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Inmencugixauia excnayamauii eéazonie 3ymoenioe 3HOC
ix Ky306i8, AK HAUOLILUW HABAHMAIICEHO20 eJleMEHMA KOH-
cmpyxuyii, ma HeoOXioHiCMb 6NPOBAONHCEHHA HOBUX BA20HIE.
nsa cxopouenns eumpam na 6u20mMOGNEHHS HOBUX KOMH-
CMpYKYil 6az20HI6 NPONOHYEMBCA NPOVOBIHCEHHA CMPOKY eKC-
nayamauii Ky3oeie yHieepcanvHux nanieeazowie nornad 1,5
HOPMAMUBHO20.

IIpu nposedenni pospaxymkie na Miynicmo 6 ymoeax
8az20H00Y0ieHUX NIONPUEMCME 00 YBA2U NPULMAIOMBCA HOD-
MAMuBHi GeNUMUHU HABAHMAICEHb, AKI He 6pPAxX06Yylomv
MONCIUBT 3HOCU eJleMeHMI8 HeCYHUX KOHCMPYKUil Ky306i6
Haniggazonie 6 excnayamauii. Ile mooce cnpununumu 3nauny
NOXUOKY NPU BUHAMEHHT MOHCTUBOCTE NPOOOBIHCEHHA CMPOKY
excnayamauii Ky306i6 HANi86az0Hi8, AKi GUUEPNAIU C8ill HOP-
MamueHui pecypc.

Tomy npu obrpynmyeanni Mmoxcausocmi npooosicem-
Hsl CMPOKY eKCniyamauii 6az0Hi6 BaANCIUBUM € YPAXYEaH-
HAM HA CMAoii po3PAXYHKI6 HA MIYHICMb YMOUHEHUX BeJIUMUN
QuHaMIMHUX HABAHMANCEHD, KT 0iIOMb HA HUX 6 eKCnaYamauii.

Jna docnidxcenns ounamivnux nasanmaicenn, axi 0itomo
HA KY306 HANIGE6A20HY NPU MAHEEPOBOMY CHIGYOapaHHi, AK
sunadky HauoOILUWOT HABAHMANCEHHOCME 11020 KOHCMPYKULL
Y excnayamauii, npogedeHo mamemamuune MooesH08AHHS.
Pesyavmamu docaidxcenv 00360UMU 3pOOUMU BUCHOBOK, WO
npuckopenns, axe 0i€ Ha HeCYyuy KOHCMPYKUil0 HANIBEA20-
Ha 3 xapakxmepnumu oas 1,5 cmpoky excnayamauii 3noca-
MU npu Manesposomy cnigyoapamui, cknadae 6auzvko 4g.
Taxosic docnidxncenns ounaminnoi Hasanmaxicenocmi Hecy4oi
KOHCMPYKYii KY306a HANIB6AZOHA NPU MAHEEPOBOMY ChHigYy-
dapanni npogedeno WaIXoM KOMNRIOMePHO20 MOOEI08AHNS
6 npozpammnomy 3adesneuenni CosmosWorks. Pesynvmamu
docioxcens NOKA3ANU, WO MAKCUMATLHI NPUCKOPEHHS KY30-
6a Haniseazona cKkaadarOmMmv GU3LKO 5g.

Jlna nepesipxu aodexeamiuocmi po3pobaenux mooenei
suxopucmanuii kpumepiii Diwmepa. Pezyavmamu po3paxym-
Ki6 noxasanu, wo zinomesa npo adexéamuicmo He 3anepe-
uyemocs.

Ompumani pesyrvmamu 00CHONCEHb GPAXOBAHI NPU
8U3HAMEHHI NOKA3HUKI6 MIYHOCMI KY308a HANIGEA0HY 3
xapaxmeprumu ons 1,5 cmpoxy excnayamauii snocamu. /[ns
Ub020 CMBOPEHO NPOCMOPOBY KOMNIOmepHy M00enb KyY30-
6a 6aszoe0z20 nanieeazona modeni 12-757, necyui enemen-
mu aKoi mMaomv MOSWUHU, WO 61010610aAIOMb MIHIMATILHO
eusnauenum. Pospaxynox npoeedenuii 3a memoodom ckin-
yenux eaemenmie. Ha nidcmaei npogedenux pospaxynxie
6CMAHOBNEHO, WO MAKCUMATLHI eKBI8ATICHMHI HANPYHCeH-
HA He nepesuuyroms 0ONYCMUMUX ma cKkaadaomv OAU3bLKO
345 Mlla, wo 00360113€ 3p0OUMU BUCHOBOK NPO MONCAUBICMD
nooanvuloi excnayamauii 6azona.

IIposedeni oocnidicennss cnpusmumymo ymouHeHoMY
BU3HAMEHHIO MOICTUBOCME NPOO0BIHCEHHA CMPOKY eKcnaya-
mauii HanieeazoMie8, AKi 6UMEPNATU CEIll HOPMAMUBHUL PeCypPC

Knwouoei cnosa: mpancnopmna mexamika, 8anmasxicui
8a20HU, HANIBE6AZOH, CMPOK eKCNayamauii, MiyHiCMb KOH-

cmpyxuyii, OunaminHa HA8aAHMANCEHHICMb
u| =,

1. Introduction
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dors necessitates adaptation of the railroad rolling stock,

being one of the leading transportation industries, to opera-

The accelerated pace of the integration of European
countries into the system of international transport corri-

tion under market conditions. To improve the efficiency of a
transportation process, it is required to ensure that transport




industry is equipped with functional fleet of railroad cars.
According to DSTU 2860-94 “Reliability of equipment.
Terms and definitions” (Norme Cei Internationale lec In-
ternational 50(191) Standard), the designed service lifetime
is the calendar prolongation of operation reaching which in-
dicates that further operation must be stopped regardless of
its technical condition. Among the most intensely used cars
at railroads are the open top wagons; that is predetermined
by the possibility of their transporting a wide range of car-
goes. That explains why a given type of cars wears out faster
compared to other railroad cars. In Ukraine, for example,
the standard service time of open top wagons is 22 years,
while about 18 % of open top wagons of the total fleet of cars
are operated over lifetime prolonged by 1.5 times, and about
4.0 % — even longer [1].

Given an insufficient renewal of rolling stock by new
designs of cars, there is a need for scientific research into the
possibility of prolongation of operation period of the existing
ones. At the same time, greater attention should be paid to
the bearing design of the frame as the most loaded node of a
railroad car under operation.

2. Literature review and problem statement

The issue of open top wagons frame bearing capacity has
been investigated in detail up to now, which is explained
by its relevance and economic justification. Thus, paper [2]
reports results of research into bearing capacity of open
top wagons of model 12-9745. However, the purpose of that
research was to find structural reserves to reduce material
consumption for a given model of cars. And, accordingly,
the bearing capacity of a body design that would simulate
the wear characteristic of 1.5 operation periods was not
addressed.

Article [3] outlines prospects for improving the designs
of open top wagons, including a prolonged period of op-
eration. However, an enhanced service period of open top
wagons is proposed to be achieved by improving structural
properties, for example through the introduction of materi-
als with better characteristics.

An analysis of properties of structural materials of
the new-generation car bodies is given in [4]. The paper
described the benefits of using new advanced materials
for separate elements of car designs. However, the task on
extending the implementation of this direction while pro-
longing the term of operation of open top wagons was not
paid attention to.

Measures to improve the bearing capacity of a open
top wagon body in order to ensure the reliability of its at-
tachment to the deck of a train ferry are described in [5].
The reported results of calculating the strength of a body
considering fixing it relative to the deck using the proposed
structural nodes under conditions of sea pitching allowed
the authors to draw a conclusion on the feasibility of pro-
posed solutions. In this case, construction and application of
dynamic models that would take into consideration the wear
of bearing system of open top wagons will make it possible
to carry out research related to the appropriate designs of
open top wagons.

Study of the dynamics of a railroad car with an open
loading platform is described in [6]. The calculation was
carried out in the MSC Adams programming environment.
Stability of a wagon against overturning was investigat-

ed while it was positioned along a curve with a radius of
250 meters, taking into consideration different motion speed.

Estimation of accuracy of the throughput capacity of
railroad networks, intended for transportation of raw mate-
rials and finished products of mining-metallurgical industry
was described in [7].

The issue of designing rolling stock for the transporta-
tion of heavy cargoes was considered in [8]. The dynamics
and durability were examined using the modern software
ProMechanica and CosmosWorks. When designing a bear-
ing structure of a transporter, the authors studied a possibil-
ity of its fabrication from materials of various types.

Structural features of a wagon for intermodal transpor-
tation were considered in [9]. The wagon has a lowered mid-
dle part, and the presence of a reverse part makes it possible
to load/unload vehicles to/from it by gravity.

Paper [10] reports results of research into determining
the character and level of influence of different freight cars
on strength properties of bearing systems for cars. However,
the tasks of a given study did not imply determining a re-
spective effect on the bodies in operation beyond a standard
service time.

Article [11] describes the impact of a bogie front rolling
wheels profile on the overall dynamics of a rolling stock unit.
In this case, the authors failed to consider the simulation of
appropriate operational wear and to study dynamic proper-
ties for a given case.

Study [12] analyzed the patterns of motion and inter-
action between units of rolling stock with parameters that
match new equipment. However, no research for units with
parameters that reflect operational wear was conducted.

Work [13] highlights results of improvement in the dy-
namic properties of rolling stock when passing curved sec-
tions of track by improving respective structural elements.
Along with this, the authors did not determine possibilities
and effect of the implementation of such innovations on the
worn-out rolling stock, including open top wagons.

Summing up the results, one can note that up to now
the issues related to the possibility of prolonging the term
of operation of bearing structures of car bodies taking into
consideration the refined magnitudes of dynamic loads
that act on them have not been resolved. When carrying
out calculations for strength, typically considered are the
regulated magnitudes of loads that do not take into consid-
eration possible wear of elements in the bearing structures
of open top wagon bodies at operation. This might result
in a significant error when estimating the stressed state of
open top wagon bodies that have exhausted their standard
resource at the stage of substantiating a possibility to pro-
long their service period.

3. The aim and objectives of the study

The aim of present study is to substantiate a possibility
to prolong a period of operation of bearing structures of the
universal open top wagon bodies with the wear character-
istic of 1.5 terms of operation regarding the refined magni-
tudes of dynamic loads that act on them.

To accomplish the aim, the following tasks have been set:

—to explore dynamic loading of the bearing structure
of a open top wagon body with the wear characteristic of
1.5 terms of operation using the methods of mathematical
modelling;



— to explore dynamic loading of the bearing structure
of a open top wagon body with the wear characteristic of
1.5 terms of operation using the methods of computer sim-
ulation;

—to verify the developed models of dynamic loading
of a open top wagon body with the wear characteristic of
1.5 terms of operation;

— to investigate and analyze the stressed-strained state
of the bearing structure of a open top wagon body with the
wear characteristic of 1.5 terms of operation using the meth-
ods of computer simulation.

4. Study of dynamic loading of the bearing structure of a
open top wagon body using the methods of mathematical
modeling

To simulate the wear characteristic of 1.5 terms of oper-
ation, we constructed a spatial computer model of the open
top wagon body whose bearing elements are of thickness
that meets the minimally thickness defined experimentally.

Fig. 1 and 2 show elements of the examined design of
open top wagons, as well as the appropriate thickness desig-
nated as N}', where:

N is the number of an element of the bearing component;

m is the rated thickness of the component’s element, mm;

F is the determined minimum actual mean value, mm.

Fig. 1. Spatial schematic of a open top wagon body, model
12-757, with the designated rated and the determined
minimum actual mean thickness of bearing components’
elements

Fig. 2. Spatial schematic of a open top wagon frame, model
12-757, with the designated rated and the determined
minimum actual mean thickness of bearing components’
elements

To determine the dynamic loads that act on a open top
wagon body in operation, we applied a mathematical model
given in [14] that was constructed using the Lagrange meth-
od of second kind. In this case, we considered a case of the
largest loading on a bearing structure in operation — impact
at shunting. This model was built in order to determine

accelerations as a component of dynamic load that act on
the car platform with containers-tanks during an impact at
shunting. The model therefore was modified to determine
accelerations that a open top wagon is exposed to under the
influence of the longitudinal force of impact.
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where My is the mass of the bearing structure of a open top
wagon; y is the moment of inertia of a open top wagon rela-
tive to the longitudinal axis; S, is the magnitude of the lon-
gitudinal force of impact into automatic coupling; mp is the
mass of the bogie; Iy is the moment of inertia of a wheelset;
r is the radius of a medium-worn wheel; z is the number of
axles in the bogie; / is the half-base of a open top wagon; Frg
is the absolute value of dry friction force in the spring set; &y,
ko is the spring rigidity of the spring suspension of open top
wagon bogies; xy, @y, zw are coordinates that correspond,
respectively, to longitudinal, angular around the transverse
axle, and vertical displacement of a open top wagon.

We solved differential equations in the MathCad pro-
gramming environment. In this case, they were reduced to
the Cauchy standard form and integrated then using the
Runge-Kutta method.

The initial displacements and velocity were taken to
equal to zero. The input parameters of mathematical model
are a open top wagons body technical characteristics with
the wear characteristic of 1.5 terms of operation; parameters
of spring suspension, as well as the value of force of a longi-
tudinal impact at automatic coupling.

Research results have allowed us to conclude that the ac-
celeration acting on the bearing structure of a open top wag-
on during an impact at shunting is about 40 m/s* (Fig. 3).

~1

—45

Fig. 3. Accelerations acting on the bearing structure of a
open top wagon body during an impact at shunting



In this case, the longitudinal force of impact that acts
on the vertical surface of the rear support of an automatic
coupling was taken to be equal to 3.5 MN [2, 3].

5. Study of dynamic loading of the bearing structure
of a open top wagon body using computer simulation
methods

In order to verify the obtained magnitudes of accel-
erations, we performed computer simulation of dynamics
of the bearing structure of a open top wagon body under
the action of a longitudinal force of 3.5 MN on the rear
support of an automatic coupling. The study was conduct-
ed using the CosmosWorks programming environment,
version 2015.

We constructed the model based on the album of
drawings of a universal open top wagon, model 12-757,
produced at PAT “Kryukivsky wagon building plant”
(Ukraine). When compiling the model, we considered
elements of the bearing structure of the body, which are
tightly connected by welding or by rivets; in other words,
when constructing the model, we taken disregarded the
covers of openings.

A spatial model of the bearing structure of a open top
wagon body with the wear characteristic of 1.5 terms of op-
eration is shown in Fig. 4.

The calculation was performed using the method of finite
elements.

When constructing a finite-element model (FEM), we
employed spatial isoparametric tetrahedra. The number of
elements in the grid in this case was 142,251; nodes — 45,742.
The maximum size of a grid element equals 180 mm, mini-
mum — 36 mm, the maximum ratio between the sides of the
elements is 9103.2; the percentage of elements with the ratio
of sides less than three is 6.02, larger than ten — 55.3.

a b

Fig. 4. Spatial model of a open top wagon with the wear
characteristic of 1.5 terms of operation:
a — side view; b — bottom view

When building a model of strength (Fig. 5), we consid-
ered that the bearing structure of a open top wagon body,
in addition to longitudinal load Py, is exposed to vertical
static loading P and an effort from the bulk cargo ex-
pansion P¢ (coal).

The material for the bearing structure of a open top
wagon body was steel of grade 09G2S with a value of
strength limit 65=490 MPa and a value of fluidity limit
or= 345 MPa [15].

When constructing a model of strength, we did not take
into consideration a possible difference between the levels of
cars’ automatic couplings that interact with each other.

Results of the calculation are shown in Fig. 6.

Fig. 5. Computer model of strength of the bearing structure
of a open top wagon with the wear characteristic of
1.5 terms of operation: a — top view; b — bottom view

(impact, compression), P;W — vertical static loading;
P; — longitudinal loading; Pc — effort of the bulk cargo
expansion
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Fig. 6. Distribution of acceleration fields acting on the
bearing structure of a open top wagon body:
a — top view; b — bottom view



Based on the study, we can conclude that the maximum
accelerations of a open top wagon body occur in a zone from
the console part to the zone of interaction between a girder
beam and a pivot beam and reach about 50 m/s* (5 g). In the
region between a pivot beam and the middle part of a girder
beam the magnitude of accelerations decreases and makes up
about 15 m/s? (1.5 g).

6. Verification of the developed models of dynamic
loading of a open top wagon body with the wear
characteristic of 1.5 terms of operation

In order to test the adequacy of the developed computer
model of a open top wagon body with the wear characteristic
of 1.5 terms of operation, as well as the modified mathemat-
ical model, we applied a Fisher criterion. In this case, the
input variable of the model is the force of shunting impact of
the body ranging from 0.5 MN to 3.5 MN; the output vari-
ables are the accelerations that occur in the elements of the
body’s bearing structures. Results of determining the accel-
erations, obtained by mathematical modeling and computer
simulation, are given in Table 1.

Table 1

Values of accelerations that act on a open top wagon body
with the wear characteristic of 1.5 terms of operation

Acceleration magnitude, g
Impact force, MN |  Mathematical Computer model

model

0.5 0.8 1.2

1.0 1.3 1.8

1.5 2.1 2.3

2.0 2.3 2.7

2.5 2.6 3.4

3.0 31 4.6

3.5 3.9 5

To determine the optimal number of experiments, we
used a Student criterion. The required volume of static data
was determined from formula [16]

t*.o?
n =7, 4)

where ¢ is determined from ratio ®(t)=v/2;, D(t) is a
Laplace function, tabular value; ¢ is the standard deviation
of a random magnitude that is examined; &* is the absolute
error of a measurement result.

At N=7, the value is ¢=2,5. Based on the calculations
performed, it was revealed that the number of static mea-
surements must be at least 6, therefore the number of exper-
iments is sufficient.

It was found that the considered models are linear and
characterize a change in the accelerations of the bearing
structure of a open top wagon body due to the longitudinal
force acting on the rear support of an automatic coupling
(Fig. 7). In this case, the number of degrees of freedom at
N=7 will make up f1=5.

At a reproducibility variance of $2=0,93 and an ade-
quacy variance of .§ fw =1,9, the actual value of the Fisher
criterion is F,=2.2, which is smaller than the tabular value of

the criterion F;=5.05. Thus, a hypothesis about the adequacy
of the developed model is not contradicted.

& 6,0 -
5,0 - .
40 - y=0,0657x + 0,03
3,0 A
2,0 -
1,0 -

0,0 . : : : : : .
05 1 15 2 25 3 35

Impact force, MN

Acceleration.

- - - mathematical model; —— computer model

Fig. 7. Dependence of accelerations that act on a open top
wagon body with the wear characteristic of 1.5 terms of
operation on the impact force at shunting

7. Research and analysis of the stressed-strained state of
the bearing structure of a open top wagon body

To study the strength of the bearing structure of a open
top wagon body with the wear characteristic of 1.5 terms of
operation, we constructed a computer model of its strength
in the programming environment of CosmosWorks software.

When building a model of strength (Fig. 8), we consid-
ered that the bearing structure of a open top wagon body is
exposed to the longitudinal loading on the rear support of an
automatic coupling P,, whose numerical value was defined
based on the results of modeling dynamic loading of a open
top wagon body, the vertical static loading on the frame P;"
taking into consideration full utilization of the cargo capac-
ity of the body and the effort of the bulk cargo expansion
on the side and end walls of the body P¢, calculated by the
procedure given in [17]. The model accounts for the vertical
P}, reactions in supporting nodes to action PJ’ and the
horizontal P§ reactions caused by the action of lateral and
longitudinal efforts on the bearing structure.

Calculation for strength was performed using a method
of finite elements. The patterns of FEM for the bearing
structure of a open top wagon body with the wear char-
acteristic of 1.5 terms of operation were considered when
modeling its dynamic loading.

Limitations of the model are the lack of difference in
the levels of bodies of open top wagon automatic couplings
that interact with each other. The model disregarded welded
seams; in other words, it was considered to be a monolithic
structure.

The model was fixed by heels and slips of pivot beams of
the bearing structure of a car.

Based on the calculations performed, we determined that
the structure meets the requirements for strength (Fig. 9).

Results of the analysis of patterns in the obtained
stressed-strained state (Fig. 9) allowed us to find out that
the maximum equivalent stresses in the bearing structure
of a open top wagon body do not exceed the permissible
stresses [15]. In this case, numerical values of stresses make
up approximately 345 MPa. Maximum displacements are
4.68 mm and are concentrated in the middle of the girder



beam. The maximum equivalent stresses occur in the region
between the rear support of an automatic coupling and the
pivot beam and make up about 2.81-10°3,

b

Fig. 8. Model of strength of the bearing structure of a open
top wagon, model 12-757, under calculation mode | (impact):
a — side view; b — bottom view

8. Discussion of results of studying the strength of a open
top wagon body with the wear characteristic of 1.5 terms
of operation

Typically, when investigating a possibility of further
exploitation of railroad cars that have exhausted their term
of service, the normative values of loads are applied that act
on them during operation. It is important to note that in or-
der to obtain a more accurate estimate of a open top wagon
body loading during operation, we proposed a mathematical
modeling of the dynamic loading of a bearing structure of
a open top wagon body with the wear characteristic of 1.5
terms of operation. The research was carried out for the most
loaded mode — impact at shunting. Results of the modeling
allowed us to obtain a refined magnitude of the dynamic
loading, which acts on a open top wagon body. It was found
that the resulting magnitude of dynamic loading exceeds the
standard one [15], which is predetermined by the presence
of wear in the components of a body bearing structure. Cal-
culation for strength of a body open top wagon taking into
consideration the derived magnitude of dynamic loading
allowed us to draw a conclusion about the possibility of fur-
ther operation of the car. In the further development of the
issues related to the possibility of prolongation of operation
cycle of cars that have exhausted their standard resource it is
required to conduct a physical experiment in order to refine
the proposed models.

The study conducted will contribute to the possibility to
prolong the term of operation of bodies of universal open top
wagons that have exhausted their standard resource. The
present research could be useful when prolonging the term
of operation of other types of railroad cars.

9. Conclusions
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Fig. 9. Stressed state of the bearing structure of a open top wagon,

model 12-757, under calculation mode | (impact):
a — side view; b — bottom view

—* Yield limit: 3.450e + 008

1. We have investigated dynamic loading
of the bearing structure of a open top wagon
body with the wear characteristic of 1.5 terms
of operation using the methods of mathematical
modeling. To determine the accelerations as
components of the dynamic loading that act on
a open top wagon body under the most loaded
mode of operation we employed a Lagrange
method of the second kind. It was found that the
acceleration acting on the bearing structure of a
open top wagon is about 4 g.

2. We have examined dynamic loading of the
bearing structure of a open top wagon body with
the wear characteristic of 1.5 terms of operation
applying the methods of computer modeling.
The calculation was carried out in the software
programming environment CosmosWorks. The
maximum accelerations of a open top wagon
body occur in a zone from the console part to the
zone of interaction between the girder beam and
the pivot beam and make up about 5 g.

3. We have verified the developed models of
the dynamic loading of a open top wagon body
with the wear characteristic of 1.5 terms of op-
eration. A calculation criterion was the Fisher
criterion. It was found that at a reproducibility
variance of S§3=0,93 and an adequacy vari-
ance of $%,=1,9, the actual value of the Fisher



criterion is less than the tabular one. This proves that the = methods of computer simulation. Numerical values of the
hypothesis of adequacy is not contradicted. maximum equivalent stresses in this case amounted to about

4. We have examined and analyzed the stressed-strained 345 MPa, which does not exceed the permissible values [15],
state of the bearing structure of a open top wagon body with  and this makes it possible to draw a conclusion about the
the wear characteristic of 1.5 terms of operation using the  possibility of further operation of the car.
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