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ANALYSIS OF THE STRENGTH OF THE COMPOSITE MODULE
OF THE BODY WAGON-COAL TRUCK

Purpose. Determination of the stress-deformation state and fatigue strength of the proposed concept of the composite module
of the wagon body, designed for the transportation of hard coal and other bulk cargoes that do not require protection from the
influence of the external environment (atmospheric precipitation, exposure to high and low temperatures, etc.).

Methodology. When conducting research, a systematic approach was used. In order to achieve the goal set in the research, the
following tasks were solved: to determine the features and consider the impact of hard coal on the structural components of the
body module of a coal wagon; to do node-by-node and element-by-element analysis of the engineering complex of documents for
the synthesis of the geometric-spatial 3-D model of the open wagon under investigation; to develop a computer model with the
help of a modern computing software complex; to adjust its adequacy on the basis of the obtained mathematical data by applying
the semi-momentless theory of shells; to apply calculated loads that are characteristic of the defining case; by means of simula-
tions, to determine graphical representations of stress-strain states; to check fatigue strength by computer simulation method.

Findings. A computer model was developed with the help of a modern computing software complex. The adequate finite-element
model includes: the number of mesh elements 911,782, nodes — 1,551,011, while the maximum size of the mesh element is 40.0 mm, the
minimum is 13.3 mm. The results of calculating the strength of the developed model of the composite module of the body of a coal-
carrying wagon from the determination of loads proved that the obtained stresses do not exceed the permissible values. Also, the pro-
posed structure was tested for fatigue strength by calculation method and computer simulations. The results of such analysis are positive.

Originality. For the first time, a conceptual implementation of the body module of an open wagon for the transportation of
hard coal from a composite material has been proposed. With the help of calculations and computer simulations, the stress-strain
state and fatigue strength of the proposed concept were analyzed.

Practical value. The created concept of the coal wagon body can be used as a basis for the creation of composite body modules and
other wagons, which will be oriented to the transportation of bulk and loose cargoes that do not require protection from atmospheric
precipitation. The obtained results will be the basis for further research and development work on the development and implementa-
tion of the composite module of the body of a coal-carrying wagon. In the final case, the introduction of this or a similar technology
will allow increasing the efficiency of the domestic fleet of freight wagons in the transportation of the specified bulk cargoes.
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Introduction. Smooth and efficient operation of railways is
an important factor in the existence and development of the
country’s economy. At the same time, a significant amount of
cargo transportation carried out by rail transport is bulk cargo
that does not require protection from atmospheric precipita-
tion. Among such cargoes, in terms of the largest volumes of
transportation, it is possible to single out hard coal. Tradition-
ally, universal and deep-bottom semi-wagons are used to
transport hard coal by rail. And accordingly, the efficiency of
such transportation largely depends on the level of their tech-
nical, economic and operational indicators. However, it
should be noted that the structures of the modern domestic
fleet of semi-trailers were designed in the last century, and ac-
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cordingly based on the technologies and achievements in ma-
terials science of those times. In addition, the vast majority of
the semi-wagon fleet has already reached the end of its intend-
ed service life and is therefore awaiting renewal. From the
above, it can be concluded that the creation and implementa-
tion of innovative component structures of semi-trailers is an
important and urgent problem.

Among the main modules (crew part module, coupling
and braking equipment modules) of semi-wagons, the body
module is characterized by the largest material capacity.
Therefore, its improvement to reduce its own weight and cor-
respondingly increase the wagon’s carrying capacity has devel-
opment potential. In addition, an important problem is to in-
crease the term of its operation with a corresponding reduction
in costs. Therefore, the improvement of the freight wagon
body module can rightly be considered one of the main tasks
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faced by scientists and designers, the activity is related to tech-
nical development in railwagon construction.

The results of expert evaluations confidently point to the
prospects of creating composite wagon modules for the trans-
portation of hard coal as the main cargo, and the possibility of
transporting other bulk cargoes that do not require protection
from atmospheric precipitation. At the same time, before the
design stage of the creation of a composite concept of the body
of a coal-carrying wagon, a number of issues of a scientific na-
ture must be resolved. And accordingly, such questions were
posed and resolved as the goal and tasks of scientific and ap-
plied research, the results of which are presented in the article.

Literature review. The purpose of the analysis of the latest
research and publications was to consider the existing develop-
ments, which highlight the results of the work on the creation
of mathematical and computer models for the study of the
strength of transport structures, as well as works devoted to the
study of the strength of composite materials.

In works [1, 2], the results of the study of the composite
material proposed by the authors for use in vehicles are given.
At the same time, the mathematical model, on the basis of
which various properties of the material were considered in a
variational manner, was not adopted for the possibility of re-
search and use on rolling stock of railways.

In articles [3, 4], a new computer model is proposed for
analyzing the possibilities of the composite performance of the
carrier module of the vehicle. At the same time, the possibility
of using such a model for the perception of significant (over 3
MN) loads was not considered.

In works [5—7], the problem of transportation of bulk
goods by sea transport is considered. It was determined that a
promising way to increase the efficiency of vehicles in the
transportation of bulk cargo (including hard coal) is to reduce
the tare weight of vehicles through the use of composites. At
the same time, in the article [7], the authors continued their
research on the search for modern solutions to improve the
efficiency of transportation. At the same time, the main atten-
tion is paid to the issue of optimizing the interaction of differ-
ent types of transport. However, attention was not paid to the
problems of individual vehicle modules.

The authors of the paper [5] investigated the prospects of
using new power solutions in the load-bearing systems of ma-
chine-building facilities. However, the developed approach
did not take into account the possibility of proposed solutions
for other transport structures.

In a scientific study [6], a solution was found for mathe-
matical modeling of the stress-strain state of a combined rein-
forced structure. Features of perception and redistribution of
efforts by frame elements are also defined. However, the pos-
sibility of manufacturing a solid composite body, and accord-
ingly the features of its functioning in terms of load perception,
were not investigated.

Atrticles [7—9] are devoted to the study of the strength of
the freight wagon body at a separate stage of its life cycle. At
the same time, it was found that the further development of
wagon structures using the latest materials and technologies,
the perspective of using composites is highlighted.

In the works [10, 11], the authors investigated the stress-
deformed state and the strength of the universal wagon. At the
same time, decisive aggregates of loads are taken into account.
However, the possibility of manufacturing a composite struc-
ture was not considered.

The work [12] is devoted to the study of the stress-strain state
of traction rolling stock. However, the issue of applying the devel-
oped models and methods for freight wagons was not considered.

In the paper [13], the authors studied the force processes
in the components of the rolling stock. But the influence of
external forces on the frame elements of the carrier system was
not investigated.

Publications [14, 15] are devoted to the problems of rolling
stock. The features of the force interaction of body compo-

nents and individual units are separately highlighted. Appro-
priate mathematical descriptions and computer models have
been developed. However, their use for freight wagons was not
considered.

The authors of the articles [16—18] paid attention to the
scientific search for solutions regarding the load on the ele-
ments of the wagon. However, the possibility of using compos-
ites for these purposes was not considered.

Scientific publications [19, 20] are devoted to highlighting the
results of improving the designs of freight wagons. The main focus
is on reducing dynamic forces from the undercarriage module.

Unsolved aspects of the problem. Summing up the analysis
of information sources on the issues under investigation, it
can be argued that there is no sufficient attention paid to the
issue of strength analysis of the composite module of the body
of a freight wagon, which is created for the transportation of
hard coal, and therefore the authors of this publication di-
rected the scientific search to find solutions to this very scien-
tific — applied task.

Purpose. The purpose of the article is to highlight the re-
sults of research on determining the stress-strain state and fa-
tigue strength of the proposed concept of the composite mod-
ule of the wagon body designed for the transportation of hard
coal and other bulk cargoes that do not require protection
from the influence of the external environment.

To achieve the set goal, the following scientific and applied
tasks were defined and solved:

1. Analysis of existing scientific and technical develop-
ments on the issues of the issue under investigation.

2. Determination of the set of loads that act on the body
module of a coal-carrying wagon, in the decisive calculation
case.

3. Adoption of the shell theory for the mathematical deter-
mination of stresses in the control points of the design of the
coal wagon body module.

4. Creation of a computer spatial geometric model of the
proposed concept of the coal wagon body and its adequate fi-
nite element model.

5. Application of efforts and calculation of the developed
finite-element model, analysis of the obtained pictures of the
stress-strain state.

6. Computer simulation, in order to calculate the fatigue
strength of the proposed composite body of a coal-carrying
wagon, analysis of the obtained results.

7. Formation of general conclusions.

Description of the methodology (structure, sequence) of
the research. Determination and analysis of the results of the
given solution of the scientific and applied task included the
stages of research generally accepted in the expert environ-
ment in accordance with the goal. They include: a formal-
ized presentation of the research problem and tasks (based
on: the results of an information-analytical and international
patent search, a complete and systematic critical analysis of
global and industry developments in this direction, a collec-
tion of expert-experienced assessments and proposals, a
comprehensive and systematized review of modern scientific
and technical departments on the profile of issues); node-
by-node and element-by-element analysis of the engineering
complex of documents for the synthesis of the geometric-
spatial 3-D model of the open wagon under investigation;
development of a computer model with the help of a modern
computing software complex; adjusting its adequacy on the
basis of the obtained mathematical data by applying the
semi-momentless theory of shells; application of calculated
loads that are characteristic of the defining case; by means of
simulations, determination of graphical representations of
stress-strain states; fatigue strength check by computer simu-
lation method. At the same time, normative data were used
from: interstate standards, DSTU, instructions, calculation
methods, regulations and projects that correspond to the
problems of the study, and when creating a computer calcu-
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lation model, modern computing and software products
were investigated.

Results. The semi-momentless shell theory is used for the
mathematical calculation of the proposed body module. In the
general case, there are five internal forces on the cross-sec-
tional and longitudinal sections: normal forces 7 and 7, (the
subscripts x, ¢ denote the transverse and longitudinal cross-
sectional planes, respectively), shear forces .S, which are the
same on both sites due to the parity of the tangential stresses,
bending moments M, and M, transverse forces O, and Q,,
torques M,,= M,, — assumed to be equal in parity of tangential
stresses. In the semi-momentless theory, the values M,, Q,,
M., M, are assumed to be zero for small values.

Efforts and displacements determine the stressed-de-
formed state of the object under consideration.

All quantities are functions of two coordinates x and @,
and forces have the dimension of intensity. Therefore, by mul-
tiplying these forces by dx or Rde, their equivalent forces are
determined. With an increase in coordinates by dx or Rdo,
these equivalent forces, like the displacements, get an increase.

In the theory of shells, in the general case, linear deforma-
tions ¢, and ¢,, angular deformation or shear deformation p,,,
curvature deformations xx and xf and torsion xxt are estab-
lished. They are expressed through displacements w, v, u. We
will write down those of them that will be needed when deriv-
ing the permissive equations that represent the complete sys-
tem of the semi-momentless theory

ou
g, =—

ox

o w
g =——+—

Rop R

8v ou ) ()
Yo = o " Ro

62

X = R2 ——tw

In the semi-momentless theory, it is assumed that Pois-
son’s ratio m = 0, and ¢, = [, = 0, i.e., the elasticity ratio for
forces T, and § cannot be expressed through deformations.
Such relations in the selected version of the shell theory make
sense for the force 7, and M,

T, = Ede,
E& > ()
M -
T M

where E is the modulus of elasticity of the shell material;
3

. 0
i= 7 is the moment of inertia of the cross-section of an ele-

mentary ring of unit width separated from the cylindrical part
by cross-sections.

Let us write the equilibrium equation of an infinitesimal
element. This will be the sum of the projections of all the forc-
es acting on the normal, the x-axis and the tangent y to the
circle of the cross-section, as well as the moment about the x-
axis. At the same time, we will keep in mind that the loads P,,
P,, P; are distributed over the surface on the platforms dx and
Rdo. After dividing these equations by dx and do, we get

6Q’+T PR=0
o0
aaTxR+2—S+PR 0
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Geometric equations (1), physical relations (2) and static
equations (3), taking into account the hypotheses of the semi-
momentless theory, allow us to obtain a solution to the prob-
lem of determining additional internal forces at the control
points of the composite module of the coal wagon body,
caused by the deformations of the contour of its cross sec-
tions. Let us transform these equations into a form convenient
for solving, abandoning the traditional approach adopted in
the theory of semi-momentless shells, in which, when trans-
forming the load, P,, P,, P; are differentiated by any variable.
Load distribution functions have a discontinuous nature (sup-
port pressure and other intermittent loads), and therefore
their differentiation operations must be treated carefully.

Using the last equation of system (3) and eliminating the
forces from the remaining equilibrium equations

oM,

Q[ = Ra(p’

4
we will get

2
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Since there are no elasticity ratios for the forces 7,and S,
they can only be found from the equilibrium equations (5).
Let’s transform these equations, eliminating the forces 7, and
M,, using the relation (2) and the hypotheses ¢,= 0 and y,, = 0.

Based on the hypotheses, we get

ov
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ou __ Rov| ©
a(p ox

Using the first and last ratio (1), we obtain formulas (2)
and (3).

T, ——Eaj—Rd
3 3
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12R?| 89> 6(p

Substituting 7, and M, expressed by formula (6) into the
system of equations (4), we get

(7
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The system of integral differential equations (8) reflecting
the equilibrium conditions of an infinitesimally small ele-
ment of the shell is obtained taking into account geometric
and physical relationships, i.e. it is equivalent to all three
groups of equations of the shell theory taking into account
the hypotheses of the semi-momentless theory. The system
of equations is complete — three equations with three un-
knowns.

The laws of distribution of loads falling on the central part
are such that they can be represented by double trigonometric
series with coefficients P, ,,,,, Pau> P3pn determined by the Fou-
rier formulas
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P = i i P, cosnpsinix
m=1n=2

P= iiPZmn COSNPCOSAX ¢, )
m=1n=2

P= ii P, sinnpsinAx
m=1n=2

where m and n are the numbers of members of the series (m —
from one to infinity; » — from two to infinity);
=21
2L

The selected combination of trigonometric functions in
formula (9) reflects the nature of the distribution of move-
ments caused by the corresponding load.

So, for the adopted calculation scheme, at x=0and x=2L,
there should be no displacements of w and v (the contour of
the cylinder at the end diaphragms is not deformed), and the
shell can slide along the diaphragm along the generating cylin-
der, i.e. u # 0. When the load is symmetrical about the longi-
tudinal vertical plane of symmetry, the displacements w and u
are symmetrical, and v is obliquely symmetrical.

The nature of the distribution and self-equilibrium of ad-
ditional forces during deformations of the contour is reflected
by counting n.

Thus, the displacement v can be represented (we omit the
summation limits to simplify the notation) by an expression

v=>>"v,,sinngsin\x, (11)

(10)

and effort

S:ZZSmnsinn(pcosM}. o

T,=3>'T,, cosngsinix

Coefficients v,,,, S,. Tmn are unknown. Let us imagine
that the values of load factors Py,,, Ps,,, Psn., are obtained.
Then we will use the principle of possible movements, taking
the latter as

w=1-cosnpsinix
v=1-sinnpsinix ;. (13)
u=1-cosnpcosix

These expressions are continuous within the surface of the
shell and correspond to the given boundary conditions at the
finite sections.

Substitute series (11—13) into the equilibrium equation
(9), the first of which is equivalent to the projection of internal
and external forces on the direction of movement w, the sec-
ond — the projection on the movement u, and the third the
projection on the movement v. Let us calculate the work of
these force projections on the corresponding possible dis-
placements (13), and, as you know, this work must be zero.
The work is calculated by integrating on the surface of the cy-
lindrical part, i.e. within the range from x = 0 to x = 2L, and
from ¢ =0 to ¢ = 2w, expressions of the form

20,25 .
mmx imx
cosnpsin—— || coskpsin— |dxd

(4 (4

2L, 2% .
. . ommx || . . Inx
sinn@sin—— || sink@sin— |dxd . 14

c

2L, 2% .
mnx inx
cosnpcos—— || coskpcos— |dxd

c c

Taking into account the orthogonality of the trigonometric
functions, when n = k and m = i, these integrals are equal to
Lcer, and when n # k and m # i, they are equal to zero.

As a result of the work calculation, the system of integral-
differential equations (14) will be reduced to systems of alge-
braic equations with respect to the coefficients of the series v,,,,,

Smm 7‘1"1"
3
- E63n3(n2—1) 0 1
2IEQ~SR2}\‘3 vmn lenR
-n 0[x|S,.|=|P,,Rl. (15
. Toul [P R

ES 5
—n (n" -1 AR n
12R? ¢ )

From equation (15) we find the coefficients v,,,,, S, Ty
and from formula (13) the self-equilibrated forces 7}, and § as-
sociated with deformations of the cross-section contour. The
forces at the desired points are the summation of the series at
the given coordinates x and ¢ of these points.

Dependencies (13) with known coefficients v,,, make it
possible to determine the coefficients of the normal force 7,
and the moment M,

_ E3RV
xmn — n mn
. 16
_E® n(n* =1y o
tmn 12R2 mn

With these coefficients, we will have

T.=>>'T,. cosnpsinix 17
M, =%">M, cosnpsinix| a7
Tension
TX
G, =0+
13
T 6M
G,zg’i 621 , (16)
s
xt 6

where §%/6 is the moment of resistance of an elementary shell
strip of unit width.

Equivalent stresses calculated according to the deforma-
tion criterion

Ge:\/csi—oxct+0,2+3t)2”. (19)
To ensure the required strength, the condition must be met
o, <|o]. (20)

Tangential loads are not taken into account in the calcula-
tion, while P;=0. The pressure is distributed according to the law

g =7vR(cos —cos ), 2n

where v is specific weight of cargo; B, — the angle that deter-
mines the position of the free surface of the load.

This pressure exerts a rather weak influence on the internal
forces in the shell (with the accepted dimensions of the thick-
ness of its walls). To simplify the calculation, they are limited
to taking into account the action of support loads. At the same
time, it is advisable to choose the angular width of the planes
B,—B;, which is 4°, that is, the support is carried out on four
planes of width R(,—p,) and length (ba). The load ¢ is ori-
ented along the radius.

Then, according to the Fourier formulas, we will have

A

mn ~

%q(cos Aa—coshb)(sinnP, —sinnP,).  (22)
nmn

For longitudinal load

2mn

:zir(sinkd —sinic)(sinnB, —sinnf;),  (23)
nmn
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where ris the intensity of surface distributed longitudinal load.

With the help of the above methodology, the stresses at the
control points were determined mathematically, on the basis
of which the adequacy of the developed computer model was
adjusted.

In order to improve the technical, economic and operational
indicators of the design of the coal wagon, it is proposed to im-
prove it by making a body module made of composite material
(Fig. 1). For example, a composite with a titanium matrix, which
is reinforced with fibers of boron, badger, silicon carbide, berylli-
um, and molybdenum. Such a composite has high heat resistance
and a significant strength limit: in the direction of the fibers, it is
1,100—1,300 MPa, in the transverse direction — 650 MPa.

It should be noted that the proposed innovation is possible
for implementation, both during the manufacture of new wag-
on designs, as well as their modernization in the conditions of
wagon repair enterprises.

An advanced software-and-computing complex was used
to carry out strength calculation studies of the bearing system
of a conceptually new version of the coal car body module
made of composites which is based on the classical finite ele-
ment method in its software. The spatial grid was generated on
asolid body with all curvature elements reflected and taken into
account. At the same time, the applied tetrahedra of isopara-
metric form were used, the optimal characteristics of such a
mesh were determined: 911,782 simple elements, 1,551,011 nod-
al elements. The defined maximum size of a simple mesh ele-
ment is 40.0 mm, the minimum defined size is 13.3 mm, the
minimum defined aspect ratio is 10.33, the aspect ratio of less
than three is 100, and, accordingly, more than ten is 0.00087.
The minimum defined number of simple elements in a circle is
12, the increase in the size of simple elements is 1.8.

Fastening (Fig. 3) of the model was carried out for the
horizontal parts of the frills, that is, in the areas of abutment
on the running parts. The construction material is composite.

It was established that the maximum stress equivalents oc-
cur in the area of interaction between the body module and the
crew module and are about 275 MPa. At the same time, the
stress in the shell of the hopper wagon is about 190 MPa,
which is 15 % lower than in a typical design. So, the results of
the study testify that the maximum stresses occur in the canti-
lever parts of the body module. In the middle part, they sent
about 180 MPa.

A modal analysis was conducted to determine the frequen-
cies and forms of natural oscillations of the proposed concept
of the composite module of the coal wagon body.

Some of the inherent forms of oscillations of the support-
ing structure of the hopper wagon are shown in Fig. 6.

When performing calculation studies, it was established
that the determined value of the first natural frequency is
10.6 Hz, and is not lower than the standard permissible value —
8 Hz. And that is why it can be said that the safe mode of
movement of the wagon is guaranteed.

At the next stage of the scientific and practical work, the
fatigue resistance [20] of the proposed concept of the compos-

Fig. 1. Computer spatial geometric model of the conceptually new
version of the coal wagon body module made of composites

Fig. 2. Finite element model of the conceptually new version of
the coal wagon body module made of composites

Fig. 3. Fixing the model of the conceptually new version of the
coal wagon body module made of composites

Fig. 4. Application of loads of the conceptually new version of
the coal wagon body module made of composites

ite module of the body of a coal-carrying wagon was deter-
mined. Such studies were carried out with the determination
and analysis of the coefficient of fatigue resistance reserve n,
which is determined by the formula

m:};;iz[m], (24)

ae

where 1, . is the calculated numerical value of the amplitude of
the dynamic stress of the conventional symmetrical cycle,
which will be added to the basic »,, which is equivalent in
terms of destruction to the value of the amplitudes taking into
account the empirically determined stresses during the life
cycle, MPa; [m] — the maximum allowable value of the fatigue
resistance reserve factor.

When calculating fatigue o,,, the determination of the
equivalent summed amplitude of dynamic stresses in the case
of an intermittent function of the distribution of stress ampli-
tudes is carried out according to the formula
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von Mises (N/m”)
2.942¢ + 008
' 2.697e + 008
- 2.452¢ + 008

2.207e + 008
1.961e + 008

1.716¢ + 008
1.471e + 008
1.226e + 008

9.807¢ + 007
- 7.335e + 007

4.903¢ 1 007
2.452e + 007

1.443¢ + 001

Fig. 5. The stressed state of the model of the conceptually new
version of the coal wagon body module made of composites

k

N k
Mo =0—<D P fy > AP, (25)
NO i=1 i=1

where N. is the total number of dynamic stress cycles deter-

c

Fig. 6. Some forms of oscillations of the proposed concept of the
composite module of the coal wagon body (deformation
scale 20:1):

first mode — a; the second fashion — b; the third fashion — ¢

mined for the calculated life cycle; P,; and P; are the probabil-
ities of the appearance of stresses with the level of o; in a given
speed interval and the proportion of time that is determined
during the operation of the wagon structure at the speed vi;
Aqi— level (degree) of stress amplitude, MPa; k,; and k,; — the
number of discretization stages, taking into account stress am-
plitudes and the range of movement speeds.

The results determined during the calculations proved that
with the probability of the appearance of stresses with a level of
;, which is 0.95 values 2, .= 47.7 MPa. And accordingly, the
coefficient of the reserve of fatigue resistance is 4.5. Taking
into account the absence of experimentally determined indi-
cators, it can be assumed that the permissible value of the co-
efficient of the fatigue resistance reserve is equal to 2.2. Based
on the above, it can be stated that the specified condition is
fulfilled, and the fatigue strength of the composite module of
the wagon body of the coal wagon is ensured.

Conclusions. The article presents the results of solving the
scientific and applied task of creating the model of the pro-
posed composite module of the body of a coal-carrying wagon
in a computer environment and researching.

The applied tetrahedra of isoparametric form were used,
the optimal characteristics of such a mesh were determined:
911,782 simple elements, 1,551,011 nodal elements. The de-
fined maximum size of a simple mesh element is 40.0 mm, the
minimum defined size is 13.3 mm.

As a result of the analysis of the stress-strain state of the
proposed structure of the composite module of the coal wagon
body, it was found that the maximum stresses in the decisive
design mode are 190 MPa and do not exceed the permissible
values. Which testifies to the efficiency of the proposed inno-
vative concept.

The results of the analysis of the fatigue strength of the
composite module of the body of a coal-carrying wagon
proved its operability and effective perception of the corre-
sponding loads for a satisfactory period of operation. The pro-
posed innovation is possible for implementation, both during
the manufacture of new designs of wagons, as well as their
modernization in the conditions of wagon repair enterprises.

The created concept of the coal wagon body can be used as
a basis for the creation of composite body modules and other
wagons, which will be oriented to the transportation of bulk
and bulk cargoes that do not require protection from atmo-
spheric precipitation.

The obtained results will become the basis for further re-
search and development work on the development and imple-
mentation of the composite module of the body of a coal-car-
rying wagon. Further stages of conducting research on the de-
ployment of works in this direction require the mandatory
conduct of experimental research. At the same time, initial
studies can be carried out on reduced models. Obtaining the
final results from the determination of the influence of external
loads on the proposed design of the coal wagon body module is
directly related to field tests.
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AHaJIi3 MilTHOCTI KOMIIO3UTHOIO MOIY.JIS Ky30Ba
BaroHa-ByIJieB03a

O. B. ®omin™', A. M. ®omina®, A. O. Knumaus?,
C. B. Ky3vmenxo?, A. O. Bopox?

1 — JlepXaBHUIi yHiBepCUTET iH(GPACTPYKTYPU Ta TEXHOJIO-
riit, M. KuiB, Ykpaina

2 — CXigHOYKpaiHCHKMiI1 HaIliOHAILHUI YHiBEpCUTET iMeHi
B. dans, m. Kuis, Ykpaina

* ABTOp-KOpecnoHAeHT e-mail: fomin1985@ukr.net

Meta. BuszHaueHHs1 HarpykeHO-1e(OPMOBAHOIO CTaHYy
Ta BTOMHOI MIITHOCTi 3aIIpOITOHOBAHOTO KOHIIETITY KOMIIO-
3UTHOTO MOJYJISI Ky30Ba BaroHa, po3po0JIeHOro ISl repeBe-
3€HHSI KaM’STHOTO BYTIJUIS Ta iHIIMX HACUITHUX BaHTaXiB, 110
He TTOTPeOYyIOTh 3aXUCTY BiJ BIUIMBY 30BHIILIHHOTO CEPEAOBU-
ma (atMocepHUX OMajiB, BIUIMBY BUCOKUX i HU3bKUX TEM-
repaTyp Ta iHiie).

Metoauka. [1pu npoBeaeHHi 1OCHIIXKEHb 3aCTOCOBAHUI
CUCTEeMHUM miaxin. Jisi JOCATHEHHS TOCTaBJIeHOI B TOCHTi-
JDKEHHI MeTy OyJiv BUPIlLIEHHI HACTYITHI 3a/1a4i: BUBHAYEHHS
0COOJIMBOCTEM i pO3MIISII BIUIUBY KaM’SIHOTO BYTiJLISI HA KOH-
CTPYKTHMBHI CKJIaIOBi MOIYJIST Ky30Ba BaroHa-BYTJIeBO3a; MO~
BY3JIOBMIA i TTOEJIEMEHTHUIA aHaJli3 iHXXEHEPHOTO KOMIUIEKCY
JNIOKYMEHTIB IS CUHTE3y TeOMETPUYHO-IPOCTOpOBOi 3-D
MojieJli BITKPUTOIO BaroHy, 110 AOCTiIKYETHCS; PO3POOIECH-
HS, 3a JIOTIOMOTOI0 Cy4aCHOTO OOYMCITIOBAJILHOTO MTPOrpaM-
HOTO KOMILIEKCY, KOMIT IOTEPHOI MOJEJIi; HACTPOIOBAaHHS 1l
aZieKBaTHOCTI Ha OCHOBI OTpMMaHMX MaTeMaTUYHMX JaHUX
LLIJIIXOM 3aCTOCYBaHHSI HaIrliBOE3MOMEHTHOI Teopii 000J10-
HOK; NMPUKJIAJaHHS PO3PaxXyHKOBUX HaBaHTaXKeHb, IO Xa-
paKkTepHi 1711 BUSHAYAJbHOTO BUIIAAKY; 32 JOTIOMOTOIO CH-
MyJISILiN BU3BHAUEHHS rpadiuHuX BinoOpaxkeHb HANpPyXXeHO-
neOpMOBAHUX CTaHIB; METOJOM KOMIT IOTEPHOI CUMYJISILIiT
rnepeBipka BTOMHOI MilTHOCTi.

PesyabraTn. byna po3pobieHa, 3a JOMOMOTrow0 Cy4yacHO-
r0 OOYMCITIOBAJILHOTO IPOrPAMHOTO KOMIUIEKCY, KOMIT I0-
TepHa Mojeib. AIeKBaTHa CKiHUEHO-eJIEMEHTHA MOJe]b
BKJTIOYAE: KiJIbKICTh eJleMeHTiB citku 911782, BysnmiB —
1551011, mpu LibOMY MakKCUMaJIbHUI PO3MIp €JEeMEHTY CiTKU
nopiBHioe 40,0 MM, MmiHiManbHMit — 13,3 MMm. Pesyiabratnn
pO3paxyHKy MillHOCTi pO3po0JIieHOT MOAEIi KOMITO3UTHOIO
MOJIyJISI Ky30Ba BarOHa-BYyIJIeBO3a 3 BU3HAYCHHSIM HaBaHTa-
XKeHb 3aCBIIUYMIIN, 1110 OTPUMAaHIi HaNPY>KEHHSI HE MePEeBUIILY -
I0Th JOMYCTUMUX 3HayeHb. TaKoxX 3amporOHOBAaHMIT KOH-
CTPYKTUB OYB IIepeBipeHMIl, PO3paxyHKOBUM METOIOM i
LIJITIXOM KOMITBIOTEPHUX CUMYJISILIiN, HA BTOMHY MiIlHiCTb.
Pesynbraté TaKOro aHaiizy € MO3UTUBHUMMU.

HaykoBa HOBM3HA. YTiepilie 3aIpOTIOHOBAHE KOHIIETITY-
ajbHEe BUKOHAHHSI MOIYJSl Ky30Ba BiIKPUTOIO BaroHa IJisi
MepeBe3eHHs KaM STHOTO BYTUJUIS i3 KOMITO3UTHOTO MaTpialty.
3a J0MOMOro0 pO3paxyHKIiB i KOMITBIOTEPHUX CUMYJISILIii
IMpoaHajIi30BaHO HAIPYXeHO-Ae(OPMOBAHUI CTaH i BTOMHY
MiLIHiCTb 3aITPOMIOHOBAHOTO KOHIETTY.

IIpakTuyna 3HaunMicTh. CTBOPEHUIT KOHIIETIT KYy30Ba Baro-
Ha-BYIJIeBO3a MOXe OYTH BUKOPHCTaHUI SIK OCHOBA JIJIs1 CTBO-
PEHHSI KOMITO3UTHMX MOJIYJIiB Ky30Ba Ta iHIIMX BaroHiB, IO
OyIyTh OPiEHTOBaHI Ha MEPEBE3CHHST HACUITHUX i HABAJIOUHUX
BAHTAXiB, SIKi HE TTOTPEOYIOTh 3aXUCTY Bill aTMOC(EPHUX OTa-
niB. OTpuMaHi pe3yJibTaTu CTaHYTh OCHOBOIO JUIS TTOAAIBIINX
HayKOBO-IOCJIIHUX 1 JOCTIIHO-KOHCTPYKTOPCHKUX POOIT i3
PO3pOOKM Ta BIPOBAIKEHHSI KOMIIO3UTHOTO MOJYJISI Ky30Ba
BaroHa-ByIJIeBO3a. Y KiHIIEBOMY BUIIAIKY BITIPOBAKEHHS Ta-
KOI Y1 aHaJIOTiYHOI TEXHOJIOTIT JO3BOJIUTD MiIBUILIUTU e(peK-
TUBHICTb (DYHKIIIOHYBAaHHS BiTYM3HSIHOTO TApKYy BaHTAXKHUX
BaroHiB MPU MEPEeBE3CHHSIX BKa3aHUX HACUTTHUX BAHTaXiB.

KiouoBi ciioBa: mexauiuna indcenepis, nepeeeseHHs gyein-
A5, BAHMADICHI 6A20HU, MIYHICMb
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