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IIposedeno modenrosannsa ounamiunoi nasanwma-
JHCeHOCmi KY306a HANIBB8AZ0HA NPU 3AKPINJIEeHHT 11020
8’A3K010 CMAIHCKOI0 610HOCHO NANYOU 3ANIZHUMHOZ0
nopoma. AxmyanvHicmo 00CHIONHCEHHA GUKAUKAHA
MUM, WO PYXx 6a20HI8 MOPeM HA 3ANIZHUMHUX NOPO-
Max cynposooicyemvcs 0i€10 Ha HeCYHi KOHCMPYKULL
KY30616 3HAMHUX Gequvun Hasanmaxicewv. Jucenoni
3HAUEHHS YUX HABAHMAINCEHb 3HAUHO NePeSUUYIOMb
mi, wo 0i10Mb HA 6A20HU NPU eKCNAYAMAUT 610HOCHO
Mmazicmpaavuux xoait. Kpim moeo, icnyroua cxema
He 3a0e3neuye HAOIUHOCMI 3AKPINIeHHA KY308a ma
3YMO6II0E NOWKOONCEHHS U020 KOHCMPYKUIUHUX
enemenmis. Ile euxnuxae neobxionicmo 30iticnen-
M5 6HENJIAHOBUX PEMOHMIB 8A20HI6 NPU nepese3eH-
Hi Ha 3aniznuvnux nopomax. Tomy 3anpononoeano
Yo0ocKkoHanumu cxemy 3aKpinieHHs 6a20Ha 6i0HOCHO
naayou 3aniznuunozo nopomy. /lnsa nom’sxuenns oii
Hasawmadxicenv 6i0 JNAHUIO208UX CMANCOK HA KY306
8a20HA NPONOHYEMBCA 30IUCHIOBAMU He HCOPCMKU
36°30K MidC HuMU, a 68’A3Kuil, NocepeoHUUmMEoMm
8CMANHO0BIEHHS CREUIANLHOZ20 NPpUCMPoto — demnde-
PY Midc KY3080M ma nanyéoto.

3 Memoro MoOen08anHs QuHamivHoi Haganma-
Jcenocmi Ky306a 6az0Ha 3 Ypaxyearnnam 3anpono-
HOBAHUX MeXHIUHUX piuleHb no0Y008ano mamema-
muuny Modesib Ma 6U3HAUEHO 8ETUMUHU NPUCKOPEHD,
aki oiromv Ha ky3oe. Modenv eépaxosye nepemi-
WeHHA 3AN3HUMHO20 NOPOMY 3 6A20HAMU NPU Oi-
Hill xumaeuui, ax 001020 3 OCHOGHUX 6UO0IE KOJIU-
eanv cyona. Bcmanosaeno, wjo npu 3anpononosanii
cxemi 3aKpinieHns KY306a 6azona 6i0HOCHO naayou
€ MOMCAUBUM 3HUBUMU GeAUUUHY 1020 OUHAMIMHOL
Hasanmascenocmi na 30 %.

Busnauenns ounamiunoi naeanmazicenocmi xy-
306a 6az0HA MAKONC NPOGEOEHO WAAXOM KOMMN10-
mepHo20 MO0eN08AHHS 6 CepedosuUUi NPOPAMHOZ0
3abesneuenns CosmosWorks. Busnaueno wucenvii
3HaueHHs Ma noas OUCAOKAUii NPUCKOPeHb KY308a
Hanieeazona. Bepuixauia pospobaenux modeneii
npoeedena 3a F-xpumepiem. Ilposedeni docnidncen-
HSL CnpusmumMyms 3a0e3neuennio 30epexceHns necy-
YUX KOHCMPYKUIU KY306i8 6A20HI8 NPU Nepese3eHHl
HA 3aNI3HUMHUX NOPOMAX, A MAKONC NIOBUULEHHIO
epexmuenocmi ix excnayamauii uepes MidncHapooni
mpancnopmui xopuoopu

Kmouogi cnosa: necyua xoncmpyxuis, ounamiv-
HA HABAHMAICEHICMb, 3ATIZHUMHO-800HUU MPaH-
cnopm, 3ai3HUMHO-NOPOMHI nepese3eHsl, MO0et0-
8aHHA QOUHAMIKU, MEMPOJIOZIMHI BUNPOOYEAHHS

u| 0

1. Introduction

The development and strengthening of cross-border
links between European countries necessitate reforms
in the transportation sector. One of the most promising
solutions in this area was the creation of intermodal
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transportation systems. Those countries that have access
to international channels through marine waters are de-
veloping railroad-ferry transportation. A special feature
of such transportation is the possibility to transport wa-
gons by sea aboard specially equipped vessels — railroad
ferries.




To ensure the stability of wagons relative to decks, they
are fixed by a complex of multi-turn means. These include
chain ties with turnbuckles (eight pieces per wagon), stop-
jacks (four pieces per wagon), brake shoes that are mounted
under the surface of rolling wheels. To keep wagons from
longitudinal displacement, the extreme wagons in couples are
connected to buffer stops [1, 2].

It is important to note that the design of the bodywork of
wagons does not imply special elements that are intended to
fix them relative to the decks of railroad ferries. Thus, when
transporting wagons by sea, the interaction between bodies
and the means of fastening is enabled via any components of
the structure.

In addition, a typical scheme of fixing the body of a wagon
relative to the deck does not imply a possibility to mitigate
the dynamic loads acting on it via fastening. A chain coupling
transmits the load to the body taking into consideration the
initial effort of pulling (50—60 kN), as well as the effort that
occurs during oscillations of a railroad ferry.

Such a pattern causes damage to the bearing structures of
wagons’ bodies when they are transported by sea and requires
unplanned kinds of repair.

The loss of stability by a wagon body car relative to the
deck may lead to the destruction of a railroad ferry. Thus,
in 2002, as a result of the loss of stability by wagons-tanks
relative to the deck, the railroad ferry «Merkury-2» sank in
the Caspian Sea. There were 16 wagons-tanks with oil pro-
ducts aboard the ship, one carriage with commercial cargo,
8 passengers, and 42 crewmen. The wagons-tanks that broke
away from fasteners because of a wave, rolled towards the
inclination and contributed to the sinking of the vessel [3].

Thus, it is important to improve the scheme of fixing
wagons to the deck of railroad ferries when they are trans-
ported by sea. One of the solutions to this task is to create
new devices for fastening bodies relative to decks.

2. Literature review and problem statement

The simulation of dynamic loading on freight wagon
bodies, whose bearing elements are made from round pipes,
was performed in [4]. The authors determined the accelera-
tions acting on wagons at shunting interaction using mathe-
matical modeling and computer simulation. They proved the
feasibility of the proposed technical solutions to improve
wagons. However, when designing such structures of wagons,
they took into consideration the loads that could act in ope-
ration along railroad tracks. That is, the loading on bearing
structures of bodies when they are transported by railroad
ferries was not examined in that work.

The authors of [5] determined the dynamic loads that
act on the bodies of freight wagons when they are trans-
ported by a railroad ferry. The calculations were carried
out using computer simulation of the main types of railroad
ferry oscillations. They substantiated the necessity to take
into consideration the loads acting on wagons when they
are transported by railroad ferries at the design stage under
conditions of car building facilities. The authors did not pay
attention to issues concerning improvement of the scheme
of interaction between wagons’ bodies aimed to ensure the
reliability of their fastening to the deck of a railroad ferry.

The strength and fatigue of a welded bearing structure
of the wagon body were considered in [6]. The authors de-
termined the causes of defects in the structural elements of

a wagon body. To provide for the strength of wagon bodies
of the new design, as well as of those that are under repair,
they proposed measures for improvement. In this case, rein-
forcement elements are installed in the zone of interaction
between a girder beam and a pivot beam. However, when
constructing a model of the strength of a wagon’s frame, the
authors did not take into consideration the efforts that could
act during transportation by a railroad ferry.

An analysis of structural characteristics of the freight
cars BCNHL was reported in [7]. The authors identified
possible ways to improving the technical and economic indi-
cators for wagons in order to improve the efficiency of their
operation. The work failed to pay attention to the need to
improve the scheme of interaction between a wagon and the
deck of a railroad ferry.

The results of a structural-element analysis of a freight
wagon using the method of finite elements are given in [8].
The research was conducted using an example of a semi-wag-
on of the type «BOXN25», which is in operation at Indian
Railroads. The authors calculated strength using a method of
finite elements and a modal analysis of the body of a freight
wagon. The calculation of critical frequencies of oscilla-
tions was performed up to 30 Hz. Dynamic loading and the
strength of a wagon when it is transported by a railroad ferry
were not investigated in that publication.

Paper [9] reported determining the longitudinal forces
arising in a freight train taking into consideration different
types of wagon-to-wagon connections. The calculations
were performed using the software «Universal mechanism».
It was established that the use of an absorbing device of the
type Sh-2-T in the automatic coupling device ensures the
occurrence of the smallest longitudinal efforts in the train.
That work did not address the issue of studying the dynamic
loading of a bearing structure of a wagon body when it is
transported by a railroad ferry.

The authors of [10] defined the feasibility of using the
coupled implementation of a girder beam. The research was
conducted theoretically and experimentally using a pellet
wagon as an example. The proposed measures would help
reduce the cost of making new wagon structures. When
performing calculations for the strength of a given wagon,
the authors did not consider the loading that could act on it
when it is transported by a railroad ferry.

Research and analysis of the stressed-strained state of
load-bearing structures in the semi-wagons of domestic
production, with the wear characteristic of 1.5 terms of ope-
ration, were reported in [11]. When constructing a model of
the body strength, the authors took into consideration the
actual magnitudes of wear for bearing elements. It was estab-
lished that the maximum equivalent stresses in this case did
not exceed the permissible ones, which makes it possible to
draw a conclusion about the possibility of further operation
of the wagon. When performing calculations for the strength
of a bearing structure of the semi-wagon body, the authors
did not account for the loading that could act when it is
transported by a railroad ferry.

A study into fatigue strength of the body of a semi-wagon
under operational modes at loading is reported in [12, 13].
The prototype selected was a semi-wagon of model C80B
made in China. The research results showed that the me-
thod for predicting fatigue strength of the body, based on the
hybrid modeling of dynamics and an analysis using a method
of finite elements, is feasible. The task on determining the
dynamic loading and strength of the bearing structure of



a wagon body transported by a railroad ferry was not set in
those studies.

The strength of a freight wagon was theoretically and
experimentally investigated in [14]. In this case, the authors
took into consideration the accepted normative magnitudes
for loads acting on a wagon under operation relative to rail
tracks. The paper did not address the strength of a wagon
body with respect to the loads acting on it when it is trans-
ported by a railroad ferry.

An analysis of literary sources [4—14] leads to the conclu-
sion that the issues related to wagons under load on railroad
ferries, as well as to improving the scheme of interaction with
the deck, require more consideration at the current stage of
development of transportation industry.

3. The aim and objectives of the study

The aim of this study is to identify the patterns in deter-
mining the dynamic loading of a semi-wagon when it is fixed
to the deck of a railroad ferry by a loose coupling.

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

— to improve the scheme of interaction between the body
of a semi-wagon and the deck of railroad ferry;

— to model mathematically the dynamic loading of the body
of a semi-wagon when it is transported by a railroad ferry;

— to simulate the dynamic loading of the body of a semi-
wagon when it is transported by a railroad ferry;

— to verify the models of the dynamic loading of the body
of a semi-wagon.

4. Improving the scheme of interaction between
the body of a semi-wagon and the deck of a railroad ferry

To ensure the reliability while fixing a wagon relative to
the deck, we have designed a node for the bearing structure
of the body for the interaction with chain couplings [15].
In order to mitigate the action of loads from chain couplings
on the body of a wagon, it is proposed to enable their con-
nection not via a rigid coupling (Fig. 1), but viscous, by
installing a special device — a damper between the body and
the deck (Fig. 2).

The device for fixing a wagon relative to the deck of
a railroad ferry consists of rigid rod 1 at the end of which
there is hook 2 to fix the body of the wagon. A controlling
element of the device is a hydraulic damper, which includes
body 3. Inside the body is piston 4 with throttle openings 5.
The lower part of the device includes an adapter with thread
cutting to adjust the length of the device, rigid rod 7 and
hook 8 for fastening using a deck ring.

P,
a

Fig. 1. Fixing a semi-wagon relative to the deck of
arailroad ferry: @ — via the elements of a hatch cover lock;
b — via a towing bracket

1 8

Fig. 2. Device for fastening a wagon relative to the deck

of a railroad ferry: 1 — rod; 2 — hook to fasten the body;

3 — body; 4 — piston; 5 — throttle openings; 6 — adapter

with thread cutting; 7 — rigid rod; 8 — hook for fastening
using a deck ring

The scheme of fixing the body of a semi-wagon relative to
the deck using the proposed device is shown in Fig. 3.

Fig. 3. Scheme of fixing the body of a semi-wagon relative
to the deck using the proposed device

To fix a single wagon relative to the deck, eight such de-
vices are used — four per each side of the wagon.

5. Mathematical modeling of the dynamic loading
of the body of a semi-wagon when it is transported
by a railroad ferry

In order to determine the acceleration of the body of
a semi-wagon when fixing it relative to the deck using the
proposed device, we performed mathematical modeling. To
this end, we have constructed a mathematical model of the
oscillations of a railroad ferry with the bodies of wagons,
placed atop it (Fig. 4).

In this case, the system of differential equations (1) takes
into consideration the angular displacements of a railroad
ferry relative to the longitudinal axis, as well as the body of
a wagon relative to the deck.
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where g1, go are the generalized coordinates that correspond

to the angular displacement around the longitudinal axis X

of, respectively, a railroad ferry and the body of a wagon.

For a railroad ferry:

D is the weight water displacement; B is the width; /4 is
the height of the board; Ag is the coefficient of resistance
to oscillations; zg is the coordinate of the center of gravity;
p’ is the wind load; F(¢) is the law of action of the effort that
disturbs the movement of a railroad ferry with the bodies of
wagons, lined up on its decks.



For a wagon body:

I, is the moment of inertia relative to the longitudinal
axis; B is the coefficient of viscous resistance of an element;
by is the width of the body; py is the wind load on a lateral
wall; 7, is the height of a lateral wall; Fy is the moment of
forces that occurs between the body and the deck.

by

Fig. 4. Estimation scheme to determine the dynamic loading
of the body of a semi-wagon

We solved the system of differential equations of mo-
tion (1) in the programming environment Mathcad [16, 17]
using a Runge-Kutta method (2). Where ¢,=y,;; ¢,=y,;
G =Yy G=Y,-

In this case, there is a transition from the system of
second-order differential equations (1) to a system of the
first-order differential equations, whose right-hand side is
recorded in vector (2) for the application of standard algo-
rithms for solving a system using the MATHCAD function
rkfixed.
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where Y0 is a vector containing the initial conditions, tn, tk
are the magnitudes that define the initial and the resulting
variable of integration, n’is the fixed number of steps, Q is the
symbol vector. Initial displacements and velocities are taken
equal to zero [18].

Fig. 5, 6 show graphical dependences of accelerations that
act on the body of a semi-wagon at angular displacements of
a railroad ferry relative to the longitudinal axis.

For a comparative analysis, Fig. 5 shows the accelerations
acting on the body of a semi-wagon under a typical scheme
of interaction with a deck, and Fig. 6 — under a loose scheme.
The accelerations are given for a wave course angle of =0

relative to the body of a railroad ferry with the bodies of
wagons atop it.
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Fig. 5. Accelerations that act on the body of a semi-wagon
under a typical scheme of interaction with a deck
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Fig. 6. Accelerations acting on the body of a semi-wagon
under a loose interaction with a deck
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The above figures allow us to conclude that when instal-
ling a loose coupling between the body of a wagon and the
deck, it is possible to reduce the magnitudes of accelerations
acting on a bearing structure of the body by 30 %.

It is important to note that in this case the working fluid
that would create a viscous resistance between the body and
the deck must have a coefficient of viscous resistance in the
range from 1.8 kN-s/m to 4.2 kN-s/m.

6. Computer simulation of the dynamic loading
on the body of a semi-wagon when it is transported
by a railroad ferry

To determine the accelerations that act on the body of
a semi-wagon under a loose interaction with the deck, we
have conducted computer simulation. The research was per-
formed in the programming complex CosmosWorks, version
2015 [19, 20]. The calculation was performed using a method
of finite elements.

The prototype selected was a semi-wagon of model 12—757
made by PAT «KVBZ» (Ukraine). The finite elements ap-
plied were the isoparametric tetrahedra. We determined the
optimum number of elements in a continual model by using
a graphic-analytical method. Basic characteristics for the
model are given in Table 1.



Table 1

Characteristic of the continual model
of the body of a semi-wagon

Number of elements 494.489
Number of nodes 160.639
Maximal size of an element, mm 80.0
Minimal size of an element, mm 16.0
Maximal ratio of elements’ sides, mm 1,000.9

Percentage of elements with a ratio of sides less than three | 26.9

Py

Percentage of elements with a ratio of sides more than ten | 26.2

Fig. 8. Simulation of applying a load from the device

Minimal number of elements in a circle 9 for fixing a body relative to the deck

The ratio of an increase in the size of an element 1.7

The results of calculation have shown that the maximum
The model of strength of a semi-wagon’s bearing struc-  accelerations of the body of a semi-wagon occur in the middle
ture at angular displacements around the longitudinal axisis  parts of side walls and make up about 1.4 m/s? as well as in
shown in Fig. 7. The model takes into consideration that the  the middle part of a girder beam — 1.7 m/s? (Fig. 9, 10).
body of a semi-wagon is exposed to the vertical static load P,
the effort of spread of bulk cargo Py, a dynamic load, as well AY (m/s?)
as the loads that act via devices that enable the fixation re- 1400e+000

1.142¢ + 000

lative to the deck Py. Since the devices for fixing a wagon are 8.833¢— 001

arranged spatially [21], the effort that would be transferred - 6.250e - 001

to the body through them was decomposed into components § 3.667e—001

. 1.083¢ - 001
(Fig. 8). The bulk cargo accepted was coal, as one of the most _1.500¢ — 001
common types of commodities delivered by semi-wagons ~4.083¢ - 001
during international-railroad-water transportation. j —6-667e—001
To account for the presence of a viscous element between | jfgg: ;g?):)
a body and a deck, we placed linings onto pivot beams made 1.142¢ + 000
of material that has a coefficient of viscous resistance of ~1.700e + 000

3.5 kN-s/m.

Fig. 9. Distribution of acceleration fields acting
on the bearing structure of the body of a semi-wagon under
a viscous interaction with the deck of a railroad ferry
(side view)

AY (m/s?)
1.400e + 000
l 1.142e + 000
- 8.833e - 001
6.250e - 001
-3.667¢ - 001
1.083¢ - 001
—1.500e - 001
—4.083¢ - 001
—6.667¢ — 001
-—9.250e — 001

~1.183¢ + 000

~1.142e + 000

~1.700e + 000
Fig. 10. Distribution of acceleration fields acting

on the bearing structure of the body of a semi-wagon under

a viscous interaction with the deck of a railroad ferry
(bottom view)

The smallest magnitude of accelerations was observed
at the end parts of the body of a semi-wagon.

7. Verification of models of the dynamic loading

P,
4 b of the body of a semi-wagon
Fig. 7. Strength model of the bearing structure of the body To verify the models presented, we applied an F-crite-
of a semi-wagon: a — top view; b — side view rion (3) [22, 23]. The variational parameter adopted was the



heel angle of a railroad ferry. Based on the performed calcula-
tions, we determined the accelerations that act on the body of
a wagon at oscillations of a railroad ferry (Fig. 11).

Acceretations, m/s"2

15 175 20

225 25

Heel angle, degrees

# Mathematical model 8 Computer simulation

Fig. 11. Accelerations acting on the body of a semi-wagon
when it is transported by a railroad ferry

It was established that at the reproducibility variance
5?=0.98 and the adequacy variance S?, =1.1, the actual va-
lue for F-criterion is F,=1.12, which is less than the tabular
value F,=3.29. That is, a hypothesis about the adequacy is
not challenged.

8. Discussion of results of determining the dynamic
loading on a semi-wagon under a viscous interaction
between the body and the deck of a railroad ferry

The accelerated rate of integration of Eurasian states into
the system of international transport corridors has led to the de-
velopment of railroad-ferry transportation. At present, to ensure
the stability of wagon bodies relative to the decks of railroad
ferries during transportation by sea, the wagons are fixed. In this
case, they use typical means that do not have the ability to miti-
gate the magnitudes of dynamic loads acting on bodies via them.

The loads acting on the bodies of wagons transported by
sea greatly exceed those that act on them in the operation
relative to rail tracks. This causes damage to the structural
elements of bodies that are used to fix them relative to the
decks. Therefore, it was proposed to improve the scheme of in-
teraction between the body of a wagon and the deck of a rail-
road ferry by introducing a viscous interaction between them.

The results of mathematical modeling allowed us to con-
clude that the proposed measures would make it possible to
reduce the magnitude of the dynamic load that is transmitted
to the body of a wagon via the devices that fix it relative to
the deck by 30 %.

We also performed computer simulation of the dynamic
loading on the body of a wagon taking into consideration the
improved scheme of interaction with the deck. We have deter-
mined the numerical values for accelerations that act on the
body of a wagon, as well as their location fields. Adequacy of
the constructed models has been tested based on an F-criterion.

The proposed technical solutions regarding the appli-
cation of a loose coupling between the body and the deck
would reduce the dynamic loading on the bearing structure of
awagon when it is transported by sea. Accordingly, under such
a scheme of fixation, there would be a decrease in the stresses
that arise at the nodes where a body interacts with a coupling.
A given device is multi-turn and could be used for wagons of
different types that are transported by railroad ferries.

It is important to note that this study was conducted for
the conditions of transporting a wagon across the Black Sea
under appropriate meteorological conditions. In the future, it
is necessary to study a possibility for using a given device for
other operating conditions (the type of a wagon, a railroad
ferry, sea area, etc.). In addition, one needs to take into con-
sideration the stochasticity of an oscillatory process prede-
termined by sea waves, its impact on the work of the device,
the fatigue strength of the bearing structure of a body, etc.

Prospects to continue the present study would include
the need to improve the bearing structure of a wagon body by
mounting the fixing nodes on it to enable viscous resistance.

The study conducted would contribute to ensuring the
preservation of bearing structures of wagon bodies when they
are transported on a railroad ferry by sea, to reducing the cost of
repair of wagons, as well as to improving the efficiency of ope-
ration of freight wagons along international transport corridors.

9. Conclusions

1. We have improved the scheme of interaction between
the body of a semi-wagon and the deck of a railroad ferry by
introducing a loose coupling between them. That is, rather
than using a chain coupling, it has been proposed to apply de-
vice whose element is a damper, which at oscillations of a rail-
road ferry ensures a viscous resistance to the displacement of
the body and mitigates the dynamic loads that act on it.

2. We have modelled mathematically the dynamic loading
on the body of a semi-wagon during transportation by a rail-
road ferry taking the proposed measures into consideration.
It was established that the maximum acceleration that acts
on the body of a wagon, taking into account a viscous inter-
action with the deck, is 1.7 m/s?, which is less by 30 % than
the magnitude of accelerations that act on the body under
a typical scheme of fixing.

3. We have conducted computer simulation of the dy-
namic loading on the body of a semi-wagon transported by
a railroad ferry taking the proposed measures into conside-
ration. The results of simulation showed that the maximum
accelerations of the body of a semi-wagon occur in the middle
parts of side walls and make up about 1.4 m/s? as well as in
the middle part of a girder beam — 1.7 m/s2.

4. The models of dynamic loading on the body of a semi-
wagon were verified based on F-criterion. It was established
that at the reproducibility variance S?=0.98 and the ade-
quacy variance S2, =1.1, the actual value for the F-criterion
is less than the tabular one. Thus, a hypothesis on adequacy
is not challenged.
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