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FEASIBILITY STUDY FOR USING THE FILLERS
IN THE BEARING STRUCTURE COMPONENTS OF A GONDOLA CAR

Purpose. To study the feasibility of using the fillers for the gondola car bearing structure components. This makes it possible to
reduce both damage to the gondola car bearing structure components during operating modes of loading and the cost of unsched-
uled repairs. In addition, it can improve the efficiency of railway transport operation.

Methodology. In order to substantiate the use of aluminium foam as a filler for the gondola car bearing structure components
with a closed box-section, a computational modeling of loading under the most unfavorable operating mode, such as shunting
collision, has been performed. Gondola car 12-757 model built at PJSC Kryukovsky Railway Car Building Works is chosen as a
prototype. The calculation is performed using the finite element method implemented in the SolidWorks Simulation (Cosmos-
Works) software package. The fatigue strength and natural vibration frequencies of the gondola car bearing structure with a filler
of its components have been calculated. The natural vibration frequencies of the bearing structure of the gondola car are calcu-
lated. The design service life of the gondola car bearing structure has been determined. The main indicators of the gondola car
bearing structure dynamics have been studied. The calculation is made in a plane coordinate system. In this case, the mathemati-
cal model is solved by the Runge-Kutta method.

Findings. The results of the conducted research have revealed that the use of aluminium foam as a filler for the gondola car
bearing structure components contributes to reduction of their load-bearing capacity from 12 to 47 % compared to the prototype
wagon.

Originality. The expediency of using aluminium foam as a filler of the gondola car bearing structure components by modeling
its load-bearing capacity under the most unfavorable operating conditions has been scientifically substantiated.

Practical value. By reducing the loading on the gondola car bearing structure, using aluminium foam as filler for its compo-
nents, it is possible to increase fatigue strength, reduce the amount of damages, and, consequently, the cost of unscheduled repairs
of the wagon. The conducted research can contribute to the creation of recommendations for developing the innovative rolling

stock designs with improved technical-and-economic, as well as operational performance.
Keywords: transport mechanics, gondola car, structure loading, body strength, fatigue strength

Introduction. The main condition for the efficient and un-
interrupted operation of the transport industry is the well-co-
ordinated exploitation of its individual components. Railway
transport has long been an essential component of the trans-
port sector.

In order to ensure the leading position of railway transport,
it is necessary to provide it with competitive rolling stock.
When developing the design of such a rolling stock, it is impor-
tant to take into account fundamentally new innovative solu-
tions aimed at ensuring the reliability of its operation. One of
such solutions is the implementation of the multifunctionality
principles into the bearing structures of the wagons. Multi-
functionality means the ability of an element or unit to per-
form more than one function in a structure at a time.

By taking into account the proposed principle at the stage
of developing the design of the bearing structures of wagons, it
is possible to reduce their loading, as well as increase the useful
life by improving the fatigue strength indicators. Therefore, it
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is important and relevant to study the possibility of taking into
account the principles of multifunctionality in the bearing
structures of wagons by substantiating the use of fillers in their
components.

Literature review and unsolved aspects of the problem. The
factors influencing the occurrence of cracks in the bearing
structure of the wagon are determined in the work [1]. A me-
thodology is provided that makes it possible to determine the
causes of cracks in the zones where welded joints are located.
However, the paper does not provide for measures to prevent
cracking.

Measures to improve the bearing structure of a freight
wagon to ensure its durability in operation are covered in the
work [2]. The results of calculating the strength of the wagon
bearing structure are presented here. It is important to note
that these measures should be applied to freight wagons with
an underframe as their bearing structure.

The modernization peculiarities of bearing structures of
wagons to prolong their service life are described in the paper
[3]. This paper also presents measures to improve the system
for diagnosing the technical condition of the modernized
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bearing structures of wagons. However, this modernization
consists in strengthening the individual units of wagons, rather
than the entire bearing structure.

The strength and fatigue of the welded bearing structure of
the wagon body are studied in the paper [4]. The reasons for
defects occurring in structural elements of the wagon body are
determined. However, the paper does not propose measures to
prevent the occurrence of these defects in the bearing struc-
tures of the wagons.

The strength of a gondola car bearing structure when per-
forming unloading operations is studied in the paper [5]. The
calculation is performed using the tools of computer model-
ling by the finite element method. The most loaded zones of
the gondola car bearing structure are determined. However,
the research does not propose measures to ensure the strength
of the gondola car in operation.

The dynamic loading and strength of the wagon bearing
structure during transportation by train ferry is studied in the
work [6]. Measures are proposed to adapt the wagon to a reli-
able fixing on the deck. It is important to note that these mea-
sures contribute to ensuring the strength of the wagon’s bear-
ing structure only when transported by ferry, and not when
operating on the main-line railways.

Modernization of the wagon’s bearing structures to im-
prove their technical-and-economic indicators is performed
in the work [7]. It is here that the use of magnesium alloys in
their bearing structures is proposed. However, the paper does
not provide the results of substantiating the use of magnesium
alloys in the gondola car bearing structures for improving their
strength under operating modes of loading.

Unsolved aspects of the problem. Analysis of the literature
sources leads to a conclusion that it is expedient to conduct a
research aimed at improving the strength of the gondola car
bearing structures under the most unfavorable conditions of
loading by substantiating the use of fillers in their components.
This can reduce the amount of damages to the wagon’s bear-
ing structures during operation, the cost of unscheduled re-
pairs, as well as improve the strength, dynamics and reliability
of wagons. In addition, the research performed can be useful
developments in the design of modern competitive structures
of freight wagons.

Purpose. The purpose of the paper is to study the feasibil-
ity of using the fillers in the gondola car bearing structure
components. This makes it possible to reduce both damage to
the gondola car bearing structure components during operat-
ing modes of loading and the cost of unscheduled repairs. In
addition, it can improve the efficiency of railway transport op-
eration.

Methods. To study the feasibility of using the fillers in the
gondola car bearing structure components, it is important to
conduct a multi-method research into its dynamics and
strength.

For achieving this purpose, the following tasks are set and
solved:

1. To determine the fatigue strength of the gondola car
bearing structure with the filler of its components.

2. To determine the fatigue strength, design service life and
natural vibration frequencies of the gondola car bearing struc-
ture with the filler of its components.

3. To determine the main indicators of the gondola car
bearing structure dynamics with the filler of its components.

Results. To reduce loading on the gondola car bearing
structure during operating modes, it is possible to use the filler
for its components with a closed box-section. In this case, it is
expedient to use aluminium foam as a filler. The bearing struc-
ture components, proposed to be filled with aluminium foam,
are shown in Figs. 1, 2.

To substantiate the use of aluminium foam as a filler for
the gondola car bearing structure components, its spatial
model has been developed in the SolidWorks software pack-
age. The presence of aluminium foam is modeled by including

Fig. 2. Gondola car body

the elements with the characteristics indicated in Table 1 into
the components of the bearing structure.

To determine the strength of the gondola car bearing
structure, a calculation is performed using the finite element
method. In this case, the SolidWorks Simulation (Cosmos-
Works) software package is used [8, 9].

The optimal number of elements in the finite element
model of the gondola car bearing structure is determined using
the graphical-analytical method [10, 11]. Isoperimetric tetra-
hedrons are used as finite elements [12, 13]. The number of
grid points is 120,917 and the number of elements is 384,184.
In this case, the maximum element size is 100 mm, the mini-
mum is 20 mm. The maximum aspect ratio is 644.99, the per-
centage of elements with an aspect ratio of less than 3 is 25.7,
more than 10 is 31.4. The number of elements in the circle is 8.
The element size increase ratio is 1.6. The model is fixed in the
zones of resting of the bearing structure on the bogies.

The calculation is made for the case of shunting collision.
When compiling the design model, the vertical static loads P,
the expansion pressure of the bulk cargo P, (bituminous coal),
as well as the longitudinal load P,, acting on the bearing struc-
ture from the automatic coupling device are taken into account

Table 1
Aluminium foam characteristics
Property Value meill:irtegfen t

Elasticity modulus 5.3-10° Pa
Poisson’s ratio 0.3

Mass density 800 kg/m?
Ultimate tensile strength 5.0-107 Pa

Yield point 1.05 - 10° Pa
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(Fig. 3). It is also taken into account that the expansion pres-
sure of the bulk cargo on the side walls of the gondola car acts
according to the law of a triangle. The expansion pressure is
applied to the end walls according to the trapezoidal law.

The strength calculation results are shown in Fig. 4.

Thus, the maximum equivalent stresses recorded in the
zone of the bolster beam interaction with the centre sill are
about 340 MPa. Maximum displacements that occur in the
middle of the underframe are about 4.7 mm. Therefore, the
strength of the gondola car bearing structure is ensured [ 14, 15].

A comparative analysis of the maximum equivalent stress-
es arising in a typical gondola car bearing structure, taking into
account the use of a filler, is presented in Table 2.

The difference between the maximum equivalent stresses
in a typical gondola car bearing structure and with account of
using the filler is shown in Fig. 5.

Taking into account the use of aluminium foam as a filler
for the gondola car bearing structure components, its dead

Fig. 3. Calculation scheme of the gondola car bearing structure
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Fig. 4. Stress state of the gondola car bearing structure

Table 2

The strength calculation results of the gondola car bearing
structure in the 7" design mode (collision)

Component name Stresses, MPa
Body Permissible Typical Structure with

stresses structure a filler

End plate 345 74.2 46.0

Corner post 345 48.5 32.3

Vertical post 345 211.5 148.6

End door top cord 345 107.3 87.7

End door 345 78.3 53.1

intermediate post

End door centre 345 61.2 32.3

post

Underframe
Bolster beam 345 105.7 92.2
Head stock 345 75.7 62.3

250 4

o, MPa

29.7%
200 A

150 -

4.36%
100 -

38.3% 322% 12.8%

47.2%

33.4%
50 -

t  Endéoortopcord  End
intermediate post

@ typical construction = construction with filler

Fig. 5. The difference between the maximum equivalent stresses
in a typical gondola car bearing structure and with account
of using the filler

weight increases by 16.2 % compared to a structure without a
filler. However, to reduce the sprung mass of the wagon, it is
possible to optimize the components of its structure by the cri-
terion of minimum material consumption.

The fatigue strength of the gondola car bearing structure
with the use of aluminium foam as a filler for its components
has been calculated.

The calculation is performed based on the static analysis
results, shown in Fig. 4. In this case, the number of tests
amounts to 107 cycles. The fatigue curve has been obtained
based on the elasticity modulus of 09G2C steel grade using the
options of the SolidWorks Simulation (CosmosWorks) soft-
ware package.

The conducted research makes it possible to determine the
most loaded zones of a gondola car bearing structure (Fig. 6).
These include the zones of the bolster beam interaction with
the centre sill.

The calculations performed make it possible to conclude
that the fatigue strength of a gondola car bearing structure at a
specified test base is ensured. Thus, the fatigue strength of the
gondola car bearing structure with a filler increases by 7 %
compared to the typical structure.

To determine the design service life of a gondola car bear-
ing structure, the method described in the work by Professor
P. A. Ustich is used

_ (G—IL/[n])m Ny
! B'fd.o-sw(kdv_k\l/c/[(c)m’

where o_j; is the average value of the endurance limit; # is the
permissible safety factor; m is an indicator of the fatigue curve
rate; N, is the number of tests; B is the coefficient characterising
a period of continuous operation of an object, s; f; is the effec-
tive frequency of dynamic stresses; o, is static weight load stress;
k,, is the vertical dynamics coefficient; y is the sensitivity coef-
ficient; K is the overall factor for fatigue strength reduction.

The following input parameters are taken in the calcula-
tions: 6_;; =245 MPa; n=2; m=8; Ny=107; B=3.07 - 10°s;
f4=2.7Hz; k;,=0.35; wo/K;=0.2.

)]

Fig. 6. The most loaded zones of a gondola car bearing structure
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The calculations performed indicate that the design ser-
vice life of the gondola car bearing structure is not less than
32 years.

It is important to note that the obtained value of the design
service life should be specified taking into account additional
research into the longitudinal load acting on the gondola car
bearing structure.

Also, within the framework of the research, the values of
the natural vibration frequencies of the gondola car bearing
structure have been determined. The calculation is performed
according to the scheme shown in Fig. 3. The calculation re-
sults are given in Table 3.

Based on the data in Table 3, it can be concluded that the
values of natural vibration frequencies are within permissible
limits, since the first natural vibration frequency has a value of
more than 8 Hz [14, 15].

To determine the main indicators of the gondola car bearing
structure dynamics with a filler in its components, the calculation
of the dynamic loading in the vertical plane has been performed.
The calculation scheme is shown in Fig. 10. In this case, a math-
ematical model developed by Professor Yu. V. Diomin is used.

The equations of the design model motion are as follows
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where M, are inertial coefficients of the vibration system ele-

ments; C; is elasticity characteristic of the vibration system ele-
ments; Byis scattering function; a is half the bogie base; g, are

Table 3
Natural vibration frequencies of the gondola car bearing
structure
Vibration form | Frequency, Hz | Vibration form | Frequency, Hz
1 13.5 6 35.2
2 17.6 7 40.6
3 26.0 8 41.7
4 32.2 9 46.9
5 32.9 10 52.1

generalized coordinates corresponding to translational and
angular displacements around the vertical axis of the wagon
body, the first and second bogies, as well as the load, respec-
tively; k; is spring suspension stiffness; 3, is the damping factor;
Fpp is friction force in the spring set.

Therefore, the first two equations characterize the dis-
placements of the body during vibrations of jumping and gal-
loping, the second to sixth equations — the elements of the
wagon running gear.

The input parameters to the mathematical model are given
in Table 4.

Initial displacement and velocities are taken equal to zero
[16—18].

The solution to the mathematical model is performed in
the MathCad software package using the Runge-Kutta meth-
od [19, 20]. The calculation results are given in Figs. 7—10.

Table 4
Input parameters to the mathematical model
Parameter Dimensionality Values
M, t 153
M, t-m> 348.6
M, M t 4.3
My, My t-m? 3.0
/ m 4.86
a m 0.925
kg kN/m 8000
k kN/m 100 000
B kN -s/m 200
% 40
Z 20
§ o
2
8-20
<
—4.0
—6.0% 1 2 3 4 5
t.s

Fig. 7. Acceleration of the gondola car body in the center of mass
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Fig. 8. Acceleration of the bogies

Force, kN
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Fig. 9. Force in the spring suspension of the bogie
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Fig. 10. Vertical dynamics coefficient

The maximum acceleration of the gondola car body in the
center of mass is 4.2 m/s%. The accelerations of the bogies are
equal to 5.3 m/s% The forces in the spring suspension of the
bogies are about 44.2 kN, and the coefficient of vertical dy-
namics is 0.58.

The calculations performed make it possible to conclude
that the studied dynamics indicators of the gondola car with a
filler in its components are within permissible limits. Gondola
car movement can be assessed as excellent [14, 15].

Conclusions.

1. The strength of the gondola car bearing structure with
the filler in its components has been determined. The calcula-
tion is performed using the finite element method. The maxi-
mum equivalent stresses are recorded in the zone of the bolster
beam interaction with the centre sill and amount to about
340 MPa. The maximum displacements occur in the middle of
the underframe and are approximately 4.7 mm. Therefore, the
strength of the gondola car bearing structure is ensured.

2. The fatigue strength, design service life and natural vi-
bration frequencies of the gondola car bearing structure with
the filler of its components have been determined. Thus, the
number of tests amounts to 107 cycles. The calculations per-
formed make it possible to conclude that the fatigue strength
of a gondola car bearing structure at a specified number of
tests is ensured. It should be noted that the fatigue strength of
the gondola car bearing structure with a filler increases by 7 %
compared to the typical structure.

The design service life of the gondola car bearing structure
with the filler in its components is not less than 32 years.

The modal analysis results indicate that the values of natural
vibration frequencies are within permissible limits. At that, the
first natural vibration frequency has a value of more than 8 Hz.

3. The main indicators of the gondola car bearing struc-
ture dynamics with the filler in its components have been de-
termined. Thus, the maximum acceleration of the gondola car
body in the center of mass is 4.2 m/s2. The accelerations of the
bogies are equal to 5.3 m/s2. The forces in the spring suspen-
sion of the bogies are about 44.2 kN, and the coefficient of
vertical dynamics is 0.58. Therefore, the gondola car move-
ment can be assessed as excellent.
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Merta. BctaHOBIIEHHS TOLIIbBHOCTI BUKOPUCTAHHS HAMO-
BHIOBaUiB y CKJIAMOBMX HECYy4yOi KOHCTPYKIlii HamiBBaroHa.
Lle cnpusiTimMe 3MEHILIEHHIO MOLIKOIXEHb CKJIaJOBUX HECY-
YOI KOHCTPYKIIil HaMiBBaroHa Mpu eKCITyaTalliiHUX pexXu-
MaX HaBaHTaXXEHHSI, CKOPOUEHHIO BUTpaAT Ha MO3aIlJIaHOBi
BUIV PEMOHTY, a TaKOX MiABUIIEHHIO e(peKTUBHOCTI eKC-
TutyaTauii 3a/li3HUYHOrO TPAHCITOPTY.

Metoauka. 17151 OOrpyHTYBaHHS 3aCTOCYBAHHS MiHOATIO-
MiHilO B IKOCTi HaITOBHIOBa4ya CKJ1aJJOBUX HECYYOi KOHCTPYK-
1l HamiBBaroHa, 110 MalOTh 3aMKHEHUI TIepepi3, MpoBeacHe
KOMIT I0TepHE MOJICJIIOBAaHHS HABAHTAXKEHOCTi TPU HAOLIbIIT
HECTIPUSITIIMBOMY €KCIUTyaTalliiHOMY peXuMi — MaHEBpOBe
cniBynapsiHHs. B sikocTi mpoToTuiy o6paHo HaliBBaroH Mo-
nem 12-757 nobynoBu I[TAT «KprokiBchbKuii BATOHOOYMiBHUIM
3aBoJ». Po3paxyHOK 3ilicCHeHU T 32 METOJIOM CKiHYEHUX eJie-
MEHTIB, peaji3oBaHOrO Yy TIPOrpaMHOMY KOMILIEKCI
SolidWorks Simulation (CosmosWorks). IIpoBeneHo po3pa-
XYHOK Ha BTOMHY MillHiCTh HECY4Oi KOHCTPYKIIil HalliBBaroHy
3 HalOBHIOBaueM iioro ckjiagoBux. Po3paxoBaHi BiacHi yac-
TOTU KOJIMBaHb HECYYOi KOHCTPYKIii HarmiBBaroHa. Buznaue-
HO MPOEKTHUI CTPOK CIIy>KOM HECYUOi KOHCTPYKIIii HariBBa-
roHa. JlocimkeHi OCHOBHi TMOKa3HUKM AWHAMIKA HECy4oi
KOHCTPYKILii HamiBBaroHa. Po3paxyHok 31ilicCHEeHUii y mioc-
Kiii cuctemi koopnuHat. [Ipu 11boMy pO3B’SI30K MaTeMaTHy-
HOI MoJieJTi 3niiicHeHni 3a MmeToaoM PyHre-KyTra.

Pe3yabraTn. Pe3ynbTaTu NpoBeneHuX N0CAIIXKEHb 103BO-
JIWJIA BCTAHOBUTH, IO BUKOPUCTAHHS IiHOATIOMiHilO B
SIKOCTI HAaMOBHIOBaYa CKJIAAOBMX HECy4yoi KOHCTPYKIii Ha-
MiBBaroHa CHpusi€ 3MEHIIIEHHIO iX HABAHTaXEHOCTi B MOPiB-
HSIHHI 3 BATOHOM-IIPOTOTUIIOM Bin 12 mo 47 %.

Haykosa HoBusHa. [IpoBeneHO HaykoBe OOIPYHTYBaHHS
JOLIIBHOCTI BUKOPMCTAHHS IMiHOATIOMiHIIO B SIKOCTi Hamo-
BHIOBaua CKJIaJJOBUX HECYYOi KOHCTPYKIIil HaliBBaroHy LIS~
XOM MOJEJIOBAaHHS HOTO HABAaHTAXEHOCTi 32 HAUOiNbII He-
CIIPUSTIMBOTO PEXUMY eKCIUTyaTallii.

IIpakTiyna 3HAYMMIcTh. 3a paXyHOK 3MEHIIIEHHSI HaBaH-
TaXXEHOCTi HECyuOi1 KOHCTPYKILii HaliBBaroHa IsiXxoM BUKO-
PUCTaHHS MiHOATIOMiHiIO B IKOCTi HalTOBHIOBaya ioro ckia-
JIOBUX CTAE MOXJIMBUM MOKPAUIUTU BTOMHY MillHiCTh, 3MEH-
LIUTU KiJbKICTh MOIIKOIXEHb, a, BiAMOBIIHO, I BUTpAT Ha
Mo3aruiaHOBi BUIM PEMOHTY BaroHa. [IpoBeneHi nociimkeH-
HSI CIPUSATAMYTh CTBOPEHHIO pEKOMEHAIIii 1II0I0 TPOEKTY-
BaHHSI iHHOBALIIMHUX KOHCTPYKLii PyXOMOIoO CKJIaay 3 To-
KpallleHUMM TEeXHiKO-eKOHOMIYHMMU, a TAaKOX eKCIUTyaTa-
LIHUMU MOKa3HUKAMU.

Kimouosi cioBa: mpancnopmna mexauika, HaniegaeoH, Ha-
BAHMAICEHICMb KOHCMPYKUYIT, MIYUHICMb KY308a, 6MOMHA Mil-
Hicmb
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