig. 1.5 Cross beam of a flat wagon

Fig. 1.6 Interaction node of longitudinal beams with transverse

P, — vertical force;
P; — longitudinal force

a b

Fig. 1.7 — Computer model of the strength of a flat wagon of an improved design
under I design mode: a — hit-compression; b — stretch-jerk

The optimal number of mesh elements is determined using the graphi-
cal-analytical method. Isoparametric tetrahedrons are used as finite elements.
The number of grid elements is 2.821.871, nodes is 797860. The maximum

7
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size of a grid element is 15 mm, the minimum is 3 mm, the maximum aspect
ratio of elements is 105.9, the percentage of elements with an aspect ratio of
less than three is 89, more than ten is 0.197.

The limitations of the model are the absence of a difference in the
levels of the bodies of automatic couplers of platform wagons interacting
with each other.

The fixing of the model is carried out at center plates and side beams of
the pivot beams of the bearing structure of the flat wagon.

The results of calculating the strength of the bearing structure of a flat-
car under the I design mode (impact) are shown in Fig. 1.8.

von Mises

b

Fig. 1.8 The results of the strength calculation of the platform wagon
of the improved design in the conditions of the I design mode (impact):
a — stressful state; b — movement in nodes

In this case, the maximum equivalent stresses arise in the lower zone of
interaction of the pivot beam with the center beam and are about 320 MPa,
the maximum displacements in the structural nodes are recorded in the

8
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middle part of the main longitudinal frame beams and are 26.5 mm, the maxi-
mum deformations are 1.96-107°.

The distribution of equivalent stresses along the length of the center
beam is shown in Fig. 1.9. In this case, stress and deformations are recorded
with the lower part of the spine pipe.

The Fig. 1.9 shows that the maximum stresses arise in the cantilever
parts of the center beam of the flat wagon. In the console located on the side
where the shock load is applied, the stresses are greater than on the opposite
side by almost 40 %.

Fig. 1.9 Distribution of equivalent stresses over length of the center beam

The maximum equivalent stresses at the I design mode (jerk, tension)
arise in the lower zone of interaction of the pivot beam with the center beam
and are about 300 MPa, the maximum displacements in the nodes of the
structure are 27.8 mm, the maximum deformations are.

Under conditions of «compression» beyond the design mode I, the
maximum equivalent stresses are about 280 MPa, the maximum displace-
ments in the nodes are 26.5 mm, and the deformations are 18-107°.

The maximum equivalent stresses under IRS in the design mode (im-
pact, compression) are about 250 MPa, the maximum displacements in the
nodes of the structure are 25 mm, the maximum deformations are 1.88-107%,

With «jerk-tension» the maximum equivalent stresses are about 240 MPa,
the maximum displacements in the nodes of the structure are 27.7 mm, the
maximum deformations are.

The developed platform wagon design is designed for fatigue strength
in the CosmosWorks software environment [12]. The test base in this case
is made up of cycles [13]. The results of the calculation made it possible to
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conclude that the fatigue strength of the bearing structure of the flat wagon
is provided.

In order to determine the design service life of a flat wagon, the method
described in [14] is used:

where 6, — average value of the endurance limit of the part, MPa; n —
permissible safety factor; m — indicator of the degree of the fatigue curve;
Ny — test base; B — coefficient characterizing the time of continuous opera-
tion of the object in seconds; f, — effective frequency of dynamic stresses, s;
o0, — amplitude of equivalent dynamic stresses, MPa.

The coefficient characterizing the time of continuous operation of the
object is determined by the formula:

3
B:365 10 Ld' (1.4)
U, (1+0.34)
where L, — average daily run of the wagon, km (km [14]); ¥, — average

value of the speed of the wagon, m/s; 0.34 — empty run ratio.
The effective frequency of dynamic stresses is determined by the formula:

11 |g
fi= =, 1.5
; 21t1/fst (1.5)

where f, — static deflection of the spring suspension, mm.

When carrying out the calculations, the following input parameters
are taken: the average value of the endurance limit of the bearing structure
is determined as a material (steel grade 09G2D, O9G2S) and amounted to
245 MPa; test base — cycles (recommended test base for steel [13]); the
time of continuous operation of the bearing structure at ¢, =33.3 m/s is
6514.37 s; the effective frequency of dynamic stresses is determined taking
into account the parameters of the spring suspension of the model 18-100
bogie and amounted to 2.7 Hz; the permissible safety factor is 2; the index of
the degree of the fatigue curve for the welded structure is taken equal to 4;
the amplitude of the equivalent dynamic stresses is determined on the basis
of the performed calculations of the stress-strain state of the wagon's bear-
ing structure and amounted to 50.6 MPa.

On the basis of the calculations, it is established that the design service
life of the bearing structure of the improved flat wagon is more than 32 years,
that is, not less than the life cycle of the wagon. The improved bearing struc-
ture of the flat wagon (Fig. 1.10 [15]) has a container of about 6.2 tons, which
is 4 % less than the container of the prototype wagon (6.5 tons).

10
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It is important to note that taking into account the reduced packaging
of the bearing structure of the platform wagon, its strength is ensured under
operational loads. In addition, the developed design provides greater con-
venience in servicing the braking equipment of the wagon, in contrast to the
prototype wagon.

1.3 Optimization of the bearing structure
of a gondola wagon

To substantiate the expediency of introducing round pipes as bearing
elements of gondola wagon bodies, a model 12-757 gondola wagon, built by
PJSC «<KRCBWp, is chosen (Fig. 1.11).

To determine the strength reserves of the gondola wagon, its spatial mo-
delis built in the SolidWorks software environment. Strength analysis is carried
out in the CosmosWorks software package using the finite element method.

Fig. 1.11 Bearing structure of a gondola wagon model 12-757

The numerical values of the forces acting on the gondola in operation are
shown in Table 1.5. In this case, it is taken into account that the full bearing
capacity of the wagon is used. Coal is accepted as a bulk cargo, since this type
of cargo is the most common for transportation on the territory of Ukraine.

11
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Table 1.5 Numerical values of the forces acting on the model 13-401
flat wagon in operation

Force type Idm. [T d.m.
Vertical static, kKN 829.926 829.926
Vertical dynamic, kN 99.59
Centrifugal, kN 156.35
Framed, kN 202.94
‘Wind, kN 17.1

Efforts to spread bulk cargo on the side walls and end doors of the gon-
dola wagon body, determined by the method described in [10]. According to
this method, it is assumed that the load of the bulk load on the side walls of
the wagon body is distributed according to the law of a triangle with a maxi-
mum at its base, and on the end wall according to the law of a trapezoid.

The maximum loads at the foundations of the side wall struts are de-
termined by:

q,=0.5-p,-1, (1.6)
q,=0.5p, (L, +1,), (1.7)
q;=0.5p, (L, +1;), (1.8)
q,=0.5p,(l,+1,), (1.9)

where p, — active (static) pressure of the expansion of the bulk cargo, which
is per unit area of the surface of the vertical wall at the floor level, kPa; I, —
distance from the final frame beam to the geometric axis of the center plate
of the wagon, m; I, — distance from the geometric axis of the center plate of
the wagon to the second body post, m; I; — distance from the second body
post to the third, m; I, — distance from the third body post to the vertical
geometric axis of the wagon body, m.

The active expansion pressure of the bulk cargo is determined by the
formula:

T ¢
=y-g-Htg’| =-X|, 1.10
p.=v-g-H-tg ( n 2) (1.10)
where y — bulk cargo density, t/m; H — side wall height, m; ¢ — cargo repose
angle, rad; g — acceleration of gravity, m/s.

The calculated values of the efforts of the expansion of the bulk cargo
on the side walls of the gondola wagon body are shown in Table 1.6.
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Table 1.6 Numerical value of the expansion pressure of the bulk cargo
on the elements of the side wall of the gondola wagon body

Side wall post Bulk pressure, kPa
corner:
Id.m. 7.083
I d.m. 23.6
the first from the console side:
Tdm. 13.03
1T d.m. 43.42
the second from the console side:
Id.m. 11.895
I d.m. 39.64
the third from the console side:
Tdm. 8.92
1T d.m. 29.73

The pressure of the unevenly distributed load applied to the leaf of the
end door is determined by the formula:

P=p,+D, (1.11)
where p, — passive pressure of the bulk cargo, which is determined by the
formula (1.10), in which the square of the tangent of the difference between
the two angles is replaced by the square of the tangent of their sum and taking

into account the coefficient of vertical dynamics, as well as the angle of repose.
The intensity of the trapezoidal load on the corner post is determined by:

q1,=0.5(p,+p,)b; (1.12)

q7,=0.5-p,b;; (1.13)
on the intermediate post:

q1,=0.5(p,+p, ) (b, +b,); (1.14)

47, =0.5-p, (b, +b,); (1.15)
on the middle post:

qrs=0.5(p, +p,) b (1.16)

qL,=0.5-p,-b,. (1.17)

The calculated values of the efforts of the expansion of the bulk cargo
on the end wall of the gondola wagon body are shown in Table 1.7.
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Table 1.7 Numerical value of the expansion pressure of the bulk cargo
on the elements of the end door of the gondola wagon body

End door element Bulk pressure, kPa
corner post: *
come 50.06"
44.98
35.39*
[T d.m. 18.45**
}ndtenrlmedlate post: 100.12*
.m. 89.96**
70.78*
IIT d.m. 36.9"
1Irncici;ile post: 50.06*
.m. 44.98**
35.39*
IIT d.m. 18.45**

*pressure on the post bottom; **pressure on the post top

The optimal number of grid elements is determined using the graphi-
cal-analytical method. The number of grid elements is 473652, nodes —
154365. The maximum size of a grid element is 80 mm, the minimum is
16 mm, the maximum aspect ratio of elements is 566.7 percent of elements
with an aspect ratio of less than three — 25, more than ten — 27.4.

The calculation results are shown in Table 1.8.

Table 1.8 Results of strength analysis of the gondola wagon bearing structure

Load mode
Strength index . compres- | jerk- hit-com- jerk-
hit . .
sion stretch | pression | stretch
Tension, MPa 320 280 280 250