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Abstract: The purpose of the study is to establish compliance of the design of the modernized car with the
requirements for safe operation. An option has been proposed for upgrading a passenger wagon to a Mobile
Diagnostic Complex for transporting a combined vehicle equipped with appropriate flaw detection equipment
intended for rail diagnostics. The authors have established the most optimal option for locating the diagnostic
vehicle on board the Mobile Diagnostic Complex (MDC) wagon, taking into account the additional load from
the vehicle. To achieve this goal, the article developed a three-dimensional model of the supporting structure
of the wagon body, proposed a methodology and presented the results of a study of the stress-strain state of
the wagon body, taking into account the additional weight of the wagon. The article develops a methodology
for studying the natural frequencies of vibrations of the wagon body and develops a three-dimensional model
of the wagon for calculating dynamic indicators in the Universal Mechanism software package. Taking into
account the previously carried out strength calculations, as well as in order to maintain the factory life cycle
indicators of the supporting structure of the wagon body, it is recommended to use the model in the first
version.

Keywords: passenger wagon; body; modernization; dynamics; strength; stress-strain state;
modeling; analysis

1. Introduction

The entire history of the development of railway transport is associated with the continuous
improvement of rolling stock and railway infrastructure [1]. Today, a large number of freight and
passenger cars, as well as specialized wagons, are in operation [2]. However, when operating freight
and passenger wagons, there is a need to modernize the factory design, which is associated with
expanding their scope of application or purpose [3]. To establish compliance of the design of the
modernized wagon with the requirements for safe operation, it is necessary to perform calculations
of its dynamic, strength characteristics and the stress-strain state of the body of the modernized
wagon [4].

Conversion of a passenger wagon into a utility wagon is a process in which a passenger wagon
can be modified to perform various functions, such as transporting goods, transporting animals, or
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even be used as a residential or office wagon [5]. This may include changing the interior of the wagon,
adding additional cargo compartments, or installing special equipment and fixtures.

The conversion process may include:

1. Removal of passenger seats, partitions and other equipment from the passenger wagon [6].

2. Adding or modifying doorways, windows and other wagon body elements to provide the
required functions.

3. Installation of additional equipment such as cargo fastenings, ventilation systems, lighting
fixtures, etc.

4. Changing the electrical, pneumatic or hydraulic systems of the wagon in accordance with new
functions.

5. Inspection and certification of the wagon for its safe use for a new purpose.

Utility railcars can be useful for short-haul companies or those who want to use their railcar fleet
more flexibly [7]. However, converting a passenger wagon requires significant investment and can
take a long time.

Converting a passenger wagon to a utility wagon involves removing the passenger seats,
installing additional cargo compartments, and changing the electrical, pneumatic and hydraulic
systems. Universal carriages can be used for transporting goods, animals and as residential or office
carriages [8].

The literature review carried out by the authors shows that to date, numerous studies have been
carried out on the influence of operating conditions on the load-bearing structures of rolling stock
[1], numerical and analytical methods for assessing the service life of railway wagons in existing and
future operating conditions [2].

Some studies contain a number of recommendations for developing current requirements for
wagons and locomotives [9], as well as studying issues of increasing safety and reducing the causes
of derailments in railway transport, when driving in various operating conditions [10]. Also, many
studies are devoted to the issues of re-equipment and modernization of units and parts of rolling
stock and metro trains [11]. A number of publications study problems related to the interaction of
track and rolling stock, assessment of the actual state of the design of rolling stock and track; such
studies make it possible to develop theoretical foundations for conceptually new models of rolling
stock [12], and prove the relevance of the chosen direction for study in this work [13].

The design, development and manufacture of wagons, as a rule, are accompanied by a large
number of design and testing work [14]. At the present stage of development, design development
of freight and passenger wagons is carried out using modeling, which can significantly reduce the
time and costs for the development of wagons of a new design [15].

2. Dynamic and strength calculations of the modernized wagon model 61-4179 TVZ

The main goal of this study is to substantiate the feasibility and safety of operating an MDC
wagon, modernized as a garage wagon for an additional load from a vehicle weighing up to 3 tons,
as well as to calculate the most optimal location of the diagnostic vehicle on board the MDC wagon,
modernized as a garage wagon, taking into account the additional load from the wagon [16].

To achieve this goal, the following tasks were solved:

1. A three-dimensional model of the supporting structure of the wagon body was developed;

2. A methodology has been developed for studying the stress-strain state of the wagon body,
taking into account the additional weight of the wagon;

3. A methodology has been developed for studying the natural frequencies of vibrations of the
wagon body;

4. A three-dimensional model of the wagon has been developed to calculate dynamic indicators
in the Universal Mechanism software package.

3. Materials and Methods
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3.1. Mechanical and mathematical modeling of the stress-strain state of the wagon body of model 61-4179
TVZ

According to the set goal and objectives, a 3D model of the wagon body with a center beam was
created. The object of study was a passenger wagon (compartment with sleeping places) models 61-
4179 TVZ. The wagon is designed for operation as part of 1520 mm gauge passenger trains at speeds
of up to 160 km/h. The wagon body is a load-bearing all-metal welded structure with openings for
windows, doors and hatches, reinforced with stiffening elements [17].

The body rests on two bogies of the KVZ-TsNII-1 model, designed for operation under
passenger wagons on 1520 mm gauge main roads. To carry out the research, a model of the passenger
wagon body was created using the finite element method (FEM). FEM was implemented using the
ANSYS software package. The finite element method is a refined version of the displacement method,
where the sought factors are considered to be elastic displacements of a deformed body [18]. The
structure under study is represented by a deformable body, which is divided into finite elements (FE)
connected by nodes and forms an FE design scheme. During the study, two types of design diagram
of the passenger wagon body were considered (see Figure 1), as well as FEM (see Figure 2): 1) version
1 (extreme location of the wagon on board the wagon), 2) version 2 (with the wagon located closer to
the center of the wagon).

1st version

1 2 3 4
; I/— //— s’ 1/_ = //,4\\
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— |
2nd version
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=8 . B [] f
= = = i
= i | e

Figure 1. Scheme of installing a wagon in the back of a carriage.
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version 1

version 2

Figure 2. Three-dimensional model of the supporting structure of the wagon body.

When creating FE models, the characteristics of the isotropic material of the model were
specified by the following values: Young’s modulus E = 2.1x105 MN/m?, shear modulus G = 0.808
MN/m?, Poisson’s ratio pt = 0.3.

The boundary conditions for the calculation were specified as:

The body was supported on the platform and side slides, the vertical load was set identically to
the weight characteristics carried out, 27 tons + 3 tons of vehicle weight, on the other hand, the
distributed load of equipment and compartment rooms with a total weight of 30 tons. As a result of
the mathematical modeling, the maximum values of elastic deformation in the vertical plane were
calculated. Thus, the maximum values of elastic deflection deformation of the center beam (see Figure
3a) for design 1 was 9.34 mm, while for design 2 (see Figure 3 b) it was 13 mm.

The difference in deformation of 3.66 mm is due to the fact that in version 1 the weight of the
wagon falls in the area where the wagon body rests on the bogie, and in version 2 the weight of the
wagon moves away from the support zone, thereby causing a greater deflection of the wagon body
[19].

The equivalent stresses on the floor of the wagon for both version 1 and version 2 turned out to
be around 47 MPa, these values are within the permissible limits and do not affect the service life of
the wagon body [20].
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Figure 3. The greatest deformations of the wagon body: a) version 1; b) version 2.
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Figure 4. Equivalent stresses on the wagon floor: a) version 1; b) version 2.

The equivalent stress of the center beam for the 1st version in the area of the pivot beam was 105
MPa, with gradual dissipation closer to the center of the wagon up to 6 MPa, and for the 2nd version
125 MPa, at the junction with the pivot beam and dissipation up to 13 MPa closer to the center of the
wagon. As can be seen from (see Figure 5 b), the tension of the center beam for version 2 is maintained
along the entire length, while for version 1 the tension is closer to zero [21].

The calculation of the natural frequencies of vertical vibrations showed the identity of the
vibration shapes (see Figure 6 ab), with a slight discrepancy in the vertical accelerations of the body
(see Figure 7 a-b), for 1st version 15.367 mm/s? and for 2nd version 15.476 mm/s?.
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Figure 5. Equivalent stresses on the center and transverse beams: a) version 1; b) version 2.
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Figure 6. Natural frequencies of vertical vibrations of the body: a) version 1; b) version 2.
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Figure 7. Maximum values of vertical body accelerations: a) version 1; b) version 2.3. Results.

4. Results and discussion

4.1. Calculation of indicators of dynamic qualities of a modernized wagon model 61-4179 TVZ

When performing calculations of dynamic indicators of designed or modernized rail vehicles,
the calculated values of the main dynamic indicators are compared with the standardized values [15,
16]. Standardized values include: coefficient of vertical dynamics, coefficient of horizontal dynamics,
safety factor of the wagon against overturning, safety factor of the wheel against derailment. These
metrics are evaluated for different loading options. In this case, for a passenger wagon, this is the
option of an empty wagon and a wagon with different weight settings from a wagon to 3 tons.

Let's consider the calculation of the main standardized dynamic indicators of a passenger wagon
using the example of a wagon model 61-4179.
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The dynamic properties of the wagon were calculated using the “Universal Mechanism”
software package [17]. To carry out the calculations, models of the wagon were created with two
different designs (1st version with the extreme location of the wagon on board the wagon, 2nd version
with the location of the wagon closer to the center of the wagon).

Initial conditions for calculation:

Calculations were made for curved sections of the track, with and without taking into account
irregularities on the rolling surface of the rails.
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Figure 8. Macrogeometry of the path: a) S - shaped curve Ri=350 m, R2=300 m; b) curve R=350 m.
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Figure 9. Vertical irregularities in the path.

Table 1. Calculated indicators of the wagon.

Mass - 57000.000 kg

Center of mass (0.000, 0.000, Center of mass (0.594, 0.000,

0.982)
Moment of inertia (75600.1,
1984724.0, 1980614.0)

Mass - 60000.000 kg

1.083)

Moment of inertia (139514.4,
2329749.0, 2303352.0)

Mass - 60000.000 kg

Center of mass (0.468, 0.000,
1.083)

Moment of inertia (139514.4,
2235318.0, 2208920.0)

d0i:10.20944/preprints202402.1097.v1
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Figure 11. Graphic model of the wagon and track, S - shaped curve Ri=350 m, R=300 m.

At the first stage, the frame forces arising during the passage of an S-shaped curve were
determined, without taking into account track unevenness. In all 3 cases (see Figure 12) the force
values are within the permissible limits with a large margin, however, it should be noted that the
greatest forces arise in the 1st version 23.6 kN, which is 7.6 kN more than in the 2nd version th
execution.

It should be noted that the indicated values were taken as the dependence of the greatest forces
on R2 =300 m, at a speed of 60 km/h.

Next, the frame forces occurring when passing a curve with a radius of 350 m were calculated.
For comparison, the graphs show all wheel sets (see Figure 13). For a wagon without loading, the
highest values of frame forces occurred at the 1st and 4th wheelsets. and have a spasmodic character,
with maximum values at the entrance and exit from the curve, while the 1st and 2nd executions have
the highest value at the first point. in the direction of movement. In all 3 cases, the force values are
also within the acceptable range with a large margin [22].

Total forces in the transverse direction (see Figure 14). In all 3 cases, the force values are within
acceptable limits with a large margin. So for all 3 models the value of forces from the 1st wheelsets
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are the largest and range from 25-27 kN. The next highest values were obtained for 3 wheelsets. 19-
19.8 kN.

The total forces acting in the transverse direction, in a curve with a radius of R350 m, taking into
account irregularities (see Figure 15). The highest total lateral forces for the 1st and 2nd versions are
within 30-31 kN, and for a carriage excluding wagons 27 kN. This is on average 3 kN more than on
the path without taking into account irregularities.
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: guiding force 38 kN;
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40000 |-

a wagon on board Ist version (purple)
ing force 49 kN, (green) frame force 23.6
kN

with a car on board 2nd version (purple)
“gniding force 43 kN, (green) frame force 16 kN

Figure 12. Dependence of frame and guiding forces on the distance traveled in the curve.
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Figure 13. Dependence of frame forces on the distance traveled in the curve.
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Figure 17. Dependence of frame forces on the distance traveled in a curve with a radius of 350 m,

taking into account irregularities.

The coefficient of vertical dynamics kv is considered in [19] as a random function with a

probability distribution of the form:
2
P(k)-1-e] - g |

The coefficient kva is defined as the quantile of this function with the calculated one-sided
probability P(k.:) according to the formula:
Ko [4 1
S —
z \z  1-Pk,)
where kva —is the average probable value of the vertical dynamics coefficient.

k,=a+36-10"b Y _i15
st

where a - is the coefficient equal to 0.05 for body elements; b — is the coefficient taking into account
the influence of the number of axles n=2 in a bogie or a group of bogies under one end of the carriage.

p=N*t2_2+2_,
n 2.2

where V —is the design speed; f\. — is the static deflection of the spring suspension of a carriage with

kvd =

passengers.
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VAR
\

VAY

MepemerHble

LA AR
VAVIAVAVAV

.F(SprlngZ_lL):L - OBobLueHHbIT MHeiHbI cAnoBoit 3nemeHT (Spring2_1L) , Ko3d. AnHaMKn
.F(SprrngZ_lR):L - OBobueHHbI NMHEIHEIT cnoBoit anemeHT (Spring2_1R) , Ko3d. AnHaMKKM
@ .F(SpnngZ_Z.):L - OBobiuierHbiit MHENHbIN C1N0BON 3neMeHT (Spring2_2L) , Ko3d. anHaMAKu
.F(Spw\gZ_ZR):L - ObobuerHbIi NHeHLI 0Mnosoit anemenT (Spring2_2R) , Ko3d. anHaMKm
E] .F(Roﬂ bar 1):L - OBobuweHHsI1 nuHelHbI canosoi 3nemexT (Roll bar 1) , koad. anHamkn
%} .F(Roll bar 2):L - ObobuwerHbit nHelHbIt ainosoit anemenT (Roll bar 2) , koad. anHamxn

1st version

oaff- b -

f ﬁ f
AMALAA

>

TV YV VY

-F(Spnngl_l.L):L - OBoBleHHbI NMHeHEI oo 3nemeHT (Spring2_1L) , Ko3d. AuHaMAKK
-F(Spnr\gz_l.R):L - OBoBuieHHbIN NMHENHLI CMnoBoit sneMeHT (Spring2_1R) , Ko3d. AnHaMMKN
%] .F(Spnng 2_2):L - O6obuuseHHbI MMHENHBI G1N0Boi 3neMenT (Spring2_2L) , Kosd. AnHaMku
F(Spring2_2R):L - OBbobuierHsin nuHediHsi canoson snemeHT (Spring2_2R) , Ko3d. AuHaMikn
F(Roll bar 1):L - OfobuierHbit nuHelHbIt anosoi anemenT (Roll bar 1) , kosd.

- 2nd version

B.F(Roll bar 2):L - O6obuieHHbI1 MHedHbIR cnosoit snemeHT (Roll bar 2) , koad. anHamm
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Figure 18. Vertical dynamics coefficient.

Wagon without a wagon on board 0.0093 radians Mepeverrsie
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™M .yaw3 - Yron naberanus, K.n, 3
.yaw4 - Yron Haberanus, K.n, 4
oot ' MNepemerHbie ]

.yawl - Yron Haberanms, k.n, 1
""" @-yawz - Yron Haberanms, k.n. 2

/—H %] .yaw3 - Yron Haberanms, k.n. 3
v \ \ """ -yaw4 - Yron Haberanus, k.n, 4

-version 0.0090 radians

W

= MNepemerHbie
-yaw 1 - Yron Haberanms, k.n, 1
.yawz - Yron Haberanus, K.n. 2
- [z.yaw3 - ¥ron Haberanus, K.n. 3
.yaw4 - Yron Haberanus, K.n, 4
L 2-version 0.0098 radians I
iR \\V/ \ W/\\\/ \\ / \\/ | ﬁv L

Figure 19. Dependence of the approach angle of wheelsets on the passage of a curved section of the
track.
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Figure 20. Unsuppressed acceleration of the car body from passing a curved section of track.

Vertical and horizontal inertia forces of bodies, for R350 m curves, taking into account
unevenness. The inertial components of the body in the vertical and horizontal planes, taking into
account disturbing factors [20], turned out to be the largest for the 1st version of the body, and the
smallest, respectively, without taking into account the load of the car. Inertial forces are also within
the permissible limits according to the requirements of GOST 34759-2021. Frame and guiding forces
from the 1st wheelstes in the direction of movement, taking into account unevenness on the rail
rolling surface. As can be seen from the graphs (see Figure 17), disturbing factors in the form of track
irregularities negatively affect the level of frame forces. So, if without taking into account unevenness
the maximum values of frame forces are within 12.4 kN, then taking into account unevenness it was
15.5 kN. However, it should be noted that even taking into account the unevenness of the track, the
frame forces when passing a car along a curve with a radius of 350 m are within acceptable limits.

Table 2. Standard values kvd.

Assessment of wagon progress Vertical dynamics coefficient of the wagon
Excellent 01
Good 0,15
Satisfactory 0,20
Permissible 0,35
Unsuitable 0,70

Vertical dynamics coefficient of the wagon. in accordance with [9]:
For a without a wagon on board: k,, =013 <[k, |

For a 1t and 2" version of the wagon travel is permissible: k , =0,29 <[k, |
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Figure 21. Wheelsets stability factor against derailment.

The approach angle of the wheelsets in all 3 options does not exceed 0.01 radians, which is a
normatively acceptable value. The magnitude of the outstanding acceleration of the wagon body (see
Figure 20) when passing a curved section of track with a radius of 350 m, at a speed of 60 km/h.

The outstanding acceleration of the wagon body for both the 1st and 2nd versions turned out to
be identical 0.68 m/s? < [0.7], which does not exceed the minimum permissible values for the
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acceleration of the passenger wagon body [21-22]. The graph (see Figure 21) shows the 1st and 3rd
wheelsets of the wagon in the direction of travel. 2nd and 4th wheelsets are not given due to the
increased margin of stability against derailment.

5. Conclusions

1) Based on the results of the calculations, it can be seen that the stress strain state (SSS) for both
versions do not differ significantly. However, it should be noted that the SSS indicators of the 1st
version are lower compared to the 2nd version. This is explained by the fact that with the 2nd version
the weight of the wagon is located closer to the center of the wagon and moves away from the support
area of the pivot beam, thereby bending the center beam of the wagon more. This is confirmed by
Figure 3, where the deflection of the 1st version is 9 mm, and the 2nd is 13 mm.

2) As for the influence of additional cargo in the form of a wagon weighing 3 tons on the
performance and durability of the center beam, they are within the permissible limits op = 105-125 >
op = [160], which is confirmed Figures 4 and Figure 5, and the stress intensity on the floor of the 1st
and 2nd design wagons was 47 MPa.

3) Analysis of natural frequencies and vertical vibrations for both the 1st and 2nd versions are
within acceptable limits.

4) The vertical acceleration of the wagon body for the 1st version was 15.367 mm/s?, and for the
2nd version 15.476 mm/s2.

5) Vertical dynamics coefficient:

for a without a wagon on board: k,, =013 <[k, ]

for a 15t and 2~ version of the wagon travel is permissible: k, =0,29 <[k, ]

6) Factor of safety margin for a car against capsizing;:

for a without a wagon on board: kg, =1,42 > [kSR ] =14

for a 1st and 2~ version of the wagon travel is permissible: kg, =1,43 > [ke, |=1,4

7) Wheelsets stability coefficient against derailment:

for a without a wagon on board 1st weelsets: kg = 2,56 > [k, |=2

3rd weelsets: ky =3,7 > [k |=2

Car with a car on board:

Ist version kg =3,29 > [k |=2

2nd versionkg = 4,7 > [k |=2

The condition for the wheel stability margin against derailment is met. Thus, all normalized
dynamic indicators of the MDC car considered for modernization, both for version 1 and for version
2, do not exceed the permissible values, and the stability indicators have a sufficient margin, which
indicates the good running properties of the car. Taking into account the previously carried out

strength calculations, as well as in order to maintain the factory life cycle indicators of the supporting
structure of the car body, it is recommended to use model 1.
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