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Abstract: This article presents the determination of the bearing structure loads of an open car during
ro-ro transportation. A special solution for an open car is the application of elastic, viscous honeycomb
panels in the frame. This engineering solution can decrease the load of the bearing structure of an
open car during interactions with multiple-use lashing devices. This article presents the mathematic
modelling of the dynamic load of an open car during ro-ro transportation. This calculation is based on
the most popular load diagrams for the bearing structure of an open car applied for sea transportation,
namely the rolling motion and the turning motion of a train ferry approaching a dock. It was found
that the application of honeycomb panels can decrease the dynamic load of a rail car in comparison to
a standard structure by about 25%. The results of the strength calculation of the bearing structure of
an open car demonstrated that the maximum equivalent stresses do not exceed the allowable values
and are 30% lower than the stresses that emerging in the standard structure. The conducted research
can be used by engineers who are concerned about safe and environmentally friendly transportation
via train ferries and more efficient ro-ro transportation.
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1. Introduction

The evolving international economic relations between European and Asian countries
indicate the need to improve the operational efficiency of the transport industry. This can
be achieved through the introduction of combined transport systems (Figure 1), and one of
the most promising of them is ro-ro transportation [1,2].

The world’s first ro-ro service was launched in 1851; it operated across the Firth of
Forth from Granton to Burntisland [3]. At present, the ro-ro route map is popular. This
type of combined transportation has been constantly developing; it is used not only across
seas, but also across rivers, lakes, and even oceans.

It should be noted that safe and environmentally friendly transportation via train
ferries can only be provided through the technical customization of rail cars for sea trans-
portation. The standards for designing and calculating rolling stock should primarily
include the load characteristics of the rail cars transported via train ferries. However, these
cars are vulnerable to damage to bearing structures, which requires additional maintenance
charges due to out-of-schedule repairs. In addition, failures in the fixation of rail cars on
the deck lead to the instability of the train ferry; moreover, they may cause an ecological
danger. Due to the unreliable fastening of a tank car on a deck, the train ferry Mercury-2
crashed during a storm in the Caspian Sea. Its sixteen tank cars with oil products sank
in the sea. Another accident happened in the Mediterranean Sea with the Greek ferry,
Heraklion, which sank due to the unreliable fastening of vehicles on its deck during a storm.
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Figure 1. Ro-ro transportation of cars: (a) cars loading onto a deck; (b) cars arranged on a deck.

Therefore, the determination of the load of cars during sea transportation, their techni-
cal customization for interactions with lashing devices on the deck, and improvements to
the standards for designing and calculating the bearing structures of rail cars are urgent
and foremost problems requiring thorough investigation.

The improvements to the bearing structure of an open car via computer modelling are
grounded in [4]. The authors describe the reasons for failures in the most loaded areas of the
frame and suggest some measures for their prevention. The results of the strength calculation
for an improved open car frame proved the effectiveness of the implemented measures.

The reasons for defects in the bearing structure of an Sgmns car (four-axis multimodal
car) were studied in [5]. The authors suggested some measures to reinforce the most loaded
areas of the rail car frame and substantiated the need to improve the frame.

However, while considering the reasons for crack developments, the authors did not
consider the potential loads on the bearing structure of a car transported via a train ferry.

The authors of [6] present a comparative analysis of the results of the static strength of
the bearing structure of an Sdggmrss-twin car (six-axis freight car for the transportation of
trailers) using theoretical and experimental methods for strength calculation. The authors
explained the prospects of further improvement to the proposed car structure. However,
the car structure had no fixation units on the deck, which can cause damage to the car’s
bearing structure during sea transportation.

A technique used to improve the strength calculation for the components of the bearing
structure of an open car is described in [7]. The authors determined the load of the bearing
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structure of a car during operational modes and suggested a way to improve the standards
for designing and calculating rail cars. However, the determination of the load and the
improvement in the bearing structure of a car transported via sea were not presented.

The locational optimization of the centre of gravity of a rail car to improve the rotation
characteristics is described in [8]. The authors suggested a technique for data analysis to
improve the dynamic load of a rail car in operation relative to the rail track. However, they
did not determine the dynamic load of the rail car during the turning motion of a train
ferry approaching a dock.

The peculiarities of determining the inertia moments of freight car bodies are described
in [9]. The technique suggested for the determination of the inertia characteristics of rail
cars may be used for theoretical research into the dynamic load of rail cars. However, the
study did not give any practical applications of the technique in operational load modes.

The authors of [10,11] studied the determination of the load on the bearing structure
of a rail car transported via a train ferry. They suggested some measures to improve the
interaction diagram between the bearing structure and the deck. They substantiated the
application of a viscous connection to reduce the dynamic load of the bearing structure of a
rail car transported via sea. However, the load of the bearing structure of a rail car during
the turning motion of a train ferry approaching a dock was not considered.

Other publications [12-14] describe the prospects of the development of combined
transport, including sea transport. The requirements for ensuring the safe operation of
combined transport were formulated. At the same time, the authors did not pay attention
to the issues of reducing the dynamic loading of vehicles transported via train ferries.
Moreover, the shipbuilding regulations of the Classification Societies (IACS) do not include
the possibility of adapting the load-bearing structure of a vehicle, in particular, a wagon,
for its safe transportation via train ferries. This necessitates research into the adaptation of
wagons for sea transportation.

The purpose of this article is to present the results and describe the special features
of determining the load on the bearing structure of an open car with elastic, viscous
honeycomb elements during over-normative load modes (the least favourable conditions
of sea disturbance and the turning motion of a train ferry approaching a dock). To achieve
this purpose, the following objectives were defined:

e To develop measures to improve the bearing structure of an open car for safe trans-
portation via a train ferry;
To determine the load on the bearing structure of an open car during rolling motions;
To determine the load on the bearing structure of an open car during the turning
motions of a train ferry;

o To investigate the strength of the bearing structure of an open car transported via a
train ferry.

2. Methods and the Data

The dynamic load on the bearing structure of an open car at operational load modes
can be reduced through some improvements. One of them is the application of elastic,
viscous honeycomb panels between the vertical sheets of the intermediate, end, and bolster
beams; the intermediate beams are made of a boxed section (Figures 2 and 3).

The proposed solution was substantiated in this study into the dynamic load of the
bearing structure of a rail car at operational modes operating on main lines. This study also
deals with the determination of the dynamic load of a car transported via a train ferry.

The calculation included the common load diagrams for the bearing structure of a car
transported via a train ferry:

e  Angular displacements around the longitudinal axle X at the angle 6 (rolling motion)
(Figure 4). At the same time, it was taken into account that the car was symmetrically
fixed on the deck with eight ties (four on each side). The ship’s centre of gravity was
at the centre of its displacement (YZ coordinate system). The Y'Z’ coordinate system
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was portable. Under the action of a perturbing influence Pc on the car with a certain
height h,, it was displaced at angle 6.
e  The turning motion of the train ferry loaded with cars while approaching the dock.

e 5 R

(a)

Figure 3. Improved frame of an open car.

Figure 4. Diagram of movements of the open car body during oscillations of the train ferry.
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The dynamic loads on the bearing structure of a car transported via a train ferry were
determined with a mathematical model developed by the authors of the article; it characterizes
the angular displacement of a train ferry loaded with cars during rolling [10,15].
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where q; and q; are the generalized coordinates corresponding to the angular displacement
of the train ferry and the bearing structure of a car around the longitudinal axle, respectively;
D is the ship displacement; B is the breadth of the train ferry; z, is the coordinate of the
centre of gravity of the train ferry; Ay is the coefficient of resistance to the oscillations of the
train ferry; p’ is the static motion of the wind relative to the upper projection of the train
ferry loaded with cars; / is the hull height; F(t) is the force to the train ferry loaded with
rail cars on the decks; f is the coefficient of viscous resistance of a honeycomb panel; c is
the stiffness of a honeycomb panel; b is the width of the bearing structure of a car; p, is the
wind pressure to the bearing structure of a car; k. is the height of the bearing structure of a
car; and Fy is the moment of the forces acting between the bearing structure and the deck.

The disturbing effect takes the form of a trochoidal law of motion of a sea wave, which
has the following form [15]:

F(t)=a+R-e sin(k-a+w-t)+b—R-e - cos(k-a+w-t) )

where g and b are the horizontal and vertical coordinates of the centre of the trajectory
along which the particle rotates, which here have the coordinates x and z, respectively; R is
the radius of the trajectory along which the particle moves, m; w is the frequency of the sea
wave; and k is the frequency of the trajectory of the disturbing effect.

Significantly, the mathematical model built by the authors of this article can be used to
determine the dynamic loads acting on the car transported via various train ferries and
water zones where they operate. However, the model includes neither the stagnation of sea
waves nor the movement of the freight in the car due to the oscillations of the train ferry.
The model also did not include the relationship between the ship’s head and stern. This
assumption was based on the fact that the head is about 2.5° of a given wave height. It
should also be noted that the modelling of the dynamic load of the open car included the
vessel’s nameplate displacement, taking into account its gross tonnage.

These restrictions were based on the experimental research of loading on the bearing
structure of an open car transported via sea while rigidly fixed on the deck, as was described
in the authors’ previous studies. The research included a full-scale experiment during
which the train ferry moved in the Black Sea [16].

Mathematical model (1) was verified with Fisher’s criterion. On the basis of the
calculations of the mean squared error S; = 6.94 and the dispersion of adequacy S, = 35.42,
the actual value of Fisher’s criterion, F, = 5.11, was obtained, which was less than its tabular
value, F; = 5.41. Thus, the hypothesis on the adequacy of the model was not rejected. The
approximation error was about 2%.

The calculation was based on the technical characteristics of the train ferry Geroi
Shipki. Mathematical model (1) includes the characteristics of the disturbing force typical
of the Black Sea: a sea wave height of 8 m, a length of 120 m, and a wind pressure of
1.47 kPa, according to the reference data on the hydrometeorological characteristics of the
sea [17].

A 12-757 open car manufactured by Kryukovsky Railway Car Building Works was
taken as the prototype (Figure 5).

The main technical characteristics of the car are shown in Table 1.

The calculation assumed that the honeycomb panel was made of an elastic, viscous
material. The viscous resistance coefficient was in the range of 150-165 kN-s/m, and



Appl. Sci. 2023, 13, 11022 6 0f 15

the stiffness was in the range of 500-520 kN /m. These parameters were determined via
mathematical modelling using the sequential selection method.

=

=

= e

e )
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g

Figure 5. Open car model 12-757.

Table 1. The main technical characteristics of the car.

Parameter Unit Value
Carrying capacity t 69.0
Tare weight t 25.0
Design speed km/h 120
Dimensions - 1-VM (0-T)
Base mm 8670
Length along the coupler axles mm 13,920
Number of axles - 4
Two-axle bogie - 18-100
Inside body length mm 11,228
Inside body width mm 2964
Inside body height mm 2315

This mathematical model was solved using MathCad software, version 2015 [17-20].
The equations were reduced to the form:

Y3
Y4
P55 F(t)— l/\e'g )Y
[ ()]

h
pe 4 Foc by B b
Iy

F(t,y) = , 3)

Z = rkfixed (YO0, tn, tk,n’, F)

where y1 = q1; Y2 = 42, Y3 = Y1; Y4 = Yo

The function rkfixed is built into the software. This function was used to solve differen-
tial equations using the Runge-Kutta method with a constant pitch [21].

The arguments of the function are as follows:

Y0 is the vector of the initial conditions of K elements (k is the number of equations in
the system);

tn and tk are the left and right boundaries of the interval where the solution is sought,
respectively;

n’ is the number of points within the interval (tn, tk) at which the solution is sought;

F is the vector consisting of K elements, which contains the first derivative of the
required functions.
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The result of the function is a matrix with p + 1 rows, the first column of which contains
the points at which the solution is obtained, and the remaining columns are the solutions.

The generalised accelerations acting on the components of the mechanical system
were calculated in the array ddg; ;:

pobane B RO - A d
\ ) @)
B (B2 5)]

h
peF+th-c i p—PB5un
Iy

The initial conditions were taken as equal to zero [22-26].

ddqj,l =

ddgjp = 5)

3. The Results of Calculating the Load on the Open Car Body with Honeycomb Panels

The calculation results show that the application of honeycomb panels could decrease
the dynamic load of a car by about 25% more in comparison to that of a standard car
(Figure 6). The maximum acceleration for the bearing structure of an open car with the
standard frame was 0.38 m/s?, and that for the improved frame was 0.29 m/s2.

0.4
é« 0.2
=)
2
=
5 o
(5}
3
T 02

~0dg 5 10 75
Time, s
— standard structure;  «wee improved structure

Figure 6. Accelerations of the bearing structure of an open car.

Figure 6 presents the accelerations without the horizontal component of free-fall
acceleration. Upon including a roll angle of the train ferry of 12.2°, the total acceleration
for the bearing structure of an open car with a standard frame was 2.45 m/s? (0.25 g), and
that for the improved frame was 2.36 m/ s2 (0.24 g). This roll value was determined for the
static wind force to the upper projection of the train ferry with rail cars on its deck.

The following stage of the research included the determination of the load on the
bearing structure of a car during the turning motion of the train ferry.

When it was approaching the dock, the ferry turned around for docking to the ramp
and rolling off the rail cars.

The following forces were applied to the ferry when it turned around:

The forces and moments caused by the ferry engines;

The forces on the steering equipment;

The forces and inertia moments, including those from the attached water masses;
The hydraulic mechanic forces and moments on the ferry body.

Moreover, when the ferry turned around, the following forces acted on it: an inertia
force applied to the centre of gravity of the ferry and directed along an instantaneous radius
of curvature and an inertia force along a tangential line to the trajectory of the centre of
gravity at an instantaneous traffic speed [24].
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The centrifugal force on the ferry (Figure 7), and thus, on the rail cars located on it,
was defined by the following formula [24]:

D - 9?2
C= R (6)

where D is the ship displacement of the train ferry; R is the turning radius; and ¢ is the
turning speed.

Figure 7. Diagram of the centrifugal force on the ferry with a car on board when the ferry turns.
1—train ferry; 2—stern engines; 3—rail car; 4—stern engine.

As is known from theoretical mechanics, the centrifugal force can be found using
this formula:

C=D-w?-p, 7)

where w is the angular speed and p is the turning pole.

When the ferry turned around two stern screws and one front screw began to work,
the stern screws acted in opposite directions and formed the moment that facilitated the
turning motion of the ferry. The centrifugal force and the forces through the chain binders
acted on the rail cars located on the ferry decks.

A diagram of the forces acting on the car body through the chain binders when the
ferry turned around is given in Figure 8.

Figure 8. Diagram of the forces acting on a car body through the chain binders when the ferry turns.
1—rail track; 2—car; 3—ferry deck; 4—chain binder; Fy and Fy—projections of the forces acting on
the car body through the chain binder.
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The approximate speed of the turn of the train ferry was ¢ = 1.3 km/h = 0.36 m/s. For
the farthest car body from the sternpost, R = 79 m.
Thus, considering that D = 23744 tons, the value of the centrifugal force was C = 39 kN.
The force transferred to the car body through the chain binder was F = C/a.
Therefore, the force components in the longitudinal and transverse directions were
defined as:
Fy =F-cosB,F, = F-sinp. (8)

The values of the components of the centrifugal force obtained were Fy = 4.9 kN and
Fy,=84KkN.

The loads obtained were included in the strength calculation for the bearing structure
of an open car with honeycomb panels in the body bolster. It was considered that the car
was secured on the deck with the fixing units located on the body bolster (Figure 9) [24].

(b)

Figure 9. Fixation unit of the bearing structure of a car on the deck: (a) structural components of the
unit; (b) an open car body fixed on the deck.

The unit consisted of the bottom part of the body with hook guide 1 (Figure 9a),
which was completely identical to the hitch geometry of the chain binder and intended
for interaction with the fixation unit, radial lug 2 for reducing the load in the contact area
between the fixation unit and the support part, cylindrical part 3 supporting the contact
between the hook and the fixation unit, and the upper part of the body with prismatic part
4 connecting the working and additional parts of the unit with technological reinforcement
5. Support parts 6 were intended for securing the unit on the bolster beam of a rail car
(Figure 9b).

In this study, the material of the honeycomb panels and the sizes of their cells were
considered conceptually. In the course of the mathematical modelling of the load on the
bearing structure of the car, the parameters of the viscosity and stiffness of the panels were
determined, which can later be used for selecting a material with appropriate parameters
and characteristics. The strength calculation was made with the finite element method in
SolidWorks Simulation version 2015 (CosmosWorks) [27-30].

The authors adhered to the following algorithm while investigating the strength of
the body:

Building the finite element model of the open car body;

Developing its calculation scheme;

Developing the body-fixing scheme;

Selecting the construction material;

Carrying out strength calculations, in which the von Mises criterion was used (the
fourth theory of strength). It was taken as the calculation criterion because the material
of the body structure was isotropic.

AR

The main hypothesis of this calculation was that a lower dynamic load of the body
could improve the strength indicators.

The finite element model included isoparametric tetrahedrons, the optimal number
of which was determined using the graphic analytical method [31-33]. The number of
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elements in the mesh was 369,789, and the number of nodes was 120,021. The maximum
element size was 100 mm, and the minimum element size was 20 mm. The maximum
element side ratio was 1779.8, the percentage of elements with a side ratio of less than three
was 21.8%, and the percentage of elements with a side ratio of more than ten was 34.9%.
Therefore, the mesh was created on a solid body and included its surface curvatures [34-36].

The design diagram of an open car is given in Figure 10. The calculation included the
following forces on the bearing structure: the vertical static load P,*, the pressure forces of
the bulk freight Py, and the load from the chain binders P,. As far as the spatial layout
of the chain binders is concerned, the load on the bearing structure through them was
decomposed in three components. Moreover, the angles of the spatial layout of the chain
binders were also included. Mineral carbon was taken as the bulk freight.

Figure 10. A design diagram of the bearing structure of an open car.

Fixed geometry contacts were used in the areas where the body rested on the bogies,
as well as the emphasis jacks (Figure 11).

Standard (Fixed Geometry) A

@ Fixed Geometry j|
b

4] rottensiger
‘ﬁ‘ Fixed Hinge
) R
I
s
[symbol Settings ¥

Figure 11. Modelling of the contacts of the body with bogies and jacks.

The elastic, viscous material was modelled using the spring—-damper links between the
vertical parts of the sheets of the body bolster and the intermediate frame beams (Figure 12).
Steel (09C2Cu) was used as the material for the supporting structure. Its elastic modulus
was 2.1-10° MPa, its tensile strength was 490 MPa, its yield strength was 345 MPa, and
Poisson’s ratio was 0.28.
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—

Figure 12. Modelling of an elastic, viscous link between the vertical parts of the sheets in the frame’s

intermediate beams.

According to the results of the calculation, it was found that the maximum equivalent
stresses were in the bolster beam; they were about 240 MPa (Figure 13), which was 30%
lower than the loads in the standard bolster beam [37]. In this case, the allowable stresses
were determined on the basis of the normative document [37], and they were 310.5 MPa.

von Mises (N/m?)

2.425 x 10
2.223 x 10°
- 2.021 x 10°
- 1.819 x 10
- 1.617 x 10
- 1.415 % 10°
II.ZIS x 10°
- 1.010x 10°
. 8.084 %107
- 6.063 x 107

4.042 x 10
2.021 % 107
9.025 x 10?

Figure 13. Stress state of the bearing structure.

The maximum displacements in the bearing structure of an open car were in the
middle part of the centre sill; they amounted to about 5 mm (Figure 14). Thus, the strength

of the bearing structure did not exceed the allowable values.

URES (mm)
4.546
l 4.167
L 3.788
- 3.409
- 3.031
- 2.652
t 2273
1894
L 1.515
- 1.136

0.757
0378
0.001

Figure 14. Displacements in the units of the bearing structure.

The results of the strength calculation for the bearing structure of an open car during
the turning motion of the train ferry demonstrated that the maximum equivalent stresses
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were about 185 MPa, and the displacements were about 5 mm. Thus, the strength of the
bearing structure has been provided [37].

4. Discussion

This article presents the determination of the load of an open car with elastic, viscous
components in the bearing structure during ro-ro transportation. The improvement was
made via the application of elastic, viscous honeycomb panels between the vertical sheets
of the intermediate, end, and bolster beams; the intermediate beams of an open car frame
were made of a boxed section. This engineering solution can decrease the load of the
bearing structure of an open car during interactions with multiple-use lashing devices.
The manufacturability of this solution can be explained by the fact that the typical open
car design contains reinforcing diaphragms in the bolster beam, with two on each side.
The authors proposed the use of honeycomb elements instead of these diaphragms. They
can be installed in the bolster beam at the stage of car production. It is possible to use
heat-resistant honeycomb elements. Such a solution can ensure the safety of cars during
their repair, e.g., during welding.

A mathematical model was used for determining the dynamic load of an open car
during the rolling motion of a train ferry. However, the model did not include the impact
force of a sea wave on the train ferry. This can be explained by the fact that the centre of
gravity of the open car body is 3 m from the bulwark. In accordance with the normative
document [38], the impact force of the wave in this case can be neglected.

It was also found that the application of honeycomb panels could decrease the dy-
namic load of a rail car by about 25% more in comparison to that of a standard structure
(Figure 6). It should be noted that, by taking into account the introduction of more advanced
energy-absorbing materials in the car structure, the magnitude of the dynamic load can be
reduced further.

The loads obtained were included in the strength calculation for the bearing structure
of an open car with honeycomb panels in the body bolster. It was found that the maximum
equivalent stresses in the bearing structure of an open car did not exceed the allowable
values and were 30% lower than the stresses in the standard bolster beam (Figure 13).

The scientific novelty of this study is that the authors built a mathematical model for
calculating the dynamic load acting on rail cars transported via sea. It should be noted that
this mathematical model was verified through a physical experiment presented in earlier
publications by the authors [10,24].

In addition, this study presents a scientific approach for assessing the strength of the
bearing structure of an open car, taking into account the improvement for sea transportation.

However, only one type of rail car was studied regarding sea transportation. Therefore,
future studies should include other types of rail cars. Moreover, the study conducted did
not include the welding seams between the structural components. Thus, future studies
will include an evaluation of the strength of these welds [39,40].

The advantage of this study compared to those analysed in the first section of the article
is that, in order to ensure the strength of the open car, the authors proposed a reduction
in the dynamic loads rather than strengthening the structure. This can be achieved by
applying energy-absorbing materials to the frame.

The next stage of this study will include an experimental determination of the strength
of an open car body with honeycomb elements using a similar method. This experiment
can be carried out under laboratory conditions.

The research conducted can be used by engineers who are concerned about safe and en-
vironmentally friendly transportation via train ferries and more efficient
ro-ro transportation.
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5. Conclusions

1. This study presents an improvement of the bearing structure of an open car in order
to provide safe transportation via train ferries. It includes the application of elastic,
viscous honeycomb panels between the vertical sheets of the intermediate, end, and
body bolster beams; the intermediate beams of the open car frame are made of a
boxed section. This solution may reduce the load on the bearing structure of an open
car transported via sea. The higher efficiency of a honeycomb panel can be achieved
at a viscous resistance coefficient in the range of 150-165 kN s/m and a stiffness in the
range of 500-520 kN /m.

2. This study also includes a determination of the bearing structure of an open car during
rolling motions. As calculated, the use of honeycomb panels can decrease the dynamic
load by about 25% more in comparison to that of a standard structure. The maximum
acceleration for the bearing structure of an open car with the standard frame was 0.38,
and that for the improved structure was 0.29 m/s?.

3. The authors determined the load of the bearing structure of an open car during the
turning motion of a train ferry; it was found that, with a turning speed of the train
ferry of v = 0.36 m/s and a turning radius of R = 79, the value of the centrifugal force
was C =39 kN. The components of the centrifugal force acting on the bearing structure
of an open car through the chain binders were Fx = 4.9 kN and Fy = 8.4 kN.

4. The strength of the bearing structure of an open car transported via a train ferry was
studied. The strength of the bearing structure of an open car transported via sea
was calculated.

5. The results of the calculation made it possible to conclude that the maximum equiv-
alent stresses were in the bolster beam; their value was about 240 MPa, which was
30% lower than the loads in the standard bolster beam. The maximum displacements
in the bearing structure of an open car were in the middle part of the centre sill; they
were about 5 mm.

6.  The results of the strength calculation for the bearing structure of an open car during
the turning motion of a train ferry demonstrated that the maximum equivalent stress
was about 185 MPa, and the displacements were about 5 mm. Thus, the strength of
the bearing structure of an open car has been provided.
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