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Abstract. The article studies how things stand in terms of the
determination of the stress-strained state of the hatch cover of the gondola
car when the cargo falls on the cover. The methods that are currently used
were briefly reviewed. The calculation was performed using nonlinear
dynamic analysis in CAE (Computer Aided Engineering) NX system.

1 Introduction

In the normative documents [1-2], in accordance with which the freight cars and their
assemblies must be designed, there are points according to which it is required to verify the
hatch covers of gondola cars in terms of strength under the following conditions:

- when the hatch cover falls on the stops when the gondola car is being unloaded,

- when a lump cargo weighing 2000 kg falls from 3 m height onto the closed cover (when
the mass of separate pieces is not exceeding 100 kg),

- when the cargo weighing 150 kg falls from 3 m height onto the center of the closed cover.

Compliance of covers of hatches with these requirements is traditionally checked by
experimental methods or a report is drawn in which a picture with stresses’ distribution
from the static loading is presented, the value of which does not cause stresses exceeding
the allowable values, which corresponds to the formal requirements of normative
documents [1-2].

Despite the fact that methods of nonlinear dynamic analysis using FEM were developed
and implemented in application software program for the computer for quite a while [3-12],
this problem was not being solved by design bureaus. The reason for this is the insufficient
computational capabilities, the high cost of licenses, as well as the complexity of numerous
settings of contact interaction and numerical integration parameters.
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To be fair, it should be noted that in several universities work was carried out in terms
of the simulation of the stress-strained state of the hatch cover of gondola car when the
cargo falls [13-16]. In these works, the calculation was carried out in a static setting, and
the main studies were limited to the determination of the coefficient of dynamism by which
the weight of the cargo, having been applied to the surface of the cover, was multiplied. In
this approach the inertia forces of the masses distributed along the volume of the cover and
cargo, cargo stiffness, the change in the stress-strained state in time and other factors are
not taken into account.

The specified drawbacks are not found in the method of the nonlinear dynamic analysis
which is used in Scientific-Technical Directorate of LLC “VNICTT” as part of the NX
Nastran software package. Into this package there have been integrated ADINA (Automatic
Dynamic Incremental Nonlinear Analysis) solvers that implement explicit and implicit
methods to tackle the issues of nonlinear dynamic analysis (Sol 601/701) [17].

2 Methods and Results

Next, we consider the regulated [1, 2] case of falling of lump cargo weighing 150 kg from
3 m height onto the closed cover. In the previously mentioned sources [13-16], the loading
of the cover (when the cargo falls on it) is estimated using the coefficient of dynamism,
which is determined by the formula derived from the equation of the potential energy of the
cargo, existing at the height hy above a vertically standing weightless rod, and the
maximum potential energy of elastic deformations of this rod, which arise when the cargo

is falling.
’ 2
K,=1+ 1+% )

where /iy — height from which the cargo falls,d. — the value of the deflection of the cover
in case of the static action of the cargo gravitational force,

Moreover, in the sources [15-16], this formula is interpreted in very different ways. In
[15] O, value is interpreted as the total deflection of the body on the spring suspension, and
in [16] the deflection of the cover itself, to which the corresponding boundary conditions
are applied. Hence, the results obtained are significantly different. In [15] they obtained Kp
values from 23.1 (for the middle of the center sill) to 91.07 (longitudinal support beam
located between the body bolster and the center sill), in [16] the minimum value Kp = 174
was obtained. It should be noted that with the coefficient of dynamism Kp= 174, the
stresses in many areas of the cover will be far beyond the yield point and then the formula
(1) loses all meaning. The stress-strained state from the weight of the cargo weighing
150 kg, taking into account the coefficient of dynamism Kp = 174, is shown in fig. 1.
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Fig. 1. Stress-strained state of the cover caused by the weight of the cargo, weighing 150 kg, taking
into account the coefficient of dynamism Kp = 174.

As was previously noted, the determination of the loading on the cover when the cargo
falls onto it via the coefficient of dynamism according to the formula (1) has a significant
drawback, which lies in the fact that this formula is derived for the case of a fall of a
completely rigid cargo onto a vertically mounted weightless rod, the material of which
works only within the elastic deformations; accordingly, the inertia forces are not taken into
account, as a result, stresses at the same moment of time at all points of the rod are equal.

This drawback does certainly not exist in the methods of nonlinear dynamic analysis,
which takes into account the stiffness of all interacting bodies, inertia forces and friction
forces occurring during the interaction, the work of the material in the area of plastic
deformations.

Finite-element model with boundary conditions used to perform the nonlinear dynamic
analysis is presented in fig. 2. In order to reduce the dimension of the task the symmetry
condition was used.

In order not to waste computational resources for the timeframe till the cargo gets into
contact with the cover, in its initial position, the cargo is at a distance of 5 mm from the
cover. In this case, the initial cargo speed corresponds to the height 4o =2995 mm and

amounts to V, = \(2gh, =7665.6 mm/s.
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Fig. 2.Finite-element model with boundary conditions.

The material of the cover elements — steel 09I'2C with yield limit o, = 345 MPa. The
nonlinearity of the material was set by the tabular dependence of the stresses on strains (see
fig. 3).
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Fig. 3.Nonlinear dependence of stresses on strains of the cover material.

Fig. 4 shows the variation of stresses in the course of time in control points 1 and 2 of the
cover, obtained by explicit and implicit solvers.
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Fig. 4.Change, in the course of time, of stresses in control points 1 and 2.

From the graphs, presented in fig. 4, it is seen that even after the cargo has jumped away
from the cover, oscillatory processes will continue to exist in the cover.
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Fig. 5 shows the stress-strained state at the moment of time when maximum stresses
occur in the control point 1. Dynamic stresses in points 1 and 2 are ojaym =245 MPa,
G2dyn = 250 MPa.

)

Units = N/mm "2

Fig. 5.The stress-strained state of the cover at the moment of time of 5.850 ms, when maximum
stresses occur in the control point 1.

Fig. 6 shows the stress-strained state of the cover in case of static loading by the cargo
force of gravity. Stresses in points 1 and 2 were 614 = 6.37 MPa, 625 = 19.27 MPa. Thus,
real coefficient of dynamism for these points:

- point 1 — Kpi = G1ayn/C1st = 245/6.37 = 38.46;
- point 2 — Kpy = Gadyn/G2st = 250/19.27 = 12.97.

In the nonlinear dynamic analysis, which was performed, as well as in the similar case,
in which Kp=174 was obtained, the compliance of the railcar body and its spring
suspension was not taken into account. The obtained results are very different, which
indicates that it is not acceptable to use the formula (1) to determine the coefficient of
dynamism.
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Fig. 6.Stress-strained state of the cover under static loading by the cargo force of gravity.

3 Conclusion

The analysis of literature sources, devoted to the study of the loading of the hatch cover
of the gondola car when the pieces of cargo are falling onto the cover. The drawbacks of
the methods presented in the sources are identified.

Finite-element model (in which nonlinear properties of the material are taken into
account) of the cover of the hatch of the gondola car was made. Nonlinear dynamic analysis
with the application of explicit and implicit methods for the calculation mode of 150 kg
lump cargo’s falling from 3 m height onto the cover center was performed. According to
the results of the calculations, the value of the coefficient of dynamism in the existing
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methods is significantly overestimated. It should be noted that during the tests the falling of
cargo on the cover happens at the moment when the cover is a part of the railcar, which
elements also perceive kinetic energy of the falling cargo; in addition, to avoid local surface
deformations of the cover, a layer of sand is poured onto the cover, the sand also absorbs a
part of energy and redistributes the force of interaction between the cargo and the cover on
the larger area. In order for the research-engineers to unambiguously interpret the
conditions for which the calculation of the impact interaction is performed, the normative
documents [1] and [2] must be supplemented. Otherwise, research-engineers will obtain the
results that differ enormously.

Further on we will give key parameters which have to be specified:

- cargo shape and sizes,

- cargo mechanical properties,

- cover boundary conditions,

- falling height or speed of the cargo at the moment when the cargo comes in contact with
the cover,

- for the most widespread materials from which covers of hatches are manufactured, there
should be presented the dependence of deformations on stresses (tabular or in the form of
graphs).

It is also necessary to conduct full-scale tests and compare the tests’ results with the
results of calculations; then, on the basis of the results obtained, to derive the dependence of
the coefficient of dynamism, suitable for practical use by research-engineers when solving
this problem in a linear static setting.

Methods of nonlinear dynamic analysis can be widely used in the field of calculation
and design of railcars and their assemblies, in particular, during the calculation of the body
for the longitudinal impact, simulation of elastic-friction draft gears and in other fields.
Moreover, broad prospects for the use of nonlinear dynamic analysis appear for the design
of the technological tooling; this tooling is performing the operations in which assemblies
and parts of railcars are subjected to plastic deformations (stamping, bending of flat rolled
steel and shaped rolled steel, etc.).

The reported study was funded by RFBR according to the research project Ne19-08-01241a. The
authors declare that there is no conflict of interest regarding the publication of this paper.

References

1. A.Nikitchenko, V. Artiukh, D. Shevchenko, R.Prakash. Evaluation of Interaction
Between Flat Car and Container at Dynamic Coupling of Flat Cars (2016) MATEC
Web of Conferences, V.73, 04008. DOI: http://dx.doi.org/10.1051/matecconf/
20167304008

2. A.Nikitchenko, V. Artiukh, D. Shevchenko, V. Murgul. Modeling of Operation of
Elastic-Frictional Draft Gear by NX Motion Software (2017) Procedia Engineering,
187, pp. 790-796. DOI: https://doi.org/10.1016/j.proeng.2017.04.441

3. K..Bathe,E. L.Wilson,R. Iding, NONSAP — A Structural Analysis Program for Static
and Dynamic Response of Nonlinear Systems. Report UCSESM 74-3, (Department of
Civil Engineering, University of California, Berkeley,1974).

4. V. Artiukh, A. Nikitchenko, I. Ignatovich, L. Prykina, The Prospects of Creation of the
Draft Gear with the Polyurethane Resin Elastic Element for the Rolling Stock. IOP
Conf. Series: Earth and Environmental Science,90 (2017) 012191. DOI: 10.1088/1755-
1315/90/1/012191

5. K.-J. Bathe, Finite Element Procedures, (Watertown, MA, 2014).


http://www.matec-conferences.org/articles/matecconf/abs/2016/36/matecconf_tpacee2016_04008/matecconf_tpacee2016_04008.html
http://www.matec-conferences.org/articles/matecconf/abs/2016/36/matecconf_tpacee2016_04008/matecconf_tpacee2016_04008.html
http://dx.doi.org/10.1051/matecconf/%2020167304008
http://dx.doi.org/10.1051/matecconf/%2020167304008
https://doi.org/10.1016/j.proeng.2017.04.441
https://en.wikipedia.org/wiki/Klaus-Jürgen_Bathe

E3S Web of Conferences 110,01050 (2019) https://doi.org/10.1051/e3sconf/201911001050
SPbWOSCE-2018

6. R.D. Cook, D.S. Malkus, M.E. Plesha, Concepts and Applications of Finite Element
Analysis, 3rd ed., John Wiley(1989)

7. Javier Bonet, Antonio J. Gil, Richard D. Wood,Nonlinear Solid Mechanics for Finite
Element Analysis. Statics (Cambridge University Press, 2016).

8. J. R. Hughes,The Finite Element Method - Linear Static and Dynamic Finite Element
Analysis(Prentice-Hall Inc., 2012).

9. M. Kleiber, Incremental Finite element modeling in non-linear SolidMechanics(Ellis
Horwood Limited, John Wiley,1989)

10. M.A. Crisfield,Non-linear Finite Element Analysis of Solids and Structure (John Wiley
& Sons Ltd., 2012).

11. O.C. Zienkiewicz, R.L. Taylor, The Finite Element Method (McGraw-Hill, New
York,1991)

12. ZH. Zhong, Finite Element Procedures for Contact-Impact Problems(Oxford
University Press, New York, 1993)

13. A. V. Putyato, Simulation of the stress-strained state of the hatch cover of the gondola

car when pieces of cargo fall onto the cover, Mechanics. Scientific studies and
educational and methodical developments,S, pp. 113-122(2011) ISSN: 2227-1104.

14. A.V. Putyato,Simulation of the stress-strained state of the hatch cover of the gondola
car when exposed to impact loadings, Modern technologies. System analysis.
Simulation, 2, pp. 179-185 (2011)

15. K.V. Gerasimov,Loading of the body of the solid-bottom gondola when the block of
cargo falls, Thesis for the degree of candidate of technical sciences.

16. E.V. Bolgov,Fixture for impact loading tests of models of hatch covers of gondola
cars,Izvestia of St. Petersburg University of means of communication,3, pp 39-46—
(2011)

17. NX Nastran 10. Advanced nonlinear theory and modeling guide © Siemens Product
Lifecycle Management Software Inc.(2014)

18. R. Cook, D. Malkus, M. Plesha,Concepts and Applications Of Finite Element Analysis,
Third edition, ISBN 0-471-84788-7

19. J. R. Hughes,The Finite Element Method - Linear Static and Dynamic Finite Element
Analysis, ISBN 0-484-41181-8

20. T.Belytschko, W.Kam Liu, B. Moran,Nonlinear Finite Elements for Continua and
Structures, ISBN 0-471-98773-5

21. T.Belytchko, J. I. Lin, Chen-ShyhTsay, Computer methods in applied mechanics and
engineering,42, pp. 225-251(1984)

22. Jean-Louis Batoz, International journal for numerical methods in engineering, 18, pp
1077-1089 (1982)

23. V.K. Manzhosov, V.V. Slepuhin,Simulation of longitudinal impact in core systems of
non-uniform structure, p.208(Ulyanovsk: Ulyanovsk State Technical University, 2011)

24. Landau and Lifshitz. Theory of Elasticity, p.30 (Pergamon, London, 1986),

25. W.J. Stronge,/mpact mechanics. ISBN 0 521 63286 2 (Cambridge University Press,
2000).


https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Javier%20Bonet&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Antonio%20J.%20Gil&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Richard%20D.%20Wood&eventCode=SE-AU
http://www.sciencedirect.com/science/article/pii/0045782584900264

