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Featured Application: The data obtained during the study will be useful in the development and
construction of innovative rolling stock. The results of the work will also contribute to increasing
the efficiency of operation and safety of rolling stock by reducing their dynamic loading.

Abstract: The study deals with determination of the vertical load on the carrying structure of a flat
wagon on the 18–100 and Y25 bogies using mathematic modelling. The study was made for an empty
wagon passing over a joint irregularity. The authors calculated the carrying structure of a flat wagon
with the designed parameters and the actual features recorded during field tests. The mathematical
model was solved in MathCad software. The study found that application of the Y25 bogie for a
flat wagon with the designed parameters can decrease the dynamic load by 41.1% in comparison
to that with the 18–100 bogie. Therefore, application of the Y25 bogie under a flat wagon with the
actual parameters allows decreasing the dynamic loading by 41.4% in comparison to that with the
18–100 bogie. The study also looks at the service life of the supporting structure of a flat wagon with
the Y25 bogie, which can be more than twice as long as the 18–100 bogie. The research can be of
interest for specialists concerned with improvements in the dynamic characteristics and the fatigue
strength of freight cars, safe rail operation, freight security, and the results of the research can be used
for development of innovative wagon structures.

Keywords: transport mechanics; flat wagon; carrying structure; dynamic load; dynamics modelling;
service life

1. Introduction

The purchase of innovative freight wagons requires large capital investments. A
preliminary estimate has shown that renovating an existing rolling stock in terms of its
efficient operation is more cost-effective than purchasing new transport means. Therefore,
introduction of the measures aimed at decreasing loads on the railway vehicles under
operational modes is of primary importance.

As known, the dynamic loading, conditioned by a lot of factors, impact mostly the
strength and the operational life of the carrying structure of rail wagons and one of the most
important factors is the joint irregularity. The periodic dynamic loading transferring from
the bogie to the carrying structure results on fatigue behaviour. Therefore, for a purpose
of a longer service life of a rail wagon, it is of importance to research into the dynamic
loading on the carrying structure of a wagon for various types of bogie. The broad-gauge
lines mostly use the 18–100 bogie which has been in operation since 1950s. This bogie has
been modernized many times since then.

In addition, better dynamic characteristics of rail cars, provision of tensile strength and
fatigue strength, longer service life, freight security during transportation can be achieved
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through the research into the optimal design of gear parts under the new rail wagons with
a longer service life.

The narrow-gauge lines mostly use the Y25 bogie. This bogie has good operational
characteristics and at present it has several modifications. Therefore, it is important to
research the dynamic loading on the carrying structure of rail wagons with this bogie type
and analyze a possibility to use it as an alternative to the 18–100 bogie.

2. Analysis of Recent Research and Publications

The mechanical resistance of a rail vehicle and measures for its improvements are
studied in [1]. The research was made with the mathematic modelling. The results were
used for grounding the application of a semi-active bogie suspension.

The dynamic analysis for a wagon with modified bogies is presented in [2]. The
calculation was made for a Shimmns freight wagon in motion for the loaded and empty
states. However, these studies do not include determination of the dynamic loading on a
wagon with the actual parameters of the carrying elements and introduction of measures
for a decrease in the dynamic loads.

The structural analysis of a modified freight wagon is given in [3]. The problem was
solved by means of the finite element methods (FEM). The results of the calculation proved
the efficiency of the solutions taken.

The modelling properties of a wagon multi-wheel system and its dynamic properties
using computational modelling are described in [4]. This approach was made for a freight
wagon on the Y25 bogie. However, the authors did not study the impact of the Y25 bogie
on the dynamic load of the carrying structure.

The approach into an impact of a three-piece bogie suspension with two types of
friction wedges on the vertical load is presented in [5]. The characteristics of dynamic
response and comparison with various friction conditions for a friction wedge and the input
frequencies were given in the study. The measures for improvements of the rail strength
due to application of a new bogie are given in [6]. The authors also make suggestions
regarding the freight bogie development. They substantiated the application of the Y25L
in terms of the operational security of the rolling stock. However, it should be noted,
that these studies do not include the impact of proposed solutions to the service life of
rail vehicles.

Studies [7,8] present some measures to decrease the dynamic loading of the carrying
structure of a rail wagon and to prolong the service life. The substantiation of the solutions
was made by means of the mathematical modelling with the subsequent computer sup-
porting. However, the authors do not explore a possibility to apply the bogie of the optimal
spring suspension characteristics to decrease the dynamic loading of the carrying structure.

The literature analysis made it possible to conclude that the issue for determining
the vertical load of the carrying structure of a wagon with the Y25 bogie, as an alternative
variant to the 18–100 bogie, has not been studied yet. Thus, it requires appropriate research
in the field.

3. The Objective and the Tasks of the Research

The objective of the article is to present special features for determining the vertical
load of the carrying structure of a flat wagon with the Y25 bogie and substantiate the
application of this bogie for broad-gauge lines as an alternative to the 18–100 bogie. To
achieve the objective the following tasks were set:

• mathematical modelling of the dynamic loading on the carrying structure of a flat
wagon with the design parameters with the 18–100 and Y25 bogies,

• mathematical modelling of the dynamic loading on the carrying structure of a flat
wagon with the actual parameters with the 18–100 and Y25 bogies,

• determination of the design service life of the carrying structure of a flat wagon with
the 18–100 and Y25 bogies.
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4. The Presentation of the Main Content of the Study

The basic dynamic characteristics of the carrying structure of a wagon with the Y25
and 18–100 bogies were determined by means of the mathematical modelling. It was based
on the mathematical model proposed by Professor Yu. V. Diomin and Associate Professor G.
Yu. Cherniak [9]. The research was made in the plane coordinates. The study included the
bouncing oscillations as one of the most frequent oscillations for rail vehicles in operation.

The calculation was made for a 13–401 flat wagon modernized for container trans-
portation (see Figure 1). This wagon type was chosen as the prototype as it is the most
widespread wagon for international transportation.
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Figure 1. Flat car 13–401 (a) universal; (b) modified for container transportation.

The authors defined the dynamic loading of the carrying structure of a flat wagon
with the design (initial) parameters on the 18–100 and Y25 bogies, and also a flat wagon
with the actual parameters recorded during field tests.

The study included motion of an empty wagon, because it was the best way to study
the dynamic loading when the wagon passed over a joint irregularity. The track was taken
as a viscous elastic component. It was assumed that the track behaviour was proportional
to both its deformation value and the speed of this deformation. Taking into account this
assumption, the expression for determining the dissipative energy was obtained from the
expression of the potential energy, by replacing the generalized coordinates in it with the
generalized velocities and spring stiffnesses—the damping coefficients.

The dynamic computational model of the wagon is shown in Figure 2.
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The flat wagon was taken as a system of three solid bodies: frame and two bogies
with suspension groups.

The following links for the system were assumed:
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• displacements of the frame and the bogies of a flat wagon along the track axle
were equal,

• wheelsets were moving without a sliding,
• due to absence of elastic elements in the axle–box suspension, the bouncing of the

bogies was determined through the bouncing of the wheelsets.

The equations of motion for the designed model are as follows:

M1
d2

dt2 q1 + C1,1q1 + C1,3q3 + C1,5q5 = Fz, (1)

M2
d2

dt2 q2 + C2,2q2 + C2,3q3 + C2,5q5 = Fϕ, (2)

M3
d2

dt2 q3 + C3,1q1 + C3,2q2 + C3,3q3 + B3,3
d
dt

q3 = Fz,B1, (3)

M4
d2

dt2 q4 + C4,4q4 + B4,4
d
dt

q4 = Fϕ,B1, (4)

M5
d2

dt2 q5 + C5,1q1 + C5,2q2 + C5,5q5 + B5,5
d
dt

q5 = Fz,B2, (5)

M6
d2

dt2 q6 + C6,6q6 + B6,6
d
dt

q6 = Fϕ,B2, (6)

Fz = −FFR

(
sign

(
d
dt

δ1

)
+ sign

(
d
dt

δ2

))
, (7)

Fϕ = FFRl
(

sign
(

d
dt

δ1

)
− sign

(
d
dt

δ2

))
(8)

Fz,B1 = FFRsign
(

d
dt

δ1

)
+ k1(η1 + η2) + β1

(
d
dt

η1 +
d
dt

η2

)
, (9)

Fϕ,B1 = −k1a(η1 − η2)− β1a
(

d
dt

η1 −
d
dt

η2

)
, (10)

Fz,B2 = FFRsign
(

d
dt

δ2

)
+ k1(η3 + η4) + β1

(
d
dt

η3 +
d
dt

η4

)
, (11)

Fϕ,B2 = −k1a(η3 − η4)− β1a
(

d
dt

η3 −
d
dt

η4

)
, (12)

where M1, M2—mass and inertia moment of the carrying structure of the flat wagon at
bouncing and galloping oscillations, respectively; M3, M4—mass and inertia moment of the
first bogie facing the engine at bounding and galloping oscillations, respectively; M5, M6—
mass and inertia moment of the second bogie facing the engine at bounding and galloping
oscillations, respectively; Cij—characteristics of elastic elements of the oscillating system;
Bi—scattering function; a—half-base of a bogie; qi—generalized coordinates corresponding
to the advancing movement relative to the vertical axle and the angular displacement
around the vertical axle; ki—track stiffness; βi—damping coefficient; FFR—absolute friction
force in a spring group.

The input parameters of the model were the technical characteristics of the carrying
structure with the design and actual parameters, the bogies (Figures 3 and 4), and the
disturbing force (Table 1).
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Table 1. Parameters of the disturbing force.

Track Parameter Value

damping coefficient, kN·s/m 200
stiffness, kN/m 100,000

irregularity amplitude, m 0.01
irregularity length, m 25

The mass and the moment of inertia of the carrying structure of the flat wagon with
the design parameters and with the actual parameters were determined through their
spatial models in SolidWorks software [10–12] The mass of the carrying structure of the flat
wagon with the design parameters was 15.6 tons, the moment of inertia 283.1 ton × m2,
and those with the actual parameters 11.1 ton and 102 ton × m2, respectively (Figure 5).
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Differential Equations (1)–(6) were reduced to standard Cauchy problems and then
they were integrated by the Runge–Kutta method [13–18]. The initial displacements and
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speeds were taken equal to zero. Based on the calculation, the basic parameters of dynamics
for wagons with the 18–100 and Y25 bogie were found.

The accelerations on the carrying structure of the flat wagon with the actual parameters
on the 18–100 and Y25 bogies in the center of gravity are given in Figures 6 and 7 and the
accelerations in the areas of support on the bogies in Figures 8 and 9.
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Mathematical model (1)–(6) was used for determination of other dynamic parameters
of a flat wagon (Table 2). The calculation was made for a wagon speed of 80 kph.

Table 2. Dynamic parameters of an empty flat wagon in motion.

Parameter
Bogie Type

18–100 Y25 Parameter Improvement, %

Bogie acceleration, m/s2 2.96 1.95 34.1
Bogie acceleration in areas of support on the bogie, m/s2 5.53 3.16 42.9

Force in the spring suspension of a bogie, kN 38.5 21.53 44.2
Dynamic coefficient of the bogie 0.49 0.28 42.9

The results obtained made it possible to conclude that the dynamic parameters were
within the allowable values and the motion of the wagon can be estimated as excel-
lent [19,20]. A comparative study of the dynamic parameters of the flat wagon is given in
Figure 10.
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The application of the Y25 bogie for a flat wagon can decrease the acceleration of the
carrying structure in comparison to that with the 18–100 bogie by 34%. The other dynamic
parameters were also improved (Figures 11 and 12).
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The next research stage included determination of the dynamic characteristics of the
flat wagon with the actual parameters. The accelerations on the carrying structure of the
flat wagon in the center of gravity are given in Figures 11 and 12 and the accelerations in
the areas of support on the bogies in Figures 13 and 14.
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The mathematical model (1)–(6) was also used for determination of other dynamic
parameters of the flat wagon (Table 3). The calculation was made for a wagon speed of
80 kph.

Table 3. Dynamic parameters of an empty flat wagon in motion.

Parameter
Bogie Type

18–100 Y25 Parameter Improvement, %

Bogie acceleration, m/s2 3.72 2.21 40.6
Bogie acceleration in areas of support on the bogie, m/s2 9.75 3.62 62.8
Force in the spring suspension of a bogie, kN 33.6 18.5 45.1
Dynamic coefficient of a bogie 0.61 0.34 44.3

The results obtained made it possible to conclude that the dynamic parameters were
within the allowable values and the motion of the wagon can be estimated as excel-
lent [19,20].

The comparative study of the dynamic parameters obtained for the flat wagon is
given in Figure 15. It demonstrates improvements in percentage for certain dynamic
parameters of the wagon with the Y25 bogie in comparison to those for a flat wagon with
the 18–100 bogie.

The application of the Y25 bogie for the flat wagon with the actual parameters can de-
crease the acceleration of the carrying structure in comparison to that with the 18–100 bogie
by 41%. The other dynamic parameters were also improved (see Figure 15).

The design service life of the flat wagon with the 18–100 and Y25 bogies was deter-
mined using the method presented in [21]:

Tn =
(σ−1L/[n])mN0

B fdσm
ae

, (13)

where σ-1L—average value of the endurance limit; n—allowable strength factor; m—fatigue
curve exponent; N0—test base; B—coefficient characterizing continuous work in seconds;
fd—efficient frequency of dynamic stresses; σae—amplitude of equivalent dynamic stresses.
The coefficient that characterizes the time of continuous operation of the wagon is deter-
mined by the formula:

B =
365·103Lavr

vavr(1 + 0.34)
, (14)

where Lavr—average daily wagon mileage, km (≈250 km); vavr—average value of a wagon
speed, m/s; 0.34—empty operating ratio.
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The effective frequency of dynamic loadings is determined by

fe =
1.1
2π

√
g
ys

, (15)

where ys—static deflection of spring suspension, mm. The rest of the variables of Formula (13)
are taken from the source [21].

The amplitude of equivalent dynamic stresses was determined by the formula:

σae = σwl(kdv + ψσ/Kσ), (16)

where σwl—stresses from the static weight load; kdv—coefficient of vertical dynamics;
ψσ—sensitivity coefficient; Kσ—overall fatigue strength reduction coefficient.
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The determination of the amplitude of equivalent dynamic stresses included the side
force coefficient equaled 1.1.

The following input parameters were taken for the calculation: σ1L = 245 MPa; n = 2;
m = 8; N0 = 107; B = 3.07 × 106 s; fd = 2.7 Hz; ψσ/Kσ = 0.2.

To determine the stresses from the static weight load of the supporting structure of the
flat wagon, a strength calculation was carried out using the finite element method in the
SolidWorks simulation software package (CosmosWorks) [22–25]. Spatial isoparametric
tetrahedrons were taken as the finite elements. Based on the previous research work of
the authors, this element type provides sufficient convergence with technical experiments.
Therefore, this type of tetrahedron was also selected in this study. The optimal number of
elements was calculated with the graphic analytical method [26,27]. In this case, the mesh
was created with respect to the curved surfaces of the supporting elements of the frame. In
the areas of interfaces, as well as the interactions of structural elements with each other, the
mesh was compacted using software options.

The number of elements in a mesh was 368,732, and number of nodes 14,938. The
maximum element size in a mesh was 235.62 mm, the minimum size—47.12 mm, the
maximum element side ratio—332; the percentage of elements with the side ratio less than
three—24.6, and more than ten—31.5. 09G2S steel was taken as the material for the carrying
structure, the mechanical parameters of which are given in Table 4.

The model was fixed in the areas of support on the bogies. The design diagram of the
flat wagon is given in Figure 16. The study included the vertical load Pv, conditioned by
the deadweight, on the carrying structure.
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Table 4. Basic mechanical properties of 09G2S steel.

Property Value

Elastic modulus, MPa 2.1 × 105

Ultimate strength, MPa 490
Yield strength, MPa 345

Shear modulus, MPa 7.9 × 104

Poisson’s ratio Mass density, t/m3 0.28
Mass density, t/m3 7.8
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The calculation demonstrated that the maximum equivalent stresses in the carrying
structure of the flat wagon with the design parameters were concentrated in the contact area
between the bolster beam and the center sill; they accounted for 88.95 MPa (see Figure 17).
The carrying structure of the flat wagon with the actual parameters had the maximum
equivalent stresses 79.95 MPa.
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The calculation demonstrated that the design service life of the carrying structure
of the flat wagon with the design parameters on the Y25 bogie twice long as the period
calculated for the 18–100 bogie. At the same time, the maximum equivalent stresses in the
supporting structure of the flat wagon with nominal parameters on bogies Y25 amounted
to 88.95 MPa, and 170.3 MPa on bogies 18–100. Similar results were obtained for a flat
wagon with the actual parameters. It should be noted that the service life obtained should
be adjusted with consideration of additional studies into the longitudinal load on the
carrying structure of the flat wagon and both field and bench experiments.

5. The Discussion of the Results Obtained

The authors made the mathematical modelling of dynamic loading for the 18–100
and Y25 bogies. The research was conducted for the 13–401 flat wagon with the design
parameters and the actual parameters registered during field tests. It was found that
application of the Y25 bogie can decrease the dynamic loading of the carrying structure of
the flat wagon by more than 40% in comparison to that with the 18–100 bogie (Figure 16).
The results of calculating the strength of the supporting structure of the flat wagon made
it possible to conclude that the maximum equivalent stresses considering its nominal
parameters on Y25 bogies, amounted to 88.95 MPa (Figure 17), which is half below the
maximum equivalent stresses of the supporting structure on 18–100 bogies. The service
life of the flat wagon can be prolonged twice. The calculation was made for an empty flat
wagon in motion.

It should be noted that the authors studied the dynamic loading of the flat wagon
in the vertical plane. They believe that further research in the field should determine the
dynamic loading in the longitudinal and transverse directions. In addition, it is of primary
importance to research the dynamic loading of the carrying structure of the flat wagon. It
can be made with the strain gauge technique.

In addition, the support diagram of the Y25 bogie for flat wagons used on the broad-
gauge lines should be improved. The authors will study these issues in their further
research in the field.

6. Conclusions

The research deals with the mathematical modelling of the dynamic loading on
the carrying structure of the flat wagon with the design parameters on the 18–100 and
Y25 bogies. The approach was made in the plane coordinates for an empty wagon passing
over a joint irregularity. The study found that application of the Y25 bogie for a flat wagon
with the design parameters can decrease the dynamic load by 34% in comparison to that
with the 18–100 bogie.

The authors made the mathematical modelling of the dynamic loading on the carrying
structure of the flat wagon with the actual parameters on the 18–100 and Y25 bogies. The
study included the actual parameters of the carrying elements of the flat wagon frame
recorded during field tests. It was found that application of the Y25 bogie for a flat wagon
with the actual parameters can decrease the dynamic loading by 40.6% in comparison to
that with the 18–100 bogie.

The study found the design service life of the carrying structure of the flat wagon with
the Y25 bogie. The calculation demonstrated that the design service life of the carrying
structure of the flat wagon with the design parameters on the Y25 bogie is twice as long as
the period obtained for the 18–100 bogie. Similar results were obtained for a flat wagon
with the actual parameters.

This research can be of interest for those who are concerned about improvements in
the dynamic characteristics and the strength (fatigue strength) of freight wagons, safe rail
transportation, freight security, and development of new rail vehicles.
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