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Abstract

The substantiation of use of a closed structure of the spine beam of a hopper car filled with a filler possessing viscoelastic
properties is carried out. The dynamic loading of the load-bearing structure of a hopper car is determined taking into account the
proposed solutions. It is established that the value of acceleration of the improved load-bearing structure of a hopper car during
shunting collision is 3.7% lower than that obtained for the load-bearing structure without a filler. The main indicators of strength
of the load-bearing structure of a hopper car were determined by the finite element method, which was implemented in the
SolidWorks Simulation software package. The maximum equivalent stresses in this case were recorded in the area of interaction
of the spine beam with the pivot one. The obtained value of the maximum equivalent stresses is 6% lower than that obtained for
the structure without a filler. Modal analysis of the load-bearing structure of a hopper car was performed. The conducted research
will help to ensure the strength of the load-bearing structures of hopper cars in operation, reduce maintenance costs, as well as
create recommendations for the design of their modern structures.
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1. Introduction

The efficiency of the transport industry functioning necessitates the introduction of modern vehicles. Since the
main segment of the transportation process is devoted to railway transport, special conditions must be imposed on
the creation of modern wagon designs. In particular, this applies to their load-bearing structures (Soloviova et al.
(2020), Strelko et al. (2019) and Bondarenko et al. (2020)).

Hopper cars are used to transport bulk cargo by railway with the possibility of using gravitational properties
during their unloading. The peculiarity of such wagons is that the end walls are placed at a certain angle. At present,
there is a great variety in the design features and purpose of hopper cars. One of the most laden types of hopper cars
are those designed to transport hot pellets and sinter.

The spine beam of the wagon experiences significant loads during operational modes (Chen Chao et al. (2019)
and Shi (2017)). Due to the action of cyclic loads on it during operation, such damage as cracks, deformations, etc.
may occur (Sepe et al. (2015) and Antipin et al. (2016)). This circumstance poses a significant threat to the safety of
operation of the wagon as part of the train. Therefore, to ensure the strength of the spine beam of the hopper car
frame, traffic safety, reduce maintenance costs, increase operational efficiency, it is important to implement
measures to improve their designs.

Paper by Kebal et al. (2019) highlighted the results of improving the design of a hopper car. When optimizing the
load-bearing structure of a hopper car, the experience of operation of individual body components with subsequent
integration into the new structure is taken into account.

Peculiarities of optimization of load-bearing structures of freight wagons were considered in publication by Bain,
(2011). An algorithm for compatible structural and parametric optimization of the side wall and the frame of a
wagon were developed.

It is important to say that the issues of optimization of hopper cars for the transportation of pellets and hot sinter
were not paid attention to in these works.

In work by Kuczek and Szachniewicz (2014) the results of topological optimization of the load-bearing structure
of a wagon were considered. Calculations were performed by the finite element method. The efficiency of using the
proposed methodology for optimizing the load-bearing structures of wagons was substantiated. However, the paper
presented the results of application of this methodology in relation to the load-bearing structure of a passenger
wagon. That is to say, studies on the possibility of its application to the load-bearing structure of a hopper car were
not conducted.

Improvement of the load-bearing structures of wagons to reduce their loading in operation was carried out in
work by Hyun-Ah Lee et al. (2016). This goal was achieved by using aluminum panels of the "sandwich" type in the
load-bearing structure of a wagon. The substantiation of the offered improvement of a wagon was given. At the same
time, no attention was paid to reducing the loading of the wagon frame.

Interest is attracted to work by Mrzyglod and Kuczek (2014), which highlighted the features of a unified concept
of impact strength of vehicles. The load-bearing structure was considered in the form of a rigid frame one, and the
optimization problem was solved according to the criterion of minimum material consumption. However, the authors
did not take into account the possibility of reducing the loading of the load-bearing structure of the vehicle during its
optimization.

In paper by Placzek et. al. (2016), measures were proposed to modernize the bodies of freight wagons in order to
extend their service life. Improvement of the system of diagnostics of technical condition of modernized wagons was
also offered in the work. At the same time, the offered modernization does not contribute to the reduction of loading
of the wagon frame at operational modes.

Measures to reduce the dynamic loading and ensure strength of the load-bearing structures of wagons were
proposed in works by Fomin et al. (2021), Lovska and Fomin (2020). The authors proposed the use of malleable
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links in the load-bearing structures of wagons, as well as in the nodes of their interaction with the means of
combined transport. At the same time, no attention was paid to the issue of reducing the loading on the load-bearing
structure of a hopper car.

In work by Sokolov et. al. (2019), the use of a new profile for the spine beam of a freight wagon was proposed
and substantiated. The results of the calculation of strength of the load-bearing structures of wagons taking into
account the proposed solutions confirmed their feasibility. However, these works did not consider measures to
reduce the loading of the load-bearing structures of wagons at operational modes.

Peculiarities of application of the theory of optimal design of the load-bearing structure of a closed bottom
gondola car body were covered in publication by Chepurchenko et. al. (2018). The results of the research made it
possible to determine the optimal configuration of the unloading bunkers of a gondola car. It is important to say that
the optimization of the load-bearing structure of the wagon did not take into account measures to reduce the dynamic
loading in operation.

The analysis of the literature allows us to conclude that it is advisable to conduct research to improve the frame of
a hopper car in order to reduce its loading at operational modes.

Nomenclature

P longitudinal loading on the rear support of the automatic coupling which is taken equal to 3.5 MN [12, 13]
P vertical static loading

P, reaction in body centre plates

Py friction force between the body centre plate and the thrust bearing
c rigidity of the material filling the spine beam

b viscosity of the material filling the spine beam

Mg gross mass of a hopper car

My mass of the load-bearing structure of a hopper car

Ine moment of inertia of a hopper car

l half of the base of a hopper car

Fy value of dry friction force in the spring set

k}, k> rigidity of springs of the spring suspension of the hopper car trolleys
x, p,z coordinates corresponding to the longitudinal, angular about the transverse axis and vertical movement of a
hopper car, respectively.

0.1E average value of endurance limit

n allowable coefficient of strength reserve

m indicator of the degree of fatigue curve

Ny test base

B coefficient characterizing the time of continuous operation of the object in seconds
fe effective frequency of dynamic stresses

Osw stress from static weight load

kva coefficient of vertical dynamics

Vo sensitivity coefficient

K, overall coefficient of the reduction of fatigue strength

2. Methodology

The purpose of the article is to highlight the results of determining the loading of a hopper car with an improved
design of the spine beam by using a closed profile filled with a filler. To achieve this goal, the following research
methodology was used. To achieve this goal, the following research methodology was used. At the initial stage, the
dynamic loading of the supporting structure of the hopper car with a closed center beam filled with filler was
determined. After that, the main indicators of the strength of the supporting structure of the hopper car were
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determined. At the next stage of the study, the calculation of natural frequencies and modes of vibration of the
supporting structure of the hopper car was carried out.

3. Results and discussion

To reduce the loading of the load-bearing structure of a hopper car, it is proposed to improve its frame by using a
closed profile of the spine beam filled with a filler possessing viscoelastic properties (Fig. 1).

i . - E

Fig. 1. Cross section of the spine beam of the hopper car frame (a) typical; (b) improved.

The geometric parameters of the spine beam were determined by the method of optimization for strength
reserves. The spatial model of the improved design of the hopper car frame is shown in Fig. 2.

Fig.2. Spatial model of the hopper car frame

In this case, the material with viscoelastic properties is placed between the rear supports of the automatic
couplings (Fig. 3). The damping of the kinetic energy of impact P; on the rear support of the automatic coupling is
carried out due to the viscoelastic resistance of the material with the characteristic of elasticity ¢ and viscosity £.

P,

P |

Fig. 3. Scheme of loading of the hopper car frame
To determine the dynamic loading of a hopper car, taking into account the proposed solutions, mathematical
modelling was performed. In this case, the mathematical model developed by Bogomaz et. al. (1999) was used. In

this study, the model was adapted to determine the dynamic loading of a hopper car.
The equations of motion have the form:

Mgm-56+(th-h)-(}i:Pn—2Pﬁ_—,H~fc—c-x, 1)

I, -¢+(th -h)~)'c'—g~(p~(M,m -h)=l~Fﬁ_ (signAl —signA2)+l(k] ‘A -k, -Az), 2)

M, -Z=k A +k,-A, -F, (signA1 —signAz), (3)
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in this case
A=z-1l-0; A, =z+1]-9,

The calculation was made in relation to the hopper car for transportation of pellets of model 20-9749 (Fig. 4)
constructed by SE "Ukrspetsvagon" (Ukraine). The solution of differential equations of motion was carried out by
the Runge-Kutta method in the MathCad software package (Lovska (2015), Fomin (2015), Dudnyk et. al (2020),
Pievtsov et. al (2020)). Initial displacements and velocities were taken to be zero (Krol and Sokolov (2020), Sokolov
et. al (2020)). The results of the calculations showed that the maximum accelerations acting on the load-bearing
structure of the hopper car were 36.2 m/s2. This value of acceleration is 3.7% lower than that obtained for the load-
bearing structure without a filler. The rigidity of the material filling the spine beam should be about 80 kN/m, and
the coefficient of viscous resistance — about 118 kN-s/m.

l1l‘ 71?

W

. '“l'“l "

Fig. 4. Hopper car of model 20-9749 Fig. 5. Calculation scheme of the hopper car frame

To determine the strength of the hopper car frame taking into account the proposed solutions, calculation was
performed. In this case, the finite element method was used, which was implemented in the SolidWorks Simulation
software package (Lovskaya (2015), Fomin et. al. (2017) and Goolak et. al. (2019)).

The optimal number of elements of a finite-element model of the hopper car frame was determined using the
graph-analytical method (Vatulia et. al. (2018), Vatulia et. al. (2019), Fomin and Lovska (2020)). Isoparametric
tetrahedra were used as finite elements (Pistek et. al. (2020)). The number of grid nodes was 14858, and the number
of elements was 4253 1. In this case, the maximum size of the element was 100 mm, the minimum one — 20 mm. The
number of elements in the circle was 9. The ratio of increasing the size of the element was 1.7. The presence of a
filler in the spine beam was modelled by making appropriate connections using the software package options
(Vatulia et al. (2017)).

When compiling the calculation scheme, the following loads were taken into account: vertical static load P,¥, as
well as the longitudinal load P; acting on the frame from the automatic coupling device (Fig. 5). The maximum
equivalent stresses in this case were recorded in the zone of interaction of the spine beam with the pivot one and
amounted to about 311 MPa (Fig. 6), i.e. do not exceed the yield strength of the material (DSTU 7598:2014 and
GOST 33211-2014). The obtained value of the maximum equivalent stresses is 6% lower than that obtained for the
structure without a filler. The distribution of the maximum equivalent stresses along the length of the spine beam is
shown in Fig. 7. In the middle part of the spine beam, the maximum equivalent stresses were about 200 MPa. The
lowest value of stresses was observed in the cantilever parts of the spine beam. The maximum displacements were
recorded in the middle part of the frame and amounted to 6.8 mm. The results of the calculation of strength of the
hopper car frame were carried out in relation to other operational modes as well. It is established that the strength of
the frame is provided.

To determine the project life cycle of the hopper car frame, the method described in Ustich (1999) was used:

_ (oilb, /[n]) -N,
" B-f o, (k,+y, K’

“4)

The following input parameters were taken in the calculations: o_;;=245 MPa; n=2; m=8; Ny~=107; B=3.07-10° s;
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f=2.7 Hz; k,a=0.35; y,/K,~0.2.

won Mises (N/m~2)
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Fig. 6. The stress state of the hopper car frame Fig. 7. Distribution of stresses along the length of the spine beam

The calculations showed that the project life cycle of the hopper car frame was 16% higher than the life cycle of
the prototype wagon. However, it is important to say that the obtained value of the project life cycle should be
specified taking into account the additional studies of the vertical loading of the frame.

Modal analysis of the hopper car frame was also conducted in the study. The calculation was performed
according to the scheme shown in Fig. 6 in the SolidWorks Simulation software package. The values of the natural
frequencies of oscillations of the hopper car frame are given in Table 1.

Table 1. Values of the natural frequencies of oscillations of the hopper car frame.

Mode Frequency, Hz Mode Frequency, Hz
1 59.7 6 99.2
2 74.2 7 122.6
3 74.6 8 124.0
4 82.4 9 173.8
5 97.4 10 194.5

Some forms of oscillations of the hopper car frame are shown in Fig. 8.

a b

Fig. 8. Forms of oscillations of the hopper car frame (deformation scale 10:1) (a) the first mode (b) the second mode (c) the third mode (d) the
fourth mode
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According to the data given in Table 1, we can conclude that the value of natural frequencies of oscillations is
within acceptable limits, because the first natural frequency has a value greater than 8 Hz (DSTU 7598:2014 and
GOST 33211-2014).

4 Conclusions

The dynamic loading of the load-bearing structure of a hopper car with a closed spine beam filled with a filler is
determined. The maximum accelerations acting on the load-bearing structure of the hopper car were 36.2 m/s2. This
value of acceleration is 3.7% lower than that obtained for the load-bearing structure without a filler. The rigidity of
the material filling the spine beam should be about 80 kN/m, and the coefficient of viscous resistance - about 118
kN-s/m.

The main indicators of strength of the load-bearing structure of a hopper car are determined. The maximum
equivalent stresses in this case were recorded in the zone of interaction of the spine beam with the pivot one and
amounted to about 311 MPa. The obtained value of the maximum equivalent stresses is 6% lower than that obtained
for the structure without a filler. The project life cycle of the improved structure of the hopper car frame is 16%
higher than the life cycle of the prototype wagon.

The natural frequencies and forms of oscillations of the load-bearing structure of a hopper car are determined. It
is established that the value of natural frequencies of oscillations is within acceptable limits, because the first natural
frequency has a value greater than 8 Hz. The conducted research will help to ensure the strength of the load-bearing
structures of hopper cars in operation, reduce maintenance costs, as well as create recommendations for the design
of their modern structures.

References

Antipin, D. Y., Racin, D. Y., Shorokhov, S. G., 2016. Justification of a Rational Design of the Pivot Center of the Open-top Wagon Frame by
means of Computer Simulation. Procedia Engineering 150, 150 — 154. doi: https://doi.org/10.1016/j.proeng.2016.06.738

Bain, D. G., 2011. Analysis of the stress state of the load-bearing floor of a four-axle gondola with a deaf body. Bulletin of the Bryansk State
Technical University 1(29), 47 — 51. [In Russian].

Bogomaz, G. 1., Mekhov, D. D., Pilipchenko, O. P., Chernomashentseva, Yu. G. D., 1992. Load of tank containers located on the railway
platform during impacts in the hitch. Collection of scientific works "Dynamics and control of motion of mechanical systems". Kiev: Academy
of Sciences of Ukraine, Institute of Technical Mechanics 87 — 95. [In Russian].

Bondarenko, V., Skurikhin, D., Wojciechowski J., 2020. The Application of Lithium-Ion Batteries for Power Supply of Railway Passenger Cars
and Key Approaches for System Development. Advances in Intelligent Systems and Computing 109, 114 — 125.

Chen, Chao, Han, Mei, Han, Yanhui, 2012. Study of Railway Freight Vehicle Body’s Dynamic Model Based on Goods Loading Technical
Standards. Procedia Engineering 29, 3572 — 3577.

Chepurchenko, L. V., Nosirev, D. Ya., Korkina, S. V., 2018. Use of the theory of optimal design for improvement of a design of a body of a deaf-
bottom gondola. Bulletin of Transport of the Volga Region 3(69), 28 — 32: [In Russian].

Dudnyk, V., Sinenko, Yu., Matsyk, M., Demchenko, Ye., Zhyvotovskyi, R., Repilo, Iu., Zabolotnyi, O., Simonenko, A., Pozdniakov, P.,
Shyshatskyi, A., 2020. Development of a method for training artificial neural networks for intelligent decision support systems. Eastern-
European Journal of Enterprise Technologies 3, 2 (105), 37-47. doi: https://doi.org/10.15587/1729-4061.2020.203301.

DSTU 7598:2014. Freight wagons. General requirements for calculations and design of new and modernized carriages of 1520 mm gauge (non-
self-propelled): [In Ukrainian].

Fomin O., 2015. Improvement of upper bundling of side wall of gondola cars of 12-9745 model. Metallurgical and Mining Industry 1, 45 —48.

Fomin, O., Gorbunov, M., Lovska, A., Gerlici, J., Kravchenko, K., 2021. Dynamics and strength of circular tube open wagons with aluminum
foam filled center sills. Materials 14(8), 1915. https://doi.org/10.3390/ma14081915

Fomin, O., Kulbovskiy, 1., Sorochinska, E., Sapronova, S., Bambura, O., 2017. Experimental confirmation of the theory of implementation of the
coupled design of center girder of the hopper wagons for iron ore pellets. Eastern-European Journal of Enterprise Technologies 5, 1 (89), 11—
19. doi: 10.15587/1729-4061.2017.109588

Fomin O., Lovska A., 2020. Establishing patterns in determining the dynamics and strength of a covered freight car, which exhausted its resource.
Eastern-European Journal of Enterprise Technologies, 6, 7 (108), 21 —29. doi: 10.15587/1729-4061.2020.217162

Goolak, S., Gerlici, J., Sapronova, S., Tkachenko, V., Lack, T., Kravchenko, K., 2019. Determination of Parameters of Asynchronous Electric
Machines with Asymmetrical Windings of Electric Locomotives. Communications. Scientific letters of the University of Zilina 21(2), 24-31.
https://doi.org/10.26552/com.C.2019.2.24-31.

GOST 33211-2014. Freight cars. Requirements for durability and dynamic qualities: [In Russian].

Hyun-Ah, Lee, Seong-Beom, Jung, Hwan-Hak, Jang, Dae-Hwan, Shin, Jang Uk, Lee, Kwang Woo, Kim, Gyung-Jin, Park, 2016. Structural-
optimization-based design process for the body of a railway vehicle made from extruded aluminum panels. Journal of Rail and rapid transit 4,
1283-1296.



238 S. Panchenko et al. / Procedia Structural Integrity 36 (2022) 231-238

Kebal, Yu. V., Shatov, V.A., Tyokotev, O. M., Murashova, N. G., 2017. Improving the design of a hopper car for grain transportation. Collection
of scientific works SUIT. Transport Systems and Technologies Series 30, 113 — 122.

Kuczek, T., Szachniewicz, B., 2014. Topology Optimization of Railcar Composite Structure. Inderscience Enterprises Ltd. January.

Krol, O., Sokolov, V., 2020. Research of modified gear drive for multioperational machine with increased load capacity. Diagnostyka 21(3), 87 —
93. doi: https://doi.org/10.29354/diag/126026.

Lovska, A. A., 2015. Peculiarities of computer modeling of strength of body bearing construction of gondola car during transportation by ferry-
bridge. Metallurgical and Mining Industry 1, 49 — 54.

Lovska, A., Fomin, O., 2020. A new fastener to ensure the reliability of a passenger coach car body on a railway ferry. Acta Polytechnica 60(6),
478 —485.

Lovskaya, A., 2015. Computer simulation of wagon body bearing structure dynamics during transportation by train ferry. Eastern-European
Journal of Enterprise Technologies 3 (7(75)), 9—14. doi: https://doi.org/10.15587/1729-4061.2015.43749

Mrzyglod, M., Kuczek, T., 2014. Uniform crashworthiness optimization of car body for high-speed trains. Structural and Multidisciplinary
Optimization 49, 327 — 336.

Pievtsov, H., Turinskyi, O., Zhyvotovskyi, R., Sova, O., Zvieriev, O., Lanetskii, B., Shyshatskyi, A., 2020. Development of an advanced method
of finding solutions for neuro-fuzzy expert systems of analysis of the radioelectronic situation. EUREKA: Physics and Engineering 4, 78 —
89. https://doi.org/10.21303/2461-4262.2020.001353.

Pistek, V., Kucera, P., Fomin, O., Lovska, A., 2020. Effective mistuning identification method of integrated bladed discs of marine engine
turbochargers. Journal of Marine Science and Engineering 8(5), 379. https://doi.org/10.3390/jmse8050379

Placzek, M., Wrobel, A., Buchacz, A., 2016. A concept of technology for freight wagons modernization. IOP Conf. Series: Materials Science and
Engineering 161. doi:10.1088/1757-899X/161/1/012107.

Sepe, R., Pozzi, A., 2015. Static and modal numerical analyses for the roof structure of a railway freight refrigerated car. Frattura ed Integrita
Strutturale 33, 451 — 462. doi: 10.3221/IGF-ESIS.33.50

Shi, H., Wang, L., Nicolsen, B., 2017. Integration of geometry and analysis for the study of liquid sloshing in railroad vehicle dynamics. Proc
IMechE, Part K: J Multi-body Dynamics 231, 608 — 629.

Sokolov, A. M., Savushkina, Yu. V., Novoselov, A. Yu., Korotkov, D. S., 2019. Universal profile for the ridge beam of cars. Transport of the
Russian Federation 1 (80), 50 — 55: [In Russian].

Sokolov, V., Porkuian, O., Krol, O., Baturin, Y., 2020. Design Calculation of Electrohydraulic Servo Drive for Technological Equipment. Lecture
Notes in Mechanical Engineering 1, 75 — 84. doi: https://doi.org/10.1007/978-3-030-50794-7 8.

Soloviova, L., Strelko, O., Isaienko, S., 2020. Container Transport System as a Means of Saving Resources. IOP Conf. Series: Earth and
Environmental Science 459. https://doi.org/10.1088/1755-1315/459/5/052070.

Strelko, O. H., Kyrychenko, H. 1., Berdnychenko, Y. A., 2019. Application of information technologies for automation of railway and cargo
owner interaction. IOP Conference Series: Materials Science and Engineering 582. https://doi.org/10.1088/1757-899X/582/1/012029

Vatulia, G., Komagorova, S., Pavliuchenkov, M., 2018. Optimization of the truss beam. Verification of the calculation results. MATEC Web of
Conferences 230, 02037. doi: 10.1051/matecconf/201823002037

Vatulia, G. L., Lobiak, O. V., Deryzemlia, S. V., Verevicheva, M. A., Orel, Ye. F., 2019. Rationalization of cross-sections of the composite
reinforced concrete span structure of bridges with a monolithic reinforced concrete roadway slab. IOP Conference Series: Materials Science
and Engineering 664, 012014. doi:10.1088/1757-899X/664/1/012014

Vatulia, G., Rezunenko, M., Orel, Y., Petrenko, D., 2017. Regression equations for circular CFST columns carrying capacity evaluation. MATEC
Web of Conferences 107, 00051.

Ustich, P. A., Karpych, V. A., Ovechnikov, M. N., 1999. Reliability of rail non-traction rolling stock: [In Russian] Moscow: Transport 415.


https://www.researchgate.net/publication/358509138
https://www.researchgate.net/publication/358509138

